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Abstract
Minimal potassium channel (minK) protein induces very slowly activating voltage-dependent
currents in oocytes. Mutagenesis studies indicated that minK protein is the integral part o f the minK
channel, however, recent studies identified an additional protein required for functional channel activity.
MinK protein consists o f

130 amino acids with one putative transmembrane region and extra- and

intracellular amino and carboxyl domains, respectively. Investigations so far have predominantly been
concerned with the electrophysiological, pharmacological and regulatory aspects o f minK channel,
however, the molecular mechanism o f K^ conduction is only likely to emerge once the structure o f the
channel protein is resolved.

To study the structure o f minK, synthetic peptides and recombinant proteins corresponding to the
functional domains o f minK and complete minK protein were synthesised for structural analysis in both
aqueous and phospholipid environments, using Fourier-transform infrared and Circular Dichroism
spectroscopy. Recombinant proteins corresponding to the carboxyl terminal domain and complete minK
protein were expressed in E. coli and baculovirus/insect cell expression systems. Spectroscopic analysis,
in combination with previous results, indicated that the amino terminal domain adopts predominantly
random structures with its amino teminus inserted in the membrane in an a-helical conformation.
Contrary to previous findings, synthetic peptide corresponding to the transmembrane domain took up a
predominantly a-helical structure in membrane environments. Recombinant carboxyl terminal domain
(62 residues) and synthetic peptide corresponding to the terminal region of the domain (44 residues)
were insoluble in aqueous buffer, but adopted structures with similar secondary structure content in
micelle environments, consisting o f predominantly a-helical and p-sheet structures, with an additional
minor random element for the synthetic peptide.

Purification o f recombinant minK protein, expressed using both E. coli and baculovirus/insect cell
expression systems, from endogenous host cell proteins proved unsuccessful.

In addition to structural studies, immunohistochemical techniques were applied to both infected insect
cells expressing recombinant minK protein, and small intestinal tissues. In infected insect cells, minK
protein was located in the plasma membrane; however, attempts to record minK channel activity proved
unsuccessful, suggesting that minK protein, in accordance with the literature, requires an additional
protein for functional channel activity. Furthermore, in both infected and control cells, a previously
unreported minK-like, but pharmacologically distinct, channel activity was observed. In jejunum and
ileum, minK protein was shown to be confined to the apical membrane of epithelial cells, a finding
consistent with the distribution o f the protein in the morphologically and functionally related renal and
submandibular epithelial cells.
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General Introduction

Minimal potassium channel (minK) protein induces a very slowly activating voltagedependent

current (I), I sk, in oocytes (Takumi et al., 1988). MinK protein consists o f

130 amino acids with one putative transmembrane region and extra- and intracellular
amino and carboxyl domains respectively. Investigations so far have concentrated on the
electrophysiological, pharmacological and regulatory aspects o f minK channel. However,
the molecular mechanism o f K^ conduction is only likely to emerge once the structure o f
the channel protein is resolved. Consequently, the overall aim o f the project is to
determine the secondary structure o f minK protein.
To this end, minK protein has been conceptually divided into its amino terminal, carboxyl
terminal and transmembrane domains, and synthetic peptides corresponding these
domains are to be synthesised for structural analysis by Fourier transform-infrared (FTIR) and Circular Dichroism (CD) spectroscopy. Peptide synthesis is constrained by the
number o f amino acid residues that can be accurately incorporated into its linear chain.
As a result, the peptide corresponding to the carboxyl terminal domain is to consist o f
the last 44 amino acids o f the 63 residue carboxyl terminal chain.
To gain structural information on the whole carboxyl terminal region and minK protein in
its entirety, the minK gene is to be cloned and recombinant proteins corresponding to the
carboxyl terminal region and minK protein are to be synthesised using expression
systems for structural analysis by FT-IR and CD analysis.

Before describing the results o f these studies and how they relate to what is known about
the function o f potassium channels, one needs to understand how protein composition
determines secondary and tertiary structure and how biophysical techniques can be
applied to analyse their structure. Furthermore, for the expression o f the recombinant
proteins, it is o f importance to understand the abilities and characteristics o f the various
expression systems. I have therefore divided the introductory chapter into six parts:
1.

Protein composition and structure

2.

Biophysical techniques used in the determination o f protein structure

3.

Expression systems used for the expression o f recombinant proteins
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4.

Potassium channels

5.

MinK

6.

Aims
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General Introduction - Protein Composition & Structure

1.1

Protein com position and structure

1.1.1

Proteins

Proteins are the most versatile group o f biological macromolecules, playing crucial roles
in virtually all biological processes. Their remarkable scope o f function included catalysis
o f chemical reactions, transport and storage o f small molecules, and the forming o f a
large part o f the structural framework o f cells and tissues. Some proteins control the
passage o f molecules across biological membranes, and as hormones, proteins transmit
the flow o f information between cells and organs. Furthermore, proteins function in the
immune system and are involved in the regulation o f gene expression.

1.1.2

Protein com position

All proteins are polymers, comprising amino acid monomers. O f the 20 amino acids
usually found in proteins, 19 have a general structure.

R

HjN — C“— COjH
H
Figure 1.1: The general formula o f an amino acid.

The side chain R is the only alteration in chemical structure between the amino acids.
The 20th amino acid is proline, which differs in that its side chain is bonded back to the
nitrogen atom. Amino acids are linked to form a protein via the formation o f peptide
bonds between the a-amino group and the a-carboxyl group o f adjacent amino acids.
The result is a polypeptide consisting o f a backbone o f carbon, nitrogen and oxygen from
which the various amino acid side chains project.
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1.1.2.1 Aniino acids
The 20 amino acid side chains are individually distinct in both their structure and
chemical properties. The structure and the corresponding chemical features o f each
amino acid side chain are briefly discussed below.

Glycine side chain
Glycine possesses the simplest o f the amino acid side chains, consisting o f a single
hydrogen atom. This allows greater conformational flexibility o f the polypeptide
backbone than at other residues.^

GLY
Figure 1.2: The structure o f the glycine side chain.
Aliphatic side chains
Alanine, valine, leucine and isoleucine have aliphatic side chains. Their side chains
comprise o f inert methylene (CH 2) and methyl (CH 3) groups. These groups are
hydrophobic, tending to act more favourably with each other than with water.

3

ALA

VAL

^

LEU

ILE

Figure 1.3: The structures o f alanine, valine, leucine and isoleucine sidechains.
Proline side chain
Proline also has an aliphatic side chain, however, it is dissimilar to those o f alanine,
valine, leucine and isoleucine in that its side chain is bonded back to the nitrogen atom o f
the polypeptide backbone. The backbone is therefore lacking an amide hydrogen for use
as a donor in hydrogen bonding. In addition, the cyclic five-membered ring also imposes
rigid constraints on rotation about the N-C“ o f the backbone. Consequently, proline
residues are frequently present in loops and bends o f folded proteins.
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H2 C -C H 2
H2 C

;cH
NH

PRO
Figure 1.4: The structure o f the proline sidechain.

Hydroxyl side chains
The side chains o f serine and threonine are small and aliphatic. The presence o f a
hydroxyl group on each however, gives them a generally more hydrophilic nature than
the structurally similar side chains o f alanine and valine.

CHo
H -C -O H

ÇH2 0 H
THR

SER

Figure 1.5: The structures o f serine and threonine sidechains.
Acidic side chains
Aspartic acid and glutamic acid are the only amino acids possessing side chains that are
negatively charged at pH 7. The side chains differ only in that aspartic acid possesses one
methylene group while glutamic acid has two, however, the chemical properties o f the
residues are not similar. The slight difference in side chain length causes them to differ in
their interaction with the polypeptide backbone. Consequently, the two residues have
very different effects on the conformation o f the backbone.

COO"
COO"
CHo
GLU

ASP

Figure 1.6: The structures o f the aspartic acid and glutamic acid sidechains.
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Amide side chains
Asparagine and glutam '»vc are the amide forms o f aspartic and glutamic acid. The amide
side chains do not ionise, but are polar and act as hydrogen bond acceptors as well as
donors.

H2N-C=0
H oN -C =0

'

CHo
2

CH-

9^2

ASN

OLN

Figure 1.7: The structures o f the asparagine and glutammc sidechains.
Basic side chains
Lysine and arginine carry basic groups in their side chains which are positively charged at
physiological pH. These amino acids are strongly polar rendering them highly
hydrophilic.
t

NHo

^"3

C=NH2

I -Wl

LYS

ARO

Figure 1.8: The structures o f the lysine and arginine sidechains.
Histidine side chain
The imidazole side chain o f histidine is a very effective nucleophilic catalyst. As histidine
has a pKa near pH 7, it can be uncharged or positively charged depending on its local
environment. Histidine is often found at the active sites o f enzymes where this residue
can readily switch between ionised and non-ionised forms, thus catalysing the making
and breaking o f bonds. In its non-ionised form, the nitrogen with the hydrogen atom in
the ring is an electrophile and donor for hydrogen bonding, whilst the other nitrogen
atom is a nucleophile and acceptor for hydrogen bonding.
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H C-N H

Figure 1.9: The structure o f the histidine sidechain.
Arom atic side chains
The aromatic side chains o f phenylalanine, tryptophan and tyrosine are responsible for
the ultraviolet absorbance and fluorescence properties o f proteins.
Phenylalanine contains a phenyl ring attached to a methylene group. It is highly
hydrophobic, nonpolar and unreactive under physiological conditions.
Tryptophan contains an indole ring attached to a methylene group. Similarly to
phenylalanine, it is also hydrophobic. Tryptophan is the most infrequent o f the amino
acids.
Tyrosine differs from phenylalanine only in the hydroxyl group on its phenolic ring,
resulting in a less hydrophobic amino acid than that o f phenylalanine.

NH

TRP

PHE

TYR

Figure 1.10: The structures o f the phenylalanine, tryptophan and tyrosine sidechains.
Snlphnr-containing side chains
The methionine side chain contains a sulphur atom in a thioe#>er linkage. The sulphur
atom is nucleophilic in nature, but cannot be protonated. As a consequence, it is the most
potent o f the nucleophiles in proteins at acidic pH.
The cysteine side chain contains a sulphydryl or thiol group (SH) and is the most reactive
amino acid side chain. Cysteine is particularly noteworthy in respect to its ability to form
a covalent disulphide bond between the thiol groups o f two cysteine residues via an
oxidation reaction. Cleavage o f the disulphide bond occurs only by reduction, not being
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affected by alterations in pH and salt concentration. Hence, disulphide bonds play a
significant role in protein stabilisation.

SH

Y

0

CH,

5
1® CHg

CHj

CYS

MET '

Figure 1.11: The structures o f the methionine and cysteine sidechains.
M odified side chains
In addition to the 20 amino acids that are incorporated directly into proteins, certain
amino acid side chains are post-translationally modified. These include 4-hydroxyproline,
5-hydroxylysine and y-carboxyglutamic acid.

1.1.2.2

Classification o f amino acids

The amino acids can be categorised into four distinct classes based on the ionic
properties o f their side chains at physiological pH. Their categorisation is presented in
Table 1.1.
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Class

Amino acids

Ionic properties o f side
chain at physiological pH

Polar-charged

Polar-uncharged

Lysine

Fully charged

Arginine

Histidine is generally

Aspartic acid

included in this category

Glutamic acid

but is only partially

Histidine

charged at this pH

Asparagine

Uncharged, but possess

Glutamine

some separation o f charge

Serine

capable o f forming

Tyrosine

hydrogen bonds and

Threonine

associating with water

Cysteine
Non-polar

Valine

Hydrophobic and not

Leucine

capable o f interacting with

Isoleucine

water, although proline is

Phenylalanine

the exception and is not

Tryptophan

averse to being exposed to

Methionine

water

Proline
Other

Glycine

Neutral and can be

Alanine

accommodated into polar
or non-polar environments

Table 1.1: Classification o f the amino acids.
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1.1.3

N on-covalent interactions that determ ine protein conform ation

Protein size varies enormously from around 50 to 2000 amino acids, with the average
comprising approximately 250 residues. The large size o f a protein enables the
polypeptide chain to fold back on itself allowing interactions to occur among different
parts o f the molecule. The complex three dimensional structures adopted by proteins are
also as a consequence o f their interactions with their local environment. Interactions
occur with water, salts, membranes, other proteins, nucleic acids, and a range o f other
molecules found in living systems. These interactions are non-covalent and are o f
primary importance as the driving force behind protein folding.

1.1.3.1

Short-range repulsions

These interactions are a consequence o f the repulsion between the electrical orbitals o f
neighbouring atoms. As orbitals approach one another and begin to overlap so the
repulsive force between the electrons rises steeply. The repulsive force increases so
dramatically that at shorter distances it acts as a wall, effectively barring further approach
o f the atoms relative to one another. The minimum distance between two neighbouring
atoms defines the effective distance for closest molecular packing and the Van der Waals
radii o f each atoms.

1.1.3.2 Electrostatic interactions
All intermolecular forces are thought to be essentially electrostatic in origin. Charged
molecules or charged groups on molecules attract oppositely charged molecules or
groups. The force o f attraction is given by Coulomb’s law:

F

=

qiq2 / r^D

where qi and qi are the charges o f the two groups, r is the distance between them, and D
is the dielectric constant o f the medium.
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1.1.3.3

Hydrogen bonding

The hydrogen bond is formed between a covalently bonded hydrogen atom on a donor
group (D) and a pair o f non-bonding electrons on an acceptor group (A). The main
component o f the hydrogen bond is an electrostatic interaction between the positive
hydrogen atom pole o f the covalent bond dipole, and a partial negative charge o f the
other electronegative acceptor atom.

^A -

The hydrogen atom is able to interact strongly with an electronegative atom while still
being covalently bonded to another. It can achieve this due to its small size and
substantial charge. The most energetically favourable state for hydrogen bonds is in colinear fashion. In biological systems only O and N atom have the appropriate
electronegativities to serve as donors. Typical hydrogen bond lengths are given in Table
1. 2 .

Bond

Length (A)

0 -H 0

2.70

0 -H O'

2.63

0 -H N

2.88

N-H 0

3.04

N^-H 0

2.93

N -R -N

3.10

Table 1.2: Different types o f hydrogen bonds and their bond lengths (Schul^ &
Schirmer, 1979).

1.1.3.4 Van der Waal's interactions
When two atoms approach one another closely (3-4Â) they create a non-specific, weak
attractive force. In any atom there are momentary random fluctuations in the electron
distribution which give rise to transient dipoles. If close enough, the transient dipole will
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induce a similar transient dipole in a neighbouring atom. This results in an electrostatic
attraction between the two atoms, and is referred to as a Van der Waal interaction. The
attraction between the atoms increases as they move closer until the repulsive forces
described in Section 1.1.3.1 come into play.

1.1.3.5 The biologically important properties o f water
Water has two properties that profoundly influence all molecular interactions in
biological systems.

Figure 1.12: The charge distribution on a water molecule.
1.

Water is a polar molecule. Its molecular shape is triangular with an
asymmetrical distribution o f charge.

2.

As a consequence o f its polarity, the positively charged region o f water tends
to orientate itself towards a negatively charged region o f a neighboring water
molecule. In its liquid state, each molecule is hydrogen bonded (on average) to
3.4 o f its neighbours. The polarity and hydrogen bonding capabilities o f water
enable it to be a highly interacting molecule in biological systems. Water can
weaken electrostatic interactions and hydrogen bonding between polar
molecules by competing for their attractions. This makes it an excellent
solvent for polar molecules.

1.1.3.6 Hydrophobic interactions
The interaction between non-polar groups and water is an unfavourable one. Non-polar
groups cannot participate in the hydrogen bonding that is so prevalent in liquid water. As
a consequence, interactions with other non-polar groups tend to be far more
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energetically favourable. The preference o f non-polar groups to interact with one another
in an aqueous environment is referred to as the hydrophobic interaction. It is important
to note, that the basis o f the hydrophobic interaction is not driven by the affinity non
polar groups have for one another, but rather the high affinity that water molecules have
for one another.

1.1.4

Protein structure

As stated in Section 1.1.2, proteins are a chain o f amino acids linked together by a
succession o f peptide bonds. Each individual peptide bond involves the a-carboxyl group
o f one amino acid condensing with the a-amino group o f the other. It is the succession
o f the peptide bonds that forms the polypeptide backbone from which the amino acid
side chains project.

1.1.4.1

The structure o f the peptide hand

The dimensions o f the peptide bond are given in Figure 1.13, as derived from crystal
structure analyses o f small peptides (Ramachandran et al., 1974).

I.23Â

C“

I.OÂ

Figure 1.13: The dimensions o f the peptide bond.
The peptide bond is rigid and planar. The basis for this, is the partial double bond
character o f the bond between the carbonyl carbon atom and the nitrogen atom. The
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length o f this bond is 1.33 Â, compared with that o f the 1.43 Â o f a single C-N bond and
1.25 Â o f the C=N double bond.

C -N ^

c«

^

H

C«

H

Figure 1.14: The partial double bond character o f the peptide bond.
Although planar, the group o f atoms about the bond can exist in two possible
conformations. One in which the C“ atoms are trans, and the other in which they are cis.

C -N
C*

c-N ^
H

C*

C*

Figure 1.15: The cis or trans conformations o f the peptide bond.
The trans form is generally the more energetically favoured, for in the cis conformation
the bulky R groups (amino acid side chains) on the adjacent a-carbons can interfere. The
exception to this rule is if the next amino acid in the sequence is proline. Its side chain
diminishes the repulsion between atoms and the stability o f the cis form is comparable to
that o f the trans (Creighton, 1993).

1.1.4.2

Torsion an d dihedral angles

Rotation about bonds are described as torsion or dihedral angles. Since the peptide bond
is effectively rigid, the only rotational freedom that can occur is about the C“ atoms.
Rotation about the N-C“ bond is denoted by the torsion angle (|), and rotation about the
C“-C ’ is denoted by the torsion angle \\i. As these are the only degrees o f freedom, the
conformation o f the whole polypeptide backbone is completely determined by the (|> and
vj/ angles adopted by the individual amino acids. These angles in turn, are determined by
the energies o f the non-covalent interactions among both the atoms o f the protein and
the atoms o f the environment.
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1.1.5

The fo u r levels ofp ro tein structure

Protein structure can be described at four levels, primary, secondary, tertiary and
quaternary.

1.1.5.1 Protein prim ary structure
Proteins are polypeptides o f a defined amino acid sequence. It is this sequence that is
referred to as the primary structure o f protein. The primary structure also includes the
covalent linking o f polypeptide chains by disulphide bonds (see Section 1.1.2.1).

1.1.5.2 Protein secondary structure
Protein secondary structure pertains to the folding o f polypeptide chains into regular
structures. In 1951 Pauling and Corey evaluated the potential for regular conformations
in polypeptide chains, proposing two classes o f structure; the a-helix (Pauling et al.,
1951a), and the p-pleated sheet or p-sheet (Pauling et al., 1951b). Both classes o f
secondary structure were later confirmed by X-ray diffraction analysis (Perutz, 1951)

The a-helix

Figure 1.16: Structure o f an a-helix.
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The a-helix is a rod-like conformation from which the amino acid side chains project
outwards in spiral fashion. On average, there are 3.6 residues per turn o f the helix, which
almost invariably is right handed in configuration. A left handed helix is sterically
possible but for the side chains which often come too close to the backbone. The a-helix
is stabilised by hydrogen bonding (see Section 1.1.3.3) between the backbone carbonyl
oxygen o f each residue and the backbone N-H o f the fourth residue along the chain.
Each hydrogen bond is 2.86 A in length (the distance from the oxygen atom to the
nitrogen), is very nearly straight and is very nearly parallel to the axis o f the helix. The
precise geometry o f the a-helix is found to vary slightly in folded proteins (Creighton,
1993), therefore this “classical” model, as postulated by Pauling and Corey, is just one
variant o f a family o f very similar structures. This is reflected in the values o f the torsion
angles. The classical values o f (j) = - 48® and vp = - 57® are usually - 62® and - 41®
respectively for an a-helix in a folded protein (Creighton, 1993). Another feature o f the
a-helix is that it possesses a macro dipole. This is as a consequence o f the hydrogen
bonds and the peptide groups pointing in the same direction, giving a cumulative effect
o f the individual dipoles o f each peptide bond. The overall effect is a net positively
charged amino end and a net negatively charged carboxyl end to the helix.
As stated earlier, the amino acid side chains project outwards from the a-helix. They are
however tilted towards the amino end o f the helix, which for certain side chains causes
interference with the a-helical structure. The polar groups o f serine, threonine, aspartic
acid and asparagine are able to hydrogen bond to the polypeptide backbone and interfere
with its natural hydrogen bonding. Proline residues produce distortion o f the a-helix.
This is because the proline side chain is bonded to the backbone nitrogen atom,
interfering with the backbone structure.
A frequent trait o f a-helices is that they are amphipathic, possessing predominantly non
polar sidechains along one side o f the helix and polar sidechains along the remainder o f
its surface. This often leads to the hydrophobic faces o f these helices associating with
one another or to other hydrophobic surfaces.
The relative intrinsic helix-forming tendencies o f each amino acid residue has been
calculated using short peptides o f defined sequences and are shown in Table 1.3 (O ’Neil
& ^el^rado, 1990).
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Residue

Relative Stabilisation
(kcal/mol)

Ala (A)

-0.77

A rg(R )

-0.68

Lys (K)

-0.65

Leu (L)

-0.62

Met (M)

-0.50

Trp (W)

-0.45

Phe (F)

-0.41

Ser (S)

-0.35

Gin (Q)

-0.33

Glu (E)

-0.27

Cys (C)

-0.23

He (I)

-0.23

Tyr(Y )

-0.17

Asp (D)

-0.15

Val (V)

-0.14

Thr (T)

-0.11

Asn (N)

-0.07

His (H)

-0.06

G ly(G )

0

Pro (P)

~3

Table 1.3: Relative helical tendencies o f the amino acids.

3 10- an d Tt-helices
There are two other variations on the a-helix, in which the helix is either more tightly, or
more loosely coiled. These are termed the 3io- and Tt-helices respectively. The 3io- helical
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conformation has 3 residues per turn and the 10 atoms between the hydrogen bond
donor and acceptor and consequently the hydrogen bonding is non-linear. This form of
secondary structure is rarely found in proteins. The loosely wound Ti-helix has yet to be
observed in proteins.

p-sheets
The basic unit o f the P-sheet is the P-strand. The polypeptide chain o f the P-strand is
almost fully extended, and in certain respects can be considered a helix with two residues
per turn An individual strand is unstable, requiring interaction with an adjacent p-strand
for stability, forming what is referred to as p-sheet. These interactions are in the form of
hydrogen bonds between the backbone carbonyl oxygen atoms o f one strand and the
backbone N-H groups o f an adjacent strand. Adjacent strands can run either in parallel or
antiparallel with regard to each other, and hence are known as parallel and antiparallel psheet.

#

Carbon atom

#

Nitrogen atom

O
#

Hydrogen atom
Hydrogen bond

Figure 1.17: (A ) Parallel P-sheet and (B ) Antiparallel P-sheet.
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For both (3-sheet conformations the amino acid side chains from adjacent residues on the
same strand project in opposite directions from the sheet and therefore cannot interact
with one another. Interactions however do occur between side chains and their
backbone, and side chains from adjacent strands. The former o f these give p-sheets in
proteins a right handed twist with slightly positive (j) and vp values (Creighton, 1993). The
degree o f twisting is dependent on the particular side chains present in the polypeptide
backbone.

Reverse turns
Reverse turns allow the direction o f the secondary structural elements to change
direction. This permits proteins to adopt a compact and globular form. Turns occur
predominantly on the surface o f proteins and therefore the amino acids involved tend to
be o f the more hydrophilic type. There are several varieties o f turns, the most compact o f
which are the P-turns. These types o f turn are able to accomplish a complete reversal o f
the polypeptide chain in four residues. This is achieved by residues two and three o f the
four residue sequence not involving themselves in the hydrogen bonding o f the p-sheet.
P-turns are most frequently found in antiparallel p-sheet structures.
A far rarer type o f turn is the a-turn (Baker & Hubbard, 1984). These involve five
residues and can be regarded as a single turn o f an a-helix.
A third group o f turn exists o f which there two classes. The y-turn and the inverse y-turn
(Creighton, 1993). These turns involve three residues and as a consequence are very
tight requiring unfavourable geometry in adjacent secondary structures.
The occurrence o f reverse turns is dependent on the position o f certain amino acid
residues within the polypeptide chain. The amino acids usually associated with turns are
glycine, asparagine and proline, which allow the chain to take up unusual conformations.

1.1.5.3 Sup e r secondary structure
An addition level o f organisation has been identified that is neither secondary structure
nor tertiary structure. Supersecondary structures are the organisation o f assemblies o f
secondary structures that do not constitute individual domains. The most commonly
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occurring supersecondary structures are the coiled-coil a-helix, the (3-a-(3 motif, and the
P-meander.
The coiled-coil a-helix consists o f two a-helices wound around one another, forming a
left handed super helix, and are found in several fibrous proteins (Catkins, 1967). The Pa-P motif is formed o f two parallel P-strands in a p-sheet connected by a parallel a-helix.
This motif is particularly prevalent in triose phosphate isomerase (Brandon & Tooze,
1991). Finally, there is a tendency for P-strands adjacent in sequence, to form antiparallel
P-sheet connected by a P-turn. This motif is termed the P-hairpin, an example o f which is
found in the snake venom, erabutoxin (Brandon & Tooze, 1991).

1.1.5.4 Protein tertiary structure
The tertiary structure can be considered as the overall topology o f the folded polypeptide
chain and the relationship o f the various secondary structures to one another. Most
globular proteins consist o f two or more structural units or domains. Domains are
frequently linked by a single stretch o f the polypeptide chain. This in turn can allow the
different domains o f an individual protein to perform different functions.

1.1.5.5 Protein quaternary structure
Many proteins consist o f more than one polypeptide chain, each chain being called a
subunit or monomer. Protein quaternary structure consists o f the spatial arrangement o f
the subunits and their interactions to form the functional protein. The constituent chains
o f a multimer (multi-subunit protein) can be identical or different. The Shaker potassium
channel (Section 1.4.5) provides an example o f a homotetramer, requiring the association
o f four identical subunits to form the functional channel. Haemoglobin on the other hand,
is comprised o f two a and two P chains, each o f which is bound to a haem group. The
four subunits associate to form a heterotetramer giving haemoglobin its oxygen binding
and releasing properties.
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1.2

Biophysical techniques used in protein structure determ ination

The remarkable diversity o f protein function is achieved due to the enormous number o f
possible sequence combinations o f the twenty amino acids. A protein’s primary amino
acid sequence is the principal criteria that dictates its unique three dimensional structure
and hence its function. To gain a true understanding o f proteins, it is essential to explore
the relationship that exists between the unique structure adopted by a protein and its
function. To this end, a range o f techniques have been devised to elucidate the three
dimensional structure o f proteins.
X-ray

diffraction

and

two-dimensional

Nuclear

Magnetic

Resonance

(NMR)

spectroscopy are undoubtedly the methods p a r excellence for the study o f globular
protein structure. X-ray diffraction however, is reliant on the crystallisation o f the protein
which is not always feasible, particularly in the case o f membrane bound proteins.
Likewise, NMR spectroscopy is limited in study o f proteins or peptides in a membrane
bound state. Furthermore, both these techniques are expensive and time consuming.
The biophysical techniques chosen to characterise the structure o f minK protein are
Fourier transform-infrared (FT-IR) and Circular Dichroism (CD) spectroscopy. These
techniques have emerged as useful tools for the structural analysis o f proteins and
peptides, but in comparison to X-ray diffraction and NMR spectroscopy, are limited in
the structural information they provide. Both FT-IR and CD spectroscopy are essentially
restricted to the characterisation o f protein secondary structure.
Their principle advantage however, is that they can determine protein structure in a wide
range o f environments, and in particular, in a membrane bound state. Additional
advantages include the speed associated with measurement and data analysis, and the
relatively low cost o f equipment and consumables.

1.2.1

F ourier tran sform 4n frated spectroscopy

1.2.1.1

The theoiy underlying infrared spectroscopy

The absorption o f radiant energy by a molecule causes a change or transition in it’s
vibrational energy level. As defined by quantum law, a given molecule can only attain a
discrete number o f vibrational energy levels. Consequently, from the relationship
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AE = hc/^ (h = Planck’s constant, c = velocity o f light), a transition in the vibrational
energy level (AE) o f a molecule determines the wavelength (X) o f the radiant energy
absorbed. In accordance with the equation, the low energy vibrational transitions, as
opposed to high energy electronic transitions associated with X-rays, correspond to
absorption o f infrared energy.

1.2.1.2

Types o f normal vibration

The molecular vibrations can be classified according to the displacement o f the atoms
involved in the vibration. The molecular vibrations o f a CH] group are illustrated in
Figure 1.18.

Anti-symmetric stretching

Symmetric stretching

Deformation

Wagging

Twisting

Rocking

Figure 1.18: The molecular vibrations o f a CH 2 group.
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The infrared spectra o f proteins are dominated by the vibrations that arise from the amide
groups o f the polypeptide chains. There are a total o f nine bands that arise from the
vibrations o f these groups, however only two, termed the amide I and amide II bands,
have proved particularly useful in the structural analysis o f proteins. Primarily though, it
is the amide I band that provides the bulk o f the information on protein secondary
structure.
The amide I band arises predominantly from the C =0 stretching vibration o f the amide
group, with minor contributions from C-N stretching. The amide II band arises from N-H
bending and C-N stretching vibrations. In the spectral range, the amide I band appears
between 1700 cm'^ and 1600 cm ' wavenumbers, while the amide II band appears
between 1590 cm ' and 1500 cm ' wavenumbers.

Amide I

Amide II

F ig u re 1.19: The predominant vibrations that give rise to the amide I & amide II bands.
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In proteins and peptides, each o f the amide groups are generally involved in some form
o f secondary structure. As described previously (Section 1.1.5.2), each o f the secondary
structure types are associated with a characteristic hydrogen bonding patterns between
the amide C = 0 and N -H groups. The strength o f these hydrogen bonding dictates the
absorption position o f the amide I and amide II bands. The stronger the hydrogen
bonding the lower the absorption position or wavenumber o f these bands. Consequently,
each type o f secondary structure gives rise to a characteristic amide I and amide II
absorption position.

1.2.1.3

a-helical structure

Proteins known to be predominantly a-helical structure, as determined by X-ray
diffraction, absorb in the spectral range o f 1650-1658 cm'^ in H 2O (Susi, et al., 1986)
This is consistent with theoretical calculations (Krimm, et al., 1986). However, for
samples in H 2O, absorption corresponding to random coil structures can overlap
extensively in this region (see Section 1.2.1.4). The use o f ^H20, in place o f H 2O (see
Section 1.2.1.9), allows the two structures to be distinguished in the majority o f cases.
There are a few examples o f a-helices absorbing below 1650 cm'% such as in calmodulin
(Jackson et a i , 1991). Their low absorption is thought to be as a consequence o f a
distorted helix resulting from the helix being highly exposed to the solvent (Haris, et al.,
1995).

1.2.1.4 Random structure
Random structures in H 2O absorb around the spectral range o f 1650-1658 cm"'
overlapping extensively with the absorption o f a-helical structure. However, the use o f
% 0 causes rapid hydrogen-deuterium exchange o f N -H groups in random structures
causing a shift o f the absorbance range down to 1640-1650 cm '\ thereby allowing the
two structure types to be distinguished (Haris et al., 1992). Helical structures have been
observed in this region (see Section 1.2.1.3), the occurrence though is rare.
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1.2.1.5 P-sheet structure
Consistent with theoretical calculations, proteins with a predominantly P-sheet structure
absorb between 1625-1640 cm‘‘ (Jackson et al.^ 1995). For many proteins, multiple
bands can be observed in this region. An explanation for this phenomena, is that the
different bands represent different hydrogen bonding strengths o f the P-sheet (Surewicz
et al., 1993). Antiparallel P-sheet has an additional absorption band around 1670-1695
cm'^ (Haris, et a l , 1995), however its intensity is low and overlaps with the absorption o f
turn structures (see Section 1.2.1.7). The P-sheet structure which absorbs in the 16251640 cm'* region, is due to the hydrogen bonding o f p-strands o f the same molecule. It is
thus classed />?/ramolecular P-sheet. A feature o f denatured proteins is an extended
polypeptide chain. In such chains, /w/mmolecular hydrogen bonding is not possible.
However, the extended nature o f the polypeptide chain enables close alignment o f
adjacent chains favouring the formation o f extremely strong /«/ermolecular hydrogen
bonds. As a consequence o f these strong hydrogen bonds, the absorbance maximum o f
intermolecular p-sheet is correspondingly low, between 1610-1628 cm'* (Jackson, et a l ,
1995). An intense absorbance band in this region is a feature o f denatured, aggregated
proteins (Clark, et a l , 1981; Byler, et a l , 1989). The overlapping o f absorbance
frequencies o f intra- and intermolecular p-sheet structures can complicate the assignment
o f bands in the 1625-1630cm'* region, consequently great care must be taken when assigning
structures to bands in this frequency range.

1.2.1.7

Turns structures

Vibrational analysis o f turn structures indicate that they absorb between 1655-1690cm'*
(Krimm, et a l , 1986), however their absorbance is most intense between 1670-1690cm'*
(Susi, et a l , 1983). Assignment in this range to the different types o f turns should be
regarded with caution.

1.2.1.8

3^° helix

The 3*** helix has been assigned to both 1660-1667cm * (Kennedy et a l , 1991) and 16391640cm * (Holloway et a l , 1989) regions. Further studies are required before confident
assignment o f bands to this structure can be made.
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1.2.1.9

The advantages of^lÎ20 over H 2O fo r FT-IR spectroscopy

The employment o f ^H20 as the solvent for determining protein structure offers a
number o f advantages over H 2O. In order to record spectra in H 2O, short path-length
cell are required (6pm). Consequently, a high protein concentration is needed (2050mg/ml) to obtain quality spectra. However, ^H2Û does not have the strong absorption
bands in the amide I region that H 2O has, therefore much longer path-length cells can be
used (upto 100pm). This permits much lower peptide concentrations to be used (2lOmg/ml) to obtain high quality spectra. Furthermore, unlike H 2O, ^H20 enables a helical and random structures to be distinguished (see Sections 1.2.1.3 & 1.2.1.4).

1.2.1.10 Instrumentation
Originally, the basic components o f an infrared spectrometer consisted o f an infrared
source, a monochromator and a detector. The monochromator dispersed the radiation
into its constituent frequencies, and by use o f a series o f slits, a narrow range o f
frequencies were allowed to pass through the sample and hit the detector. The procedure
was repeated until all the frequencies o f interest had been covered.
The accessibility o f powerful, cheap computers has revolutionised infrared spectroscopy
permitting the processing vast quantities o f data that previously could not have been
contemplated. With this advance, came the development o f the Fourier transforminfrared spectrometer.

1.2.1.11 Fourier transform infrared spectrom eter
The FT-IR spectrometer is comprised o f an optical bench containing an interferometer,
and a computer which controls all aspects o f spectral scanning and analysis. M ost FT-IR
spectrometers are based on the Michelson interferometer (Griffiths, 1980). An idealised
Michelson interferometer is illustrated in Figure 1.20.
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Fixed Mirror
Beamsplitter

Source

<3

M oving
Mirror
■7

Ï

Ï

Detector

Figure 1.20: An idealised Michelson interferometer.
The Michelson interferometer consists o f two mutually perpendicular plane mirrors and a
beamsplitter. One o f the two mirrors is fixed, while the other can travel in a direction
perpendicular to its plane. The beamsplitter is a semi-reflecting film which bisects the
planes o f the two mirrors. Polychromatic infrared light is directed towards the
beamsplitter where it reflects half o f the light to the fixed mirror and allows the remaining
light to pass through to the moving mirror. The reflected light is then passed back to the
beamsplitter by the fixed mirror. The light which has passed through the beamsplitter is
also reflected back to the beamsplitter by the moving mirror. The two beams o f light
recombine at the beamsplitter where interference occurs. The recombined beam is then
directed through the sample and onto the detector which measures the beams intensity.
An interferogram is generated by altering the distance between the moving mirror and
the beamsplitter, forming a sinusoidal signal which is incident on the detector. The
output o f the detector is converted, by computer, into the conventional form o f
transmitance versus wavenumber by means o f fast Fourier transform. A description o f
the mathematical treatments involved is given by Hadden (1994).
The principle advantage o f FT-IR spectrometers is that it is possible to obtain spectra o f
higher signal to noise ratio in a given scanning time. This is referred to as the multiplex
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or Fellget’s advantage and arises because the detector examines all o f the scanned
spectrum almost simultaneously.

1.2.1.12 Buffer subtraction and resolution enhancement
To obtain an accurate spectrum o f a protein or peptide it is necessary to digitally subtract
the overlapping absorption o f the buffer or solvent (Haris, et al., 1986). For an accurate
subtraction, spectra o f the buffer or solvent must be recorded under identical conditions
to that o f the sample spectrum. Such factors include cell path length, temperature,
number o f scans, and resolution.
Proteins or large peptides more offen than not possess more than one type o f secondary
structure. Consequently, they absorb in more than one region in the amide I range. The
width and separation o f these absorptions is such that they frequently overlap. In order to
visualise the overlapping bands resolution enhancement techniques have been devised.
These include Fourier self-deconvolution and derivative generation (Hadden, 1994). The
second derivative has proved most useful when investigating protein spectra and is the
form o f resolution enhancement chosen for this project. Following the second derivation
the spectra are required to be smoothed. Standardly, smoothing is carried out with a 13
or 19 point Savitsky-Golay smoothing function.

1.2.2

Circular D ichroism spectroscopy

Light is a form o f electromagnetic wave motion consisting o f transverse varying electric
and magnetic fields. The fields vibrate at right angles to the direction o f light in all
possible planes. It is possible to restrict the vibration to one particular plane. This is
termed plane polarised light and is illustrated in Figure 1.21.
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Figure 1.21: Illustration o f monochromatic, linearly polarised light at constant time.
A less familiar form o f polarised light is circularly polarised light. In circularly polarised
light the electric (and magnetic) field rotates around the direction o f the light beam at a
constant magnitude. The electric field can rotate in either a clockwise or anticlockwise
direction, the former termed right polarised light, and the latter left polarised light. A
diagram representing right polarised light is shown in Figure 1.22.

Figure 1.22: Diagrammatic representation o f right polarised light.
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When asymmetric molecules, such as amino acids, absorb light they exhibit a preference
for the absorption o f right or left polarised light. The difference in the absorption o f the
right and left polarised light is called circular dichroism, and is defined as

AA

where

Al

= ( A l - A r)

/A

is the absorbance for the left circularly polarised light and

Ar

is the

corresponding quantity for the right polarisation, and A is the absorbance for unpolarised
light. AA can either be positive or negative so a circular dichroism can have both + and values.

There are two major protein absorption bands that give rise to circular dichroism.
Absorption bands in the 280nm region result from the aromatic ring structures and their
measurement is termed near-UV CD. Changes in the near-UV spectra o f a protein under
differing conditions can give information regarding changes in the environment o f the
aromatic residues present in the protein.
Absorption principally occurs in the 185-250nm region. This corresponds to the
absorption o f the peptide group and is termed far-UV CD. Far-UV CD is particularly
sensitive to protein secondary structures, the spectra primarily reflecting the dihedral
angles and therefore the conformation o f the polypeptide backbone. Consequently, the
different secondary structures give rise to different far-UV CD spectra patterns,
illustrated in Figure 1.23. When more than one conformation is present in the protein
sample, the observed spectrum is a combination o f the individual conformations. The
first method o f quantification o f protein secondary structure from their far-UV spectra,
involved comparing the spectrum o f the protein o f unknown structure to that o f the
spectra o f poly (L-lysine) in pure a-helix form, pure p-sheet form and pure random form
(Greenfield et al.,

1969). This system has been updated in recent years with

quantification procedures based on a set o f reference proteins o f known secondary
structure, as determined by X-ray diffraction. This approach is dependent on a wide set
o f reference proteins catering for secondary structure effects.
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Figure 1.23: Far-UV CD spectra for polypeptides in different secondary structure
conformations.

1.2.2.1 Param eters an d units
The most generally used parameter in CD is Ae, which is directly related to normal
absorption and follows from the Lambert-Beer law as
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Ae = AA / cL
where c is the concentration in mol.dm'^, L is the pathlength in cm and Ae is the molar
absorption difference in dm^.mol'\cm'\ The concentration is the concentration o f the
chromophores, which in the case o f secondary structure determination from far-UV CD
is the concentration o f the peptide bonds.

1.2.3

Advantages an d lim itations o f FT-IR an d CD spectroscopy

FT-IR and CD spectroscopy have been used extensively in the study o f protein and
polypeptide conformation (Haris et at., 1995; Bloemendal et a i , 1994). Both techniques
are quick and are relatively low cost procedures. The accumulation o f reference sets o f
spectra o f proteins with known secondary structures has enabled rapid secondary
structure quantification from far-UV CD spectra. Quantification o f protein secondary
structures from FT-IR spectra, has so far been limited to deconvolved spectra recorded
in H 2O. Proteins are required at a higher concentration in H 2O than ^H20 which can
prevent the study o f proteins or peptides insoluble at the higher concentration. However,
quantification from CD and FT-IR spectra must be viewed with some scepticism. The
accuracy by which these techniques are perceived to predict secondary structure content
is frequently overestimated. Good agreement between the predictions from CD and FTIR spectra however can be considered an accurate measure o f protein secondary
structure content.
The primary advantage o f FT-IR in particular, and CD spectroscopy to a certain extent,
is their ability to determine protein structure in a membrane environment. Both X-ray
diffraction and NM R techniques are seriously hindered in this department.
The principle limitation o f FT-IR and CD spectroscopy is that they are bulk techniques.
The information they provide is low resolution on the molecule as a whole, as opposed
to the atomic resolution gained by X-ray diffraction and NM R analysis. Nevertheless, in
combination, they complement each other admirably, proving a tool for accurately
determining the secondary structure o f proteins and peptides in a wide range o f
environments.
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1.3

Expression Systems

The refinement o f the Polymerase Chain Reaction technique has revolutionised the field
o f molecular biology and in particular the ease by which genes can be cloned. The
cloning and genetic manipulation o f genes has become standard procedure. This in turn
has permitted study o f proteins, which are normally expressed in their native environment
at such low levels that their structural determination and other studies requiring
significant quantities had not been previously feasible. This is achieved by inserting
recombinant DNA into expression systems which have the ability to overexpress target
genes, resulting in high expression levels o f recombinant protein. These expression
systems often have built-in mechanisms that allow relatively simple purification o f the
overexpressed target protein from proteins endogenous to the host cell, enabling the
protein to be used for functional or structural analysis. The expression systems most
widely

used

are E.

coli

expression

systems,

yeast

expression

systems

and

baculovirus/insect cell expression systems. The choice o f system to be used is dependent
on the type o f protein to be studied, e.g. globular or membrane bound, intracellular or
extracellular, the size o f the protein, and the requirements for post-translational
modification

that

normally

occurs

during

its

maturation,

e.g.

glycosylation,

phosphorylation or proteolytic cleavage.

1.3.1

E. coli expression system s

E. coli expression systems are unquestionably the most popular choice, because E. coli is
extensively characterised with regard to its genetics and physiology, and its expression
systems offer several advantages over many others. They are easy, quick, and require
low cost culture conditions with the benefit o f high density cell growth (>10g o f cells per
litre o f culture). High level expression o f recombinant protein is achieved using E. coli
transformed with an expression vector into which cDNA has been accurately inserted.
Expression vectors are generally based on their cloning equivalents such as pUC and
pBR322 vectors (Siest et a i ,

1993), possessing an antibiotic resistance gene, a

multicloning site for easy insertion o f cDNA, and relaxed replication control allowing an
increased gene dosage. The essential additional requirements are a strong promoter,
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efficient transcription terminators downstream from the incorporated cDNA and efficient
translation initiation signals. The key, however, to the success o f the E. coli system is in
the ability to regulate the promoter, and thereby switch on or induce the target gene or
cDNA at a late stage o f culture. The promoters most commonly utilised are the trp and X
promoters and the tac and trc hybrids (Board et al., 1987).
The above features permit efficient high level expression o f recombinant protein, but
provide no protection against proteolytic breakdown o f this foreign protein, and no
system to recognise the targeting marker o f the recombinant protein. An answer to these
problems was to produce the recombinant protein fused to a carrier protein native to the
host cell type. The carrier moiety, firstly promotes conformational analogy to
endogenous proteins conferring stability to the fusion (Siest et a i , 1993), and secondly
can target the protein to the periplasmic space (Pages et a i , 1987) or into the medium
through different protein export pathways (Gray et a i , 1989). The latter property
however, is very dependent on the nature o f the recombinant protein, naturally secreted
and soluble proteins having a far greater chance o f export from the cell. Generally, fusion
proteins accumulate as insoluble proteins in inclusion bodies (Williams et a i , 1982),
which can be detrimental to the recovery o f the native folding o f the protein with no
guarantee o f successful resolubilisation and renaturation. The use o f a carrier moiety
fused to the recombinant protein can have additional benefits in the purification
procedure. Fusions linked to Protein A or glutathione .^-transferase allow relatively
simple purification by affinity chromatography. The carrier protein can then be cleaved
away from the recombinant using a protease specific to an amino acid recognition
sequence genetically engineered into a linker region between the two proteins o f the
fusion.
Fusion proteins synthesised in the above manner can comprise up to 50% o f the total
cellular protein after a few hours induction (Mora-Garcia et a i , 1995); however, the
level o f expression can be limited when synthesising large proteins, and is highly
dependent on the type o f protein to be synthesised. Generally proteins fall into two
categories, those o f which are soluble in an aqueous environment, which express to high
levels, up to 50mg/ml (Mora-Garcia et a i , 1995), and those possessing transmembrane
regions, which are very poorly expressed, typically in the region o f 30-400 molecules per
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bacterial ceil, as has been reported for the adrenergic receptor (Strosberg, 1992).
Exceptions to this generalisation do exist, but to date only two transmembrane proteins
o f higher eukaryotes have been successfully overexpressed in E. coli. The first was the
55kDa bovine 17a-hydroxylase cytochrome P-450 from microsomes, containing a single
putative transmembrane region, which expressed up to 16mg/litre o f culture (Barnes et
al., 1991). The second was the 31kDa bovine heart mitochondria a-oxoglutarate carrier,
with six predicted transmembrane regions, which expressed to 10-15mg/litre (Fiermonte
et al., 1993). A common strategy is to bypass expression o f whole membrane proteins in
E. coli, and rather overexpress their predicted soluble domains (Bruggemann et al.,
1991; Baubichon-Cortay et al., 1994). The molecular basis o f E. coW s inability to
overexpress higher eukaryotic membrane proteins is poorly understood, being ascribed
to number o f possibilities: (a) toxicity o f the foreign gene product, preventing the target
vector from being established and maintained; (b) instability o f the expressed protein, due
to rapid degradation by host proteases; (c) major differences in codon usage between the
homologous and heterologous systems; and (d) the inability o f prokaryotic ribosomes to
translate the eukaryotic gene (Ferreira et al., 1992).
The folding o f eukaryotic proteins expressed in the prokaryotic system has come under
increasing scrutiny in recent years (Gething et al., 1992). It is difficult to predict how
efficient host cells can be with regard to the folding o f a heterologous recombinant
protein and the importance o f highly conserved molecular chaperones present in
eukaryotic cells. This situation however, becomes insignificant if the protein accumulates
as an insoluble product in inclusion bodies. Recovery and resolubilisation o f recombinant
protein generally involves the use o f detergents such as Triton X-100, Nonidet P40 and
sarkosyl, or temporary dénaturants such as urea and guanidinium HCl. The accuracy o f
renaturation by or following these treatments is dependent entirely on the nature o f the
protein.
A fijrther factor that needs to be taken into account when expressing proteins in E. coli is
the deficiency, characteristic o f prokaroytes, in the machinery required for posttranslational modifications o f eukaryotic proteins (e.g.

glycosylation,

proteolytic

cleavage, phosphorylation). The importance o f glycosylation is dependent on each
individual protein, glycosylation o f P-glycoprotein (PGP) appearing dispensable for PGP
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function (Richert et a i , 1988), while unglycosylated y-glutamyltransferase bears much
reduced enzymatic activity (Siest et al., 1993). Proteins requiring proteolytic cleavage to
become active remain as precursors when synthesised in the prokaryotic cell. Approaches
have been devised to combat this deficiency, for example the a and p chains o f insulin
may be expressed individually (Williams et al., 1982) and recombined in vitro following
purification. Prokaryotes also lack the enzymes needed to accurately phosphorylate
eukaryotic proteins (Evans et al., 1995). This is unlikely to affect proteins expressed for
structural analysis but may hinder functional studies.

1.3.2

Yeast expression system s

Heterologous expression o f proteins in the yeast Saccharomyces cerevisiae, a simple
eukaryote, has many o f the same advantages as E. coli. The genetics and physiology o f
S. cerevisiae have been well characterised, and like E. coli, it can grow in simple defined
media, has a rapid growth rate yielding very high densities and can be transfected with a
wide variety o f self-replicating vectors. Yeasts allow integration o f vector D N A into a
specific site in their genome ensuring stability and maintenance o f the vector in the
transfected cells (Siest et a i , 1993). Because D N A manipulations are easier in E. coli,
yeast vectors are designed as shuttle vectors containing additional elements that allow for
its selection and propagation in bacteria. Vectors are available with a variety o f inducible
promoters, the most commonly used for high level expression o f foreign protein being
the galactose-inducible promoters G A L l, GAL7, and GAL 10 (Romanos et al., 1992).
These promoters can be rapidly switched on by the addition galactose to a growth
medium lacking glucose (Johnson, 1987). Such strong and highly inducible promoters
can enable high level expression o f proteins considered toxic to yeast, saturating the
proteolytic systems as a result o f massive recombinant protein synthesis (Siest et al.,
1993). As with the E. coli expression system, shuttle vectors have been designed to
express the gene as a fusion protein, thereby aiding the purification procedure.
Unlike bacteria, yeasts are eukaryotes, and although simple, possess many o f the cellular
and biological features o f multicellular organisms. The yeast expression system is not
limited in the size o f the recombinant protein that can be synthesised and possesses posttranslational modification machinery. This machinery generally enables the eukaryotic
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recombinant protein to be properly phosphorylated and targeted accurately to its correct
location in or out o f the cell (Gellissen et al., 1992). As with other eukaryotes, N- and Olinked glycosylation o f protein product occurs in yeasts (Siest et a i , 1993). The initial
oligosaccharide addition in the endoplasmic reticulum is identical in yeast and mammalian
cells, however the elongation process in the Golgi bodies differs. The yeast system is
limited to the addition o f mannose residues while the mammalian cells can extend the
initial glycosylation with sialic acid, galactose, fucose, and A-acetylglucosamine residues
(Siest et al., 1993). This must be considered together with the requirements o f the
recombinant protein.

1.3.3

B aculovirus/insect cell expression system

There has been a huge increase in the use o f the baculovirus/insect cell expression system
in recent years. The advantages o f this system are its ability to readily overexpress large
proteins (Evans et al., 1995) and membrane bound proteins (Klaiber et al., 1990), and
the ability o f insect cells to perform almost all o f the post-translational processing events
found in mammalian cells. Therefore, in virtually all cases, this results in a recombinant
protein accurately targeted to its natural location (intra or extracellular), with structural
integrity and full biological function. This has permitted functional studies to be
performed on channel (Klaiber et al., 1990) and transporter (Yi et al., 1992) proteins.
The system is however, more expensive, more time consuming and requires a higher
degree o f expertise than either the E. coli or yeast expression systems. The speed and
ease o f the system has been vastly improved by the introduction o f modified forms o f the
baculovirus DNA for successful transfection.
The specifics o f the baculovirus/insect cell expression system will be dealt with in detail
in chapter 7, but briefly, the system involves the transfer o f recombinant D N A from a
transfer vector (propagated in E. coli) into the baculovirus D N A via a recombination
event, replacing the baculovirus polyhedrin coat protein gene.

Transfection o f

Spodoptera frngiperda {Sf) insect cells by the recombinant virus results firstly in
replication o f viral D NA - many o f which bud from the cell and are free to infect other
cells - and secondly, in the induction o f the powerful polyhedrin coat protein promoter.
Since the production o f the polyhedrin coat protein normally totals up to 30% o f the

65

General Introduction - Expression Systems

cellular protein (Kidd et al., 1993), the replacement o^^gene by a foreign gene can
theoretically result in the synthesis o f an equivalent amount o f recombinant protein,
although in practice this does not always occur.
The Spodoptera frngiperda insect cells possess more advanced post-translational
machinery than yeast cells; however despite their having the capacity to generate
complex carbohydrates, the oligosaccharide moiety o f certain recombinant proteins
occurs in a yeast-like, high mannose form. One such example is the human plasminogen
protein o f which only 40% o f the carbohydrate was present as complex oligosaccharide
(Davidson et at., 1990). Further study revealed that the processing o f TV-linked
oligosaccharide varied considerably during the infection process (Davidson et al., 1991).
Indeed, protein glycosylation is known to vary in mammalian cell culture, being
dependent

on

environmental

conditions

(Murhammer,

1991).

Despite

aberrant

glycosylation, the majority o f proteins expressed in the baculovirus/insect cell system
show biological activity identical to their fully processed counterparts (Kidd et al.,
1993). Other post-translational modifications such as phosphorylation, isoprenylation
and palmitoylation have been investigated. SV40 virus T antigen expressed using the
baculovirus/insect cell expression system was revealed to be under-phosphorylated at
certain serine residues, but this did not impair biological functionality (Hoss et al., 1990).
Correct isoprenylation and palmitoylation o f recombinant protein has been demonstrated
in insect cells (Kloc et al., 1991), the former o f which was a requirement for membrane
association o f ras protein and ra5-related protein (Kloc et al., 1991).
As with both the E. coli and yeast expression systems, the ease with which recombinant
proteins expressed in the baculovirus/insect cell expression system can be purified has
benefited from the ability to express recombinants as fusions with a carrier protein.
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1.4

Potassium channels

Present in the membranes o f all excitable eukaryotic cells are potassium channels
modulated by voltage,

intracellular signals and neurotransmitters (Hille,

1992).

Generally, open potassium channels tend to inhibit excitable cells by drawing them
towards the potassium ion (K^) equilibrium and away from membrane depolarisation and
action potential threshold (Christie, 1995). The currents evoked by potassium channels
that open during depolaristion represent the major repolarising force in returning the
membrane to its resting potential. It was the electrophysiological studies performed by
Hodgkin and Huxley that provided the first insight into the repolarising role o f potassium
currents following action potential depolarisation (Hodgkin & Huxley, 1952). They
proposed that membrane depolarisation leads to a delayed activation o f potassium
channels through which the outward rectifying currents flowed. An illustration o f an
action potential showing the involvement o f potassium channels is presented in Figure
1.24. This original description, however, was based on a single set o f sodium channels
causing depolaristion and a single set o f potassium channels causing repolarisation, the
latter o f which being referred to as delayed rectifier or voltage-dependent potassium
channels. It soon became obvious that the notion o f a single type o f potassium channel
was very wide o f the mark. Potassium channels were found exhibiting a wide array o f
properties differing from those originally described as delayed rectifiers, and were
present in all the excitable cells under study (Pongs, 1992). In the heart for example, at
least six types o f voltage-dependent potassium channel genes have been identified, the
products o f which each contribute to the repolarising potassium current at different time
intervals following action potential depolarisation (Taglialatela & Brown, 1994). It has
now become clear that potassium channels represent the most diverse type o f ion channel
known.
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Figure 1.24: Representation o f a typical action potential, and the corresponding Na^ and
K conductance changes during the action potential course.
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1.4.1

Cloning <& characterisation o f Shaker potassiu m channels

As a consequence o f the unavailability o f high affinity-ligands and the very low
expression levels o f potassium channels in tissues, it has not been feasible to purify
potassium channel proteins directly from their native tissue. However, with the advent o f
increasingly advanced molecular biological techniques, an ever growing number o f
potassium channel genes have been cloned, the vast majority o f which encode proteins
that form a superfamily o f structurally related potassium channels. The first potassium
channel gene to be cloned and characterised was from the behavioral mutant o f
D rosophila

melanogaster,

referred

to

as

Shaker.

Shaker

mutants

exhibited

electrophysiological abnormalities in action potential firing and in neurotransmitter
release at larval neuromuscular junctions, which suggested that a gene situated in the
Shaker locus encoded a potassium channel protein (Tanouye et a i , 1981). Subsequently,
the Shaker locus was cloned and a central gene coding for a membrane protein, with
structural similarities to sodium and calcium channels, identified (Pongs et al., 1988).
Injection o f cRNA into Xenopus oocytes resulted in the expression o f voltage-dependent
potassium channels (Timpe et al., 1988), with properties very similar to the potassium
channels in Shaker muscle (Zagotta et al., 1989) and neurons (Hardie et al., 1991).
Further analysis o f the Shaker locus revealed a transcription unit o f -1 5 0 ,0 0 0 base pairs
in length. Alternative splicing o f the precursor transcript from the wild-type locus yielded
multiple species o f mRNAs (Jan & Jan, 1990) corresponding to 12 functional variants
with channel activity when expressed in oocytes (Christie, 1995). The primary structure
o f each channel protein possessed a common core region (-3 8 0 amino acids), with
variant amino and carboxyl termini (Christie, 1995).

The cloning o f the Shaker gene led to the screening o f cDNA and genomic libraries in
search o f genes representing proteins structurally related to Shaker

channel protein.

In addition, expression cloning yielded structurally related, weakly related and
completely unrelated potassium channels to that o f the Shaker type potassium channel.
All amino acid sequences o f the potassium channel proteins identified thus far, with just
one exception, minK, have some similarities in their primary structure. Their properties
when expressed, account for the general properties o f the major types o f potassium
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channels observed in cell membranes including voltage-dependent (A-channels and
delayed rectifiers) and inward rectifiers. A-type

channels are characterised by their

fast activation (a few ms) and inactivation (over 10s o f ms) rates during depolarisation,
where as delayed rectifiers activate variably (a few ms to hundreds o f ms) and inactivate
slowly (over many sec) during sustained depolarisation. The general characteristic o f
inward rectifiers is an increased conductance at potentials approaching, and negative to
the

1.4.2

equilibrium across the plasma membrane.

Structural diversity o f voltage-dependent tC (Ky) channels in D rosophila

In addition to Shaker, other potassium channel genes, referred to as Shab, Shaw and
Shal, were cloned from Drosophila, (Butler et at., 1989), each forming an individual
subfamily in the Kv channel family. Alternative splicing occurs to a lesser extent for the
Shab, Shaw and Shal genes, the products o f which have a high degree o f homology to
the Shaker protein particularly in the core region.

1.4.3

Structural diversity o f K y channels in m am m als

Mammalian proteins homologous to each o f the Drosophila Kv channel proteins have
been identified and their corresponding genes cloned. However, in contrast to
Drosophila, diversity o f potassium channels in mammals is derived primarily from the
presence o f multiple independent genes. The proteins encoded by these genes can be
divided, based on homology, into subfamilies which are closely related to the structures
o f Shaker, Shab, Shaw and Shal gene products (Lock et al., 1994). As with the
D rosophila Ky channels, the core region is highly conserved with the amino and carboxyl
termini providing the main variations.

1.4.4

Classification o f K y channels

As a consequence o f the ever increasing number o f potassium channel clones, a
classification scheme was devised to categorise the four principle mammalian Ky channel
subfamilies. The subfamilies, corresponding to the Shaker, Shab, Shaw and Shal
subfamilies, were termed K yi, Ky2, Ky3, and Ky4 respectively.
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1.4.5

M olecular basis o f K v channels

The generally accepted topology for Kv channel proteins is illustrated in Figure 1.25. The
structure is comprised o f the highly conserved core region, consisting o f six
transmembrane regions (S1-S6) and an H5 region, and intracellular amino and carboxyl
termini. Unlike the other hydrophobic S regions (S I-3, S3, 86), 84 is positively charged
and thought to function as a voltage sensor responding to changes in the membrane
potential. The H5, interspersed between 85 and 86, is the most highly conserved region
o f all Kv channels and evidence strongly suggests that it forms an integral part o f the
channel pore (Pongs, 1992). The amino and carboxyl termini, as mentioned previously,
are the most variable regions o f Kv channels and are involved in channel inactivation. A
functional channel is formed by the association o f four potassium channel proteins, or
subunits, into a tetrameric structure (MacKinnon, 1991). Association o f subunits can
occur inside a subfamily to form heteromultimers, but gene products from different
subfamilies do not mix (McCormack et al., 1990). Primarily, it is the variety o f differing
amino and carboxyl termini and their intermixing that creates the diverse properties o f Kv
channels.
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Figure 1.25: Schematic model o f a voltage-dependent potassium channel subunit.
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1.4.5.1

The H5 région and its involvement as p a rt o f the K y channel pore

The pore o f the

channel functions as a conduction system highly specific for K^.

Evidence relating the H5 region to the pore o f Kv channels has principally involved the
use o f mutant Kv channel proteins possessing point mutations within the H5 region. The
expression o f these mutants in oocytes and the effect they have when compared to wildtype channel activity has enabled the amino acid residues critical for K^ selectivity (Yool
& Schwarz, 1991; Stesinger et al., 1993) and permeation (Jan & Jan, 1992; Sather et al.,
1994) to be defined. Furthermore, the effect o f wild-type Kv channel blockers, such as
charybdotoxin and tetraethylammonium,

on mutant channels has permitted the

identification o f residues that form the internal and external mouth o f Kv channels and
the environments in which they exist (MacKinnon & Yellen, 1990; Yellen et al., 1991;
Miller, 1995; Sun e ta l., 1995; Naranjo & Miller, 1996; Gross & MacKinnon, 1996).
Spectroscopic analysis o f a synthetic peptide corresponding to the putative pore region
o f the Shaker potassium channel identified an a-helical conformation for the peptide in
phospholipid membranes (Haris et a i , 1994). Recent studies involving the use o f silver
as a probe for the pore-forming residues confirm the a-helical nature o f the H5
transmembrane region and the presence o f a large external vestibule for the pore (Lii &
Miller, 1995). The latest studies to assist in the elucidation o f the pore conformation
employed mutants containing individual cysteine substitutions, enabling advantage to be
taken o f the unique chemical reactivity o f this residue with sulphydryl-specific probes
(Lii & Miller, 1995; Pascual et al., 1995; Naranjo & Miller, 1996; Ranganathan et al.,
1996; Gross & MacKinnon, 1996). These results are consistent with an hourglass image
o f the pore, comprising a wide outer vestibule leading to a short pore canaliculus that
opens out into a wide internal vestibule.
The H5 region however, does not constitute all o f the ion conduction machinery.
Investigations involving point mutations in the 11 residue S4-S5 loop (Slesinger et al.,
1993; Heginbotham & MacKinnon, 1992) and the S6 domain (Lopez et al., 1994) have
identified the importance o f these regions in K^ conductance and ion channel selectivity.
Both these regions together with the H5 region are thought to form the pore o f Kv
channels.
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1.4.5.2

The S4 voltage sensor

The initial criteria which led to the concept o f S4 functioning as a voltage sensor was as
a consequence o f its net positive charge and extreme conservation throughout Kv
channel proteins. In almost all cases, every third amino acid in the S4 sequence is
positively charged along the full length o f an a-helix (Haris et al., 1994). The alignment
o f these charges would be suitable to respond to a change in transmembrane voltage and
initiate conformational changes that open the channel. The movement o f charged
residues can be detected as gating currents. It has been estimated that 3 electronic
charges per subunit are transferred across the transmembrane field in response to
membrane depolarisation (Schoppa et al., 1992) and that the charged residues involved
in the transfer are partially or completely buried in the transmembrane domains o f the
protein (Papazian et al., 1995). Conformation for the involvement o f the S4 region in
voltage sensing was indicated by changed voltage sensitivity o f channels fostering neutral
or negatively charged residues in place o f S4’s positively charged amino acids (Papazian
et al., 1991; Perozo et al., 1994). In addition, studies integrating mutations within the
S2, S3 and S4 regions identified that the relative positions o f 82, S3 and S4 changed
during activation (Papazian et al., 1995), which is consistent with the requirements o f
buried charges to undergo voltage-dependent changes.

1.4.5.3 Inactivation
In contrast to the homogeneity o f inactivation o f voltage-dependent Na^ (Nay) channels,
Kv channels have a wide range o f inactivation time courses, conferred in particular, by
their extensive array o f amino termini. There are two principle modes o f inactivation in
Kv channels, known as N-type and C-type.

N -type inactivation
N-type is the best characterised form o f inactivation, occurring over tens o f milliseconds
(MacKinnon, 1991). The observation that Shaker Kv channels, differing purely in their
amino termini, exhibited a range o f inactivation rates, pointed to the involvement o f this
domain in inactivation. The subsequent deletion o f the first 20 amino acid residues o f the
Shaker B Kv channel eliminated fast inactivation which normally occurred within 50ms
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(Hoshi et al., 1990). Furthermore, the fast inactivation o f the mutant channel was
restored by the application o f synthetic peptide corresponding to the deleted region
(Zagotta et a i , 1990). In contrast, deletions between positions 20-40 o f the amino
terminal domain accelerated inactivation. These results were consistent with the “ball and
chain” model proposed for inactivation o f Nay channels (Bezanilla & Armstrong, 1977).
The model consists o f a positively charged “ball”, comprising the first 20 amino residues
o f the amino terminus, which can plug the open channel and is tethered to the channel by
a short “chain”.
Figure 1.26 shows a representative model o f Kv activation from a non- activated to an
inactivated state by a conformational change involving the S4 region, and subsequent
“ball and chain” N-type inactivation.
The majority o f mammalian

channels however, including most o f the Shaker-vt\ 2Xt<\

channels, when expressed in oocytes, inactivate slowly or not at all during depolarisation,
a feature characteristic o f delayed rectifiers (Pongs, 1992b). This is generally as a
consequence o f their lacking o f the “ball” structure required for N-type inactivation. The
few mammalian channels that do confer rapid inactivation characteristics o f A-type
channels possess the ball structure (Jan & Jan, 1992).
Recently, a P-subunit o f Ky channels (K yPl) has been identified that confers rapid
inactivation onto

channels composed

o f non-inactivating

subunits

(K y l.l)

and

accelerates inactivation o f K y i.4 (Aldrich, 1994; Rettig et al., 1994). K ypl has
homology with the amino terminal “ball” region o f fast inactivating Ky channels and is
weakly related to Ca^^ channel P-subunits (Christie, 1995). From stoichiometric analysis,
it is likely that 4 KyPl subunits interact with the 4 a-subunits comprising the original
channel tetramer (Christie, 1995). An additional P-subunit o f Ky channels (KyP2) has
also been identified with homology to K ypl, but this subunit possesses no inactivating
ball and consequently has no Ky channel inactivating properties (Rettig et al., 1994).
Differential expression o f both a - and P-subunits was observed in excitable cells posing
the possibility o f channel formation with different ot/p combinations and correspondingly
different channel characteristics (Rettig et al., 1994).

75

Inactivated
channel

Activated
channel

Non-activated
channel

Vestible

Extracellular

Plasma
Membrane

Intracellular
Tunnel of
deep pore
Vestible

Figure 1.26: Schematic model o f activation and N-type inactivation o f voltage-dependent K channels.
The most anterior o f the
channel tetramer has been removed to reveal the pore, its tunnel and inner and outer vestibules. The 84
helical voltage sensor is represented by a red cylinder and the amino terminal inactivation structure is shown as a green ball.
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C-type inactivation
Kv channels not expressing N-type inactivation still confer some form o f slower
inactivation. Shaker channel variants with alternatively spliced carboxyl terminal domains
and common amino terminal domains exhibited different slow inactivation rates which
suggested the involvement o f the carboxyl terminal domain in the inactivation process
(Hoshi et a l , 1991). However, inactivation differences were also attributed to an alaninevaline difference at the amino terminal end o f S6 in the core region (Taglialatela &
Brown, 1994). TEA was demonstrated to discriminate its blocking action between N type and C-type inactivation (Choi et a l , 1991). N-type inactivation was effected only
when TEA was applied internally, and C-type when applied externally. The latter was
explained by a “foot in the door” model in which the C-type inactivation gate cannot
close in the presence o f externally blocking TEA. A model for the mechanism o f C-type
inactivation was later proposed involving conformational changes at the mouth o f the
pore causing a constriction preventing conduction (Yellen et a l , 1994). The recovery o f
the channel from C-type inactivation was recently linked to a bound

which

destabilises the inactivated state increasing the recovery rate from the inactivated state
(Levy & Deutsch, 1996). Evidence also suggests that there is an interaction between N and C-type inactivation, with N-type enhancing the rate o f C-type inactivation
(Baukrowitz & Yellen, 1995).

1.4.6

Other K v channels

In addition to Shaker, Shab, Shaw and Shal, two further Kv subfamilies were identified
from D rosophila mutants, known as Ether-a-go-go (Eag) and Slowpoke (Slo) (Warmke
et a l , 1991; Atkinson et a l , 1991). Mammalian homologues to both these subfamilies
have subsequently been cloned, exhibiting similar properties to their D rosophila
counterparts and the topology characteristics o f all Kv channels (Adelman et a l , 1992).
The mammalian equivalents (Kca) to the slo subfamily channel, were found to evoke
large K^ unit conductance and were activated by intracellular Ca^^. Variations in Ca^^
.
.
\o
sensitivity and conductances between mammalian subfamily members is thought/derive

■f

from alternatively spliced carboxyl terminal domains (Nelson & Quayle, 1995).
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1.4.7

Location o f K y channels in m am m alian cells

Kv channels are differentially distributed in both the nervous system (Drewe et al., 1992;
Sheng et al., 1993) and other tissues types including cardiac muscle (Tseng-Cranck et
al., 1990), arterial smooth muscle (Nelson & Quayle, 1995), lymphocytes (Lewis, 1995)
and kidney (Desir, 1992).

1.4.8

M odulation o f K y channel activity by intracellular signals

The vast majority o f Kv channels possess consensus sequences for modulation by
intracellular signaling mechanisms such as protein kinase A (PKA), protein kinase C
(PKC) and calmodulin kinase dependent protein kinase II phosphorylation. However, a
functional role for many o f these sites has yet to be defined. Modulation o f Kv channel
activity by neurotransmitter receptor activation has been demonstrated in oocytes
(Christie, 1995), as have the effects o f varying concentrations o f intracellular Ca^"^ and
cyclic nucleotide on Kca and Kcng channels (Desir, 1995). The p-subunits may also play
a significant role in the channel activity o f many Kv channels.

1.4.9

Inw ard rectifying K* (Kn^ channels

Recently members o f a second family o f K^ channels have been cloned and characterised
(Ho et al., 1993; Kubo et al., 1993). The general characteristic o f this family is an
increased conductance at potentials approaching, and negative to, the membrane K^
equilibrium potential, and consequently are termed inward rectifying K^ channels (K r).
Rectification among Km members can vary from very little to almost complete
rectification. The most striking feature o f Km channels is their topology. Km channel
proteins contain only two transmembrane regions (M l & M2) which are linked to a H5
pore region, with intracellular amino and carboxyl terminal regions. The high degree o f
homology o f M l, M2 and the pore region to the S5, S6 and H5 pore region o f Kv
channels suggests that Km channels arose from the deletion o f the S1-S4 Kv region. The
deletion o f the S4 voltage sensor would explain the loss o f outward rectification
conferred by this region. This theory was supported by the removal o f S1-S4 o f Kv 1.1
and religation o f the carboxyl terminal region to the protein producing an inwardly
rectifying non-selective cation channel (Tytgat et al., 1994).
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Intracellular

blockade has been identified as one o f the factors responsible for the

inward rectification o f some (Horie et a l , 1987), but not all (Lopatin et a l , 1994) K®
channels. Mg^^-independent inward rectification o f some o f the other Kir channels
appears to be mediated by polyamines (Lopatin et a l , 1994). In spite o f a high degree o f
homology with the Kv H5 pore region, the H5 o f Kir channels appears to be a minor
determinant o f the pore. In two Kir channels with markedly different rectification
properties, an exchange o f H5 had no effect on the rectification produced by Mg^^
blockade (Taglialatela et a l , 1994). Furthermore, it seems likely it is the carboxyl
domain that binds Mg^^, with most models postulating the mechanism o f inward
rectification involving Mg^^, to be as a consequence o f Mg^^ interacting with a site in the
pore (Kukuljan et a l , 1995). As a result, Taglialatela et a l (1994) proposed that the
carboxyl region or part o f it should be in the membrane.

The third known family o f the K^ channel superfamily comprises just one member
referred to as minimal K^ channel (minK).
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1.5

Minimal potassium channel

The miuK gene was originally functionally cloned by Takumi et al. ( 1 9 8 8 ) from rat
kidney tissue. Messenger RNA corresponding to the minK gene evoked a very slowly
activating, non-inactivating, voltage-dependent (K ) potassium current (I), referred to as
IsK, when expressed in Xenopns oocytes (Takumi et al., 1 9 8 8 ). MinK protein consists o f
1 3 0 amino acids (M r ~ 1 4 ,5 0 0 ), and bears no sequence homology to the other

channel

proteins or to any other known protein. Its small size, in comparison to all other
channel proteins, has led its to being dubbed minimal potassium channel or minK.
Hydropathy plot analysis o f minK’s amino acid sequence predicts the protein to have just
a single putative transmembrane domain. Two potential glycosylation sites on the amino
terminal region suggested an extracellular location for this domain, which has been
confirmed using immunocytochemical techniques (Blumenthal & Kaczmarek, 1 9 9 4 ).
Consequently, the carboxyl terminal region is intracellular, accommodating one potential
protein kinase C phosphorylation site (Busch et at., 1 9 9 2 ). A model o f the topology o f
minK protein based on hydropathy plot analysis is presented in Figure 1.2 8 . In addition
to minK protein’s unfamiliar primary structure, its proposed topology is distinct relative
to the multi-transmembrane domained potassium channels. As a consequence, suspicions
were aroused as to whether minK was truely functioning as an integral part o f a
potassium channel or merely activating a silent channel endogenous to oocytes.
Accordingly, mutagenesis studies involving point mutations were performed by a number
o f groups to clarify minK protein’s role, the most consequential o f which are described
below and illustrated in Figure 1 .2 9 .
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Figure 1.27: Schematic model o f minK protein based on hydropathy plot analysis.
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1.5.1

Site-directed m utagenesis studies on m in K protein

Takumi et al. (1991) created numerous mutant minK proteins exhibiting altered channel
activities the most significant o f which possessed a single substitution o f leucine by
isoleucine at position 52 in the putative transmembrane region. This modification, with
no net change in charge or bulkiness, caused a surprising alteration in the activation o f
minK channel activity. Kinetic analysis o f wild-type and mutant minK indicated that the
activation process consisted o f fast and slow components. The faster component o f
mutant minK contributed to rapid channel activation at lower potentials, resulting in
enhancement o f channel activity at less positive depolarisation potentials.
Goldstein and Miller (1991) substituted phenylalanine 55 with threonine in the
transmembrane region thereby effecting an alteration in the channel’s fine discrimination
among permeating ions, such as NH 4^, and its affinity to two open channel blockers. The
mutation increased both the channel’s permeability to

and its sensitivity to TEA

and Cs^ blockade.
Wilson et al. (1994) also targeted phenylalanine 55 together with phenylalanine 58,
replacing them with cysteine residues. Compared to the wild-type channel activation
curve, the substitution at position 55 served to shift the activation curve o f the mutant
channel in the hyperpolarising direction when expressed in oocytes. In contrast, the
mutation at residue 58 shifted the activation curve in the depolarising direction. These
results suggest that the hydrophobic phenylalanine residues at positions 55 and 58 play a
critical role in minK channel activation gating.
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Figure 1.28: Schematic diagram showing the position of point mutations in the putative
transmembrane domain o f minK protein and their effect on minK channel properties.
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The combined evidence from the mutatagenesis studies strongly substantiated minK
protein as an integral part o f the minK channel. However, it was found that injection o f
high levels o f minK mRNA into oocytes induced both chloride and potassium currents
(Attali et a i , 1991) suggesting that minK protein was functioning as an activator o f both
endogenous chloride and potassium channels. Subsequent observations indicated that
native oocyte channels can be activated by over-expression o f a wide variety o f
exogenous membrane proteins and is recognised to be the result o f a non-specific
process (Wang et a l , 1996).
Corroboration o f the mutagenesis studies and minK’s role as the principle component o f
the channel came with the recording o f minK currents in human embryonic kidney (HEK
293) cells transiently transfected with minK cDNA (Freeman & Kass, 1993). Previous
attempts to record minK currents in transfected cells had been unsuccessful (Lesage et
a l , 1993) which had served to fuel the speculation that minK protein was simply an
activator o f silent endogenous oocyte K^ channels.

1.5.2

Location o f m inK

Subsequent to its cloning from rat kidney, the minK gene was cloned from mouse heart
(Honoré et a l , 1991), human T-lymphocytes (Attali et a l , 1992) and guinea pig
genomic D N A (Varnum et a l , 1993). Immunohistochemical analysis located minK
protein to the proximal convoluted and early straight tubule o f the kidney, endometrial
cells o f the uterus, duct cells o f the submandibular salivary gland (Sugimoto et a l , 1990),
the apical membrane o f marginal cells o f the cochlea (Sakagami et a l , 1991), and cardiac
ventricular myocytes and sino-atrial nodal cells (Freeman & Kass, 1993). In addition,
Northern blotting identified the presence o f mRNA corresponding to m inK in the
duodenum, stomach, pancreas (Takumi e t a l , 1988), uterus myometrium (Pragnell e t a l ,
1990) and skeletal muscle (Vamum et a l , 1993).

1.5.3

Species variations in the m inK protein sequence

Human and mouse minK proteins comprise 129 amino acids and guinea pig 126 amino
acids, compared to the 130 amino acid residue rat form o f the protein.
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Rat

(1988)

M A L S N S T T V L P F L A S L W Q E T D E P G G N M S A D L A R R SQ L R D D SK L E

Mouse

(1991)

m slp n sttv lp fla r lw q e ta q q g g n v sg

la r r k q lr d d sk le

Hutnan

(1992)

m ilsn tta v tp flk tlw q e tv q q g g n m sg

la r r s p r s s d g k le

Guinea Pig

(1993)

m ilp n sta v m p fltsv w q g tv q p ssn a sg

la r r s p lr d d g k le
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A L Y I L M V L G F F G F F T L G I M L S Y I R S K K L E H s H O P F N V Y IE S D A W

M euse

A L T I L M V L G F F G F F T L G I M L S Y I R S K K L E H S H D P F N V Y IE S DAW

Human

A A L Y V M V L G F F G F F T L G I M L S Y I R S KKL E H S N D P F N V Y I E S DAW

Guinea Pig

A L Y I L M V L G F F G F F T L G I M L S Y X R S K K L E H S H D P F N V Y IE S D T W
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Rat

Q E K G K A L F Q A R V L E S F R A C Y V IR N Q A A V E O P A T H L P E L K P L S *

Mouse

QEKGKAVFQARVLESFRACYVIENQAAVEQPATHLPELKPLS*

Human

Q E K D K A Y V Q A R V L E S Y R S C Y V V E N H L A IE Q P N T H L P E T K P S P *

Guinea Pig

QEK DK AFFQARVLENCRSCCVIENQLTVEQPNTTLPEL*
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10 0

11 0

1 20

Figure 1.29: Amino acid sequences o f the cloned minK proteins.
There is a high degree o f homology between the species variants, sharing 76-92%
pairwise amino acid identity. Within the proteins, the central region containing the
putative transmembrane domain is very highly conserved, with 48 o f 50 amino acids in
the human and guinea pig matching identical rat and mouse sequences. The amino acid
sequences o f the minK proteins are shown in Figure 1.30.

1.5.4

Effects o f species-specific sequence variations on minK function

The sequence differences between the rat, mouse and human minK variants conferred
faster activation and deactivation rates, and altered sensitivity to external La^^, for the
human channel when compared to those o f the rodents (Hice et a i, 1994). However, the
most striking divergence o f minK function between the species results from different
85

General Introduction - M inim al Potassium Channel

residues at amino acid position 103 in the rat (102 in human and mouse) and the
corresponding position, 102, in the guinea pig. Phosphorylation o f serine 103 in rat minK
in response to protein kinase C (PKC) stimulation resulted in a reduction in K^ current
(Isk) (Busch et al., 1992). In place o f serine, guinea pig minK protein has an asparagine
residue which cannot be phosphorylated and therefore the protein does not have the
inhibitory response to PKC. Surprisingly, PKC stimulation serves to increase the
magnitude o f

However, substitution o f asparagine 102 by serine causes inhibition o f

IsK in response to PKC stimulation analogous to that o f rat minK (Vamum et al., 1993).

1.5.5

Regulation o f m inK

IsK was first observed in oocytes following their injection with mRNA from oestrogen
primed uterus. Boyle et al. (1987) demonstrated that uterine mRNA from oestrogentreated rats, but not from oestrogen-deprived rats, induced Isk- The basis o f this result
was subsequently shown to be due to the presence o f minK mRNA only in oestrogentreated rats (Pragnell et al., 1990). In addition to its regulation o f minK gene expression,
oestrogen also has a direct inhibitory effect on Isk which is not mediated by the oestrogen
receptor (Busch, 1995).
Further studies have been performed demonstrating both positive and negative regulation
o f minK by a variety o f factors, including PKC (described in Section 1.5.4), protein
kinase A (PKA), intracellular Ca^^ concentration [Ca^^i, and the osmolarity o f the
extracellular solution.
The effects o f increasing [Ca^^]i on Isk were first reported by Honoré et al. (1991).
Increasing [Ca^^ji enhanced Isk, an effect which was duplicated by injecting Ca^^
calmodulin dependent kinase II. These stimulations were abolished by the calmodulin
antagonist W7 suggesting that the effects o f [Ca^^]i are mediated through Ca^^
calmodulin dependent kinase II. Analysis o f mouse minK protein primary structures
revealed one possible Ca^^ calmodulin dependent kinase II consensus site in the amino
terminal domain, which is not conserved in human minK. Human Isk stimulation using
increased [Ca^^ji confirmed that this site is very unlikely to be the region o f Ca^^
calmodulin dependent kinase II activation.
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The effect o f activating the 5 HT 2 receptor co-expressed with minK protein in oocytes
(rat, mouse & human) is intriguing. The activated receptor serves to initiate two
activation cascades via phosphatidyl inositol. Phosphatidyl inositol is broken down by
phospholipase C into diacylglycerol (DAG) and inositol triphosphate (IP 3). IP3
production leads to increased [Ca^^Ji and subsequent activation o f Ca^^ calmodulin
dependent kinase II which effects Isk enhancement. DAG on the other hand, directly
activates PKC, which in turn, phosphorylates minK thereby reducing Isk- The dominant
effect, however, is activation with increased Isk (Honoré e t a l , 1992).
The modulation o f I$K as a consequence o f varying cAMP levels was investigated by
Blumenthal & Kaczmarek (1992). They found that changes in the level o f intracellular
cyclic AMP (cAMP) dramatically altered the amplitude o f Isk- This modulation was
caused by changes in the activity o f PKA. Treatments increasing PKA activity led to
substantial increases in Isk amplitude, while its inhibition caused the current to decrease.
PKA has no consensus sites on minK protein, and mutations in and around the only
“likely” phosphorylation site (serine 67) did not eliminate PKA effect.
The molecular mechanism o f activation o f minK channel by both PKA and Ca^^
calmodulin-dependent kinase II remains unclear. It has been hypothesised that activation
o f minK channel by phosphorylation through PKA or Ca^^ calmodulin-dependent kinase
II is mediated via activation o f a cascade o f kinases, or by phosphorylation o f a protein
that is associated with minK protein. Both o f these arguments are plausible, in particular
the latter in light o f recent evidence, suggesting that minK requires the association o f an
additional protein to form the functional channel. This evidence is discussed in detail in
Section 1.5.8.
Hypotonic extracellular solutions were also demonstrated to increase the rate o f
activation o f Isk in oocytes (Busch et al., 1992). The hypotonicity effect was eradicated
in calcium-free solution, but unaffected when the calmodulin antagonist W7 was applied.
Cytochalasin D prevents reorganisation o f actin filaments and has previously been shown
to regulate the activity o f epithelial Na^ channels via its effects on actin filaments
(Cantiello e ta l., 1991). Pre-treatment with cytochalasin D inhibited Isk and prevented the
increase caused by hypotonicity. Consequently, the increase in Isk by hypotonicity has
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been proposed to result from

entry and changes in the actin network (Busch et a/.,

1992).

1.5.6

M in K channel fu n ction

Despite the wealth o f information on the regulatory aspects o f minK the precise function
o f the channel in its various tissues remains uncertain. Possible scenarios for the role o f
minK channel in some o f its tissues have been proposed.

1.5.6.1 Kidney
In the kidney minK is expressed at the apical membrane o f the epithelial cells o f the
proximal tubule. These cells are involved in the active reabsorption o f Na^, amino acids
and sugars from tubular fluid following ultrafiltration o f these molecules by glomerular
cells. Reabsorption is thought to be facilitated by a variety o f transport systems that are
asymmetrically distributed in the epithelial cells. In the model for minK channel function
illustrated in Figure 1.31, Sugimoto et al. (1990) proposed that the Na^, K^ ATPase
pump generates a lower intracellular Na^ concentration. The resultant Na^ gradient
across the apical membrane causes entry o f Na^ into the cell from the lumen through the
NaVsugar and NaVamino acid cotransporters. The flow o f Na^ induces depolarisation o f
the apical membrane in the order o f 10-15mV, which induces minK channel activity and
its associated K^ current. The resulting flow o f K^ from the epithelial cells to the lumen
serves to repolarise the apical membrane, a condition necessary for solute reabsorption.
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Figure 1.30: A model o f minK channel function in proximal tubule epithelial cells.
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1.5.6.2

Uterus

In the uterus the quantity o f minK mRNA has been shown to be induced by oestrogen.
During pregnancy, the excitability o f uterine smooth muscle cells changes dramatically
under the influence o f oestrogen. At term, hyperpolarisation occurs in uterine muscle
cells before oscillatory depolarisations occur. It is therefore possible that the high level o f
minK expression is one factor in the determination o f uterine smooth muscle excitability.
In this context, regulation o f minK channel activity by oestrogen and second-messengers
must be considered. The direct inhibition o f minK afforded by oestrogen may be
overcome by positive regulation through labour-inducing receptors, such as oxytocin
receptor, coupled to phospholipase C and the intracellular pathways which increase Isk
(Busch, 1995).

1.5.6.3 Heart
With the cloning o f minK from the mouse heart, a pharmacological profile o f the channel
expressed in oocytes was determined (Honoré et al., 1991). Isk activity was reduced by
the classical, non-selective, K^ channel blocker TEA (30mM), and by

(5mM), but at

these concentrations they can in no way be considered potent. In addition, the voltagedependent K^ channel blocker, 4-aminopyridine (3mM), had no effect, nor did a range o f
toxins including charybdotoxin (50nM). As a consequence o f the clone originating from
the heart, minK was treated with a variety o f antiarrhythmic drugs o f which only
clofilium, a class III antiarrhythmic, was effective. Isk was blocked in a dose-dependent
manner with half maximum inhibition observed at lOOpM. More recently a novel III
antiarrhythmic, NE 10064, was found to inhibit Isk potently, again in a dose-dependent
manner (Varnum et at., 1993). These agents figure significantly in evidence suggesting
that minK protein underlies the slow component o f the delayed rectifier K^ current in
ventricular myocytes.

The cardiac delayed rectifier and m in K ’s involvement
The delayed rectifier K ^ current, I k , is vitally important for the initiation o f repolarisation
o f cardiac action potentials (Carmeliet, 1977). With the application o f the class III
antiarrhythmic sotalol derivative, E4031, to guinea pig myocytes, it was substantiated
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that Ik consists o f a fast activating, inwardly rectifying component, termed Ikt, and a
slowly activating, non-inactivating component, Iks (Sanguinetti & Jurkiewicz, 1990). Iks
is the major component o f Ik and, due to its slow kinetics o f deactivation, represents the
predominant repolarising current during increased heart rate. Until the advent o f
NE 10064 and clofilium, the most potent class III agents have been specific for the minor
Ikt component only. (Jurkiewicz & Sanguinetti, 1993). NE10064 and clofilium, however,
block both Ikt and Iks, thereby prolonging action potential duration.
Experimental evidence to see whether Iks corresponded to Isk induced by minK in
oocytes was accumulated by two groups simultaneously. Freeman & Kass (1993)
transiently transfected mammalian (HEK 293) cells and demonstrated that the
characteristics o f Isk, including its to response clofilium, were similar to those o f Iks
recorded from guinea pig myocytes. In addition, an antibody directed against minK
protein, identified the presence o f minK on the surface o f transfected HEK cells and on
guinea pig ventricular myocytes and sinoatrial nodal cells, where Iks is the dominant
outward

K^

current.

Meanwhile,

Varnum

et

al.

(1993),

performed

similar

electrophysiological experiments on oocytes expressing guinea pig derived minK and on
guinea pig myocytes. In place o f clofilium, NE 10064 was used. Once again the Ik* and I*k
currents corresponded. The most persuasive evidence that Iks and 1*k are one and the
same resulted from the mutation o f asparagine 102 to a serine residue in guinea pig minK
and the subsequent action o f PKC on Isk. Iks in both mouse and guinea pig, had been
previously shown to be modulated by the second messengers PKC, PKA and intracellular
Ca^^ levels (Walsh et a i , 1991). PKC though, has a species-specific effect, decreasing
mouse Ik and increasing guinea pig Ik (Walsh et at., 1991). This was thought to be linked
to residue 102, an asparagine in mouse minK. The effect o f the mutation (N 102S) on
guinea pig Isk to PKC stimulation was a switch from activation to inhibition (Vamum et
a l , 1993). This result not only confirmed the hypothesis that minK protein underlies Iks,
but also provided valuable evidence substantiating minK protein as an integral part o f
minK channel.
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Pathophysiological importance o f minK
The relative physiological importance o f minK in the heart and its corresponding current,
IsK, is likely to be a consequence o f its regulation by second messengers under
physiological or pathophysiological conditions. Iks in guinea pig myocytes is positively
regulated by p-adrenergic receptor stimulation through a mechanism involving activation
o f PKA (Bennett & Begenisich, 1987). In the heart, PKA- and intracellular Ca^^mediated up-regulation o f minK may be o f great importance under stress conditions. A
high p-adrenergic tonus and increase in intracellular Ca^^ would increase Isk, resulting in
action potential shortening and the generation o f proarrhythmic conditions. Under such
conditions, Iks becomes the dominant component in the induction o f action potential
repolarisation (Colatsky et al., 1990) and may represent an attractive target for the
pharmacological treatment o f specific heart rhythm disturbances.
Interestingly, in guinea pig ventricular myocytes, Iks has been shown to be inhibited by
superoxide radicals and hydrogen peroxide (Cerbai et a i , 1991). Since peroxides are
generated during ischemia and have shown to be involved in the genesis o f reperfusioninduced arrhythmias (Wordward & Zakaria,

1985), such regulation is o f high

pathophysiological significance. In ischaemic heart regions, localised inhibition o f Ik*
could consequently contribute to an inhomogenous excitability o f heart tissue. Indeed,
inhibition o f Isk expressed in oocytes by peroxides and membrane permeable oxidising
agents has recently been shown (Busch et al., 1995), and is discussed below.

1.5.7

M olecular basis o f m in K regulation by oxidation a n d chelation (Figure 1.32)

Experiments were performed by Busch et al. (1995) on both human and rat minK protein
expressed in oocytes. Oxidative treatment with hydrogen peroxide or the membranepermeable, thiol group oxidising reagent 5,5'-dithiobis(2-nitrobenzoic acid) (DTNP)
inhibited Isk in a similar manner with no changes in the rate o f activation. To determine
whether a highly conserved intracellular cysteine residue, (position 106 in rat, 107 in
human) was responsible for inhibition, the amino acid was replaced by a serine residue.
The mutation prevented inhibition upon the application o f the oxidising stimuli. These
results suggest that Isk is negatively modulated by oxidation o f the cysteine residue. A
possible explanation o f the mechanism o f this inhibition is that upon oxidation fewer
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minK proteins can be recruited for channel activation. Consequently, when the highly
conserved cysteine residue is substituted by an amino acid that cannot form disulphide
bonds the mutant protein cannot be sequestered by oxidation.
In contrast to the oxidising agents H 2O2 and DTNP, the heavy metal mercury (Hg^"^) is
membrane impermeable. Hg^^ however, not only oxidises thiol groups but chelates with
basic amino acids. The effect ofHg^^on minK expressed in oocytes was an increase in Isk
in a dose-dependent manner, though for this effect to occur minK must first have been
activated (Busch et a i , 1995). The activation and lengthened deactivation rates were
very similar to those described for minK treated with the organic, membraneimpermeable cross-linking agent dithio-bis(sulphosuccinimidyl proprionate) (DTSSP)
(Varnum el al., 1993). The mechanism o f action o f Hg^^ on minK was therefore
predicted to be as a consequence o f chelation o f the metal ion with the extracellular
region o f the protein. Two mutant minK proteins with deletions in their extracellular
amino terminal region, (10-25 and 10-39 residues deleted), were tested for the effect o f
Hg^^on their Isk- Mutant (10-25) was positively regulated showing a similar Isk to that o f
wild-type Isk, while mutant (10-39) was inhibited upon Hg^^ treatment. This pointed to
an interaction o f Hg^^ with the extracellular region o f minK from amino acids 26-39, o f
which 3 are basic. It is therefore possible that Hg^^ chelates minK protein subunits by
interacting with basic amino acids and that the chelation causes a stabilisation o f
activated channels. This process is illustrated in Figure 1.32. The requirement o f prior
activation o f minK, suggests that during activation a conformational change o f the
extracellular region occurs. However, it appears that the mobility o f the extracellular
region, and not the Hg^^ binding site, is important for minK channel function since
removal o f the site does not render the channel non-functional. Similarly, impaired
mobility o f the intracellular carboxyl region by oxidation o f the conserved cysteine
residue and disulphide bond formation, could be the mechanism for Isk inhibition. As this
cysteine residue is not required for normal minK channel function, it has been suggested
that

it

may

represent

an “off-switch”

for

pathophysiological conditions (Busch e ta l., 1995).
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Figure 1.31: Proposed action o f Hg^^ and peroxides on minK.
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1.5.8

Subunit com position o f m in K channel

As a consequence o f minK’s small size (130 amino acids) and single putative
transmembrane domain it was postulated early on in minK’s history that minK proteins
(subunits) self-associated to form the functional channel. The first information about the
subunit composition o f the minK channel came from studies performed on synthetic
peptides corresponding to the transmembrane region (TM-minK) and a truncated form o f
minK dispersed in membrane vesicles (Ben-Efraim et at., 1993; Ben-Efraim et al., 1994).
Fluorescence energy transfer o f the fluorophores attached to the peptides indicated that
both species o f peptide molecules aggregated within the membranes, although no
indication about the size o f the aggregates could be deduced.
The time-dependent changes in biophysical properties o f minK channels expressed in
oocytes were recorded by Busch et al. (1994). They determined the maximal
conductance (Gmax), the voltage needed to evoke half maximal conductance (V 1/2) and
the activation rate o f Isk, for eight days. Concurrent with an increase in Gmax, there was a
shift to more negative potentials for V 1/2 and increased activation rates, suggesting a
relationship between protein density and activation o f minK. These results were
consistent with the hypothesis that minK channel formation and activation involves
subunit assembly. They were also consistent with a proposed mechanism for the speciesspecific effect o f PKC stimulation on minK between human and guinea pig forms (see
Section 1.5.4). The proposition involved phosphorylation o f rat minK serine 103, not
present in the guinea pig minK, by activated PKC presenting electrostatical hinderance
between interacting subunits, effectively limiting the number o f available channels
(Varnum et al., 1993).
Similarly, a model implying interaction among individual channel proteins was suggested
following findings that the activation kinetics o f Isk in oocytes were dependent on the
amount o f mRNA injected (Cui et a i , 1994). Larger amounts resulted in slower
activation with a longer initial delay before activation.
Application o f the chemical cross-linking agent, DTSSP, to minK expressed in oocytes
resulted in persistent activation o f the channel, with an increased rate o f activation and a
decreased rate o f deactivation (Varnum et al., 199j). These results suggest that a
conformational change occurs during minK channel gating, which can be stabilised by
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chemical cross-linking. The results are also consistent with a model in which channel
activation involves the oligomerisation o f minK subunits. The spatial arrangement o f
subunits allows DTSSP to bind them together in a conformation favouring conduction
and inhibiting deactivation, the latter, according to the model, being brought about by
deoligomerisation. In addition, this model also accounts for minK channel’s slow
activation kinetics, entailing the recruitment o f subunits, and the susceptibility o f the
activation kinetics to change with subunit density (Cui et al., 1994).
The two most recent publications on the association o f minK subunits to form the
functional channel are based on the coexpression o f functional minK with a mutated form
o f the protein.
The mutant used by Tzounopoulos et at. (1995) possessed a point mutation at residue
69, a serine replacing a threonine residue, which when expressed independently o f
functional minK, resulting in reduced Isk- The application o f binomial distribution to the
currents

induced

by

coexpressed

mutant

and

wild-type

proteins

suggested

a

stoichiometry o f at least 14 monomers for each functional minK channel. A model
consisting o f a “pentamer o f trimers”, in which the pore is formed from 5 internal
subunits surrounded by 10 outer subunits was subsequently proposed.
Wang & Goldstein (1995) coexpressed a non-functional mutant (D 77N ) with wild-type
minK. Binomial distribution o f the induced current indicated a stoichiometry o f two
minK proteins in conjunction with an as yet unidentified non-minK subunits o f form the
functional channel.
The evidence accumulated thus far strongly suggests that minK subunits do self-associate
to form at least part o f the functional channel, but clearly, more work is required to
determine the correct number and arrangement o f minK proteins in the channel.

The suggestions that minK channels require additional factors to become functional
originated as a possible explanation o f the inability to record Isk following expression o f
minK in all but oocytes and the mammalian HEK cells (Freeman & Kass, 1993); these
additional factors were presumed to be present in the latter two cell types. Furthermore,
it was found that a saturation point o f maximal Isk amplitude existed in oocytes; a point
arriving above which increasing the quantities o f minK mRNA had no increased effect on
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IsK amplitude. Blumenthal and Kaczmarek (1994) argued that a non-minK subunit
endogenous to oocytes and required for channel function, but present in only limited
amounts, could explain why the amplitude o f Isk no longer increased despite increasing
levels o f minK protein in the oocyte plasma membrane.
The most persuasive evidence to date for the involvement o f an additional protein in the
minK channel is provided by work carried out by Goldstein and co-workers (Tai &
Goldstein, 1996; Wang et al., 1996). They analysed the effect o f two sulphydryl-specific
blockers, methanethiosulphonate ethylsulphonate (MTSES) and methanethiosulphonate
ethylamine (MTSEA) on wild-type and mutant minK proteins expressed in oocytes.
Neither wild-type nor minK with cysteine 107 substituted by alanine (C107A-minK)
were affected by MTSES. The forty fiffh amino acid o f minK is an alanine predicted to
be positioned such that it resides on the external vestibule o f the pore. Substitution o f
this residue by cysteine (A45C-minK) rendered minK sensitive to irreversible block by
MTSES. In contrast to MTSES, MTSEA irreversibly blocked wild-type and cysteinefree C107A-minK channels. This indicated strongly the involvement o f a non-minK
protein possessing a cysteine residue, in combination with minK as the integral part o f
the minK channel. Additionally, analysis o f the blocking kinetics o f MTSES on the
current induced by A45C-minK suggested that residue 45 is positioned in an exposed
extracellular environment in close proximity to the channel pore. Mutation o f residues 44
and 47 also rendered the channel susceptible to inhibition by MTSES via covalent
modification, and mutations at positions 46, 47, 48 and 55 altered reversible block by
TEA (Wang et al., 1996). The mutation at position 45, A45C-minK, slowed the rate but
not the magnitude o f TEA block. The conclusion drawn from these investigations
suggested that residues 45 and 47 but not 46 are located in the aqueous phase. However,
in accordance with the influence o f residue 46 on TEA affinity it was proposed that TEA
associated with the backbone at this site, which is a mechanism postulated to underpin
coordination o f K"^ in Shaker-Xy^Q channels (Hidalgo and MacKinnon, 1995; Miller,
1995).
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1.5.9

M in K protein as an ion channel activator

The most recently published paper on the minK channel however once again throws open
the debate as to whether minK is an integral channel protein or a channel regulatory
subunit ^Efraim et at., 1996). The investigation examined the effects o f synthetic minK
hydrophilic peptides on untreated

oocytes.

When applied internally,

a peptide

corresponding to amino acid residues 67-93 o f minK protein - a region o f the carboxyl
terminal domain, induced K^ channel activity with the characteristic biophysical and
pharmacological properties o f minK channel. Furthermore, the application o f peptides
corresponding to amino acid residues 10-43 and 31-43 o f the amino terminal domain
induced Cl* currents. To account for the controversy between their results and the
evidence based on site-directed mutagenesis studies o f the transmembrane domain, the
authors suggest that minK acts as a regulatory subunit which has some contribution in
defining the K^ pore properties and in modulating channel gating.
These studies may assist in explaining how the small channel inducing factor (CHIP)
(Attali et a l , 1995), a protein with one putative transmembrane domain, also induces Isklike currents in oocytes. Indeed, in addition to minK and CHIP, phospholemman
(Moorman et al., 1992) and M2 (Pinto et al., 1992) both possess one putative
transmembrane domain and induce slowly activating currents, and together could
represent a family o f short bitopic membrane proteins capable o f activating endogenous
silent ion channels. Although having the same effect, minK and CHIP have no sequence
identity. Therefore if they are activating the same channel protein their interacting
regions must share some structural or conformational similarities. Direct structural
information on CHIP however, is non-existent and on minK is in its infancy.

1.5.10

Secondary structure inform ation on m in K protein

Structural information about minK protein is limited to PT-IR and CD spectroscopic
studies on synthetic peptides corresponding to the putative transmembrane domain (BenEfraim et al., 1993; Horvàth et al., 1995) and CD studies on the amino terminal domain
(Ben-Efraim et al., 1994). The investigations concerning the transmembrane peptide indicated
an a-helical conformation in methanol (Ben-Effaim et al., 1993) but a p-type structure in
more the physiologically relevant environment o f lipid bilayers (Horvàth et al., 1995). A
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molecular model based on site-directed mutagenesis studies indicating the importance in
activation o f every third amino acid residue in the transmembrane region (Goldstein & Miller,
1991; Takumi et a l, 1991; Wilson et a l, 1994) suggest an a-helical conformation which
would align these amino acids along one side o f the helix, forming one side o f the pore as part
o f a multimer. The synthetic peptides corresponding to the amino terminal domain adopted a
predominantly a-helical conformation.
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1.6

Aims

Investigations so far have concentrated on the electrophysiological, pharmacological and
regulatory characteristics o f minK channel. However, the molecular mechanism by which
the minK channel conducts K^ across the membrane is only likely to emerge with the
determination o f the structure o f the channel proteins. Consequently, the overall aim o f
the project is to determine the secondary structure o f minK. To this end, two approaches
are to be taken to provide the required material for structural analysis. Firstly, chemical
synthesis o f polypeptides and secondly, synthesis o f recombinant proteins using
expression systems.

The chemical synthesis o f a polypeptide is constrained by the number o f amino acid
residues that can be accurately incorporated into its linear chain. Consequently, minK
was conceptually divided into three parts corresponding to the amino terminal, the
carboxyl terminal and transmembrane regions. Synthetic peptides corresponding to
complete amino terminal and transmembrane regions and the final 44 amino acids o f the
63 residue carboxyl terminal region, are to be synthesised for secondary structure
analysis by FT-IR and CD spectroscopy.
To gain structural information on the whole carboxyl terminal region and the entire minK
protein, the minK gene is to be cloned and recombinant proteins corresponding to the
carboxyl terminal region and minK synthesised so that they may be subjected to
structural analysis using FT-IR and CD spectroscopic techniques. The recombinant
carboxyl-terminal region is to be expressed and purified using the pGEX 2T bacterial
expression system. As a consequence o f known difficulties with the expression o f
membrane bound proteins using bacterial expression systems a number o f approaches are
to be taken. These involve the expression o f minK using two bacterial expression
systems, pGEX 2T and pTrcHis A, each under the control o f different promoters and
with distinct protein purification strategies, and in addition, using the baculovirus/insect
cell expression system. In order to purify recombinant minK protein from endogenous
insect cell proteins an immunoaffinity column is to be generated. This involves the
production o f antibodies specific to synthetic carboxyl terminal peptide.
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Furtherm ore, these antibodies will be utilised to locate minK protein in intestinal tissues
using immunohistochemical techniques.
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STRUCTURAL ANALYSIS OF A SYNTH ETIC PEPTIDE C O R RESPO ND ING
TO THE PUTATIVE TR A N SM EM BR A N E D O M A IN OF m inK PROTEIN

2.1

Introduction

The pore o f an ion channel is thought to determine both the selectivity and conduction
characteristics

o f the channel

(Hille,

1992).

Point

mutations

in the

putative

transmembrane domain o f minK resulted in altered gating (Takumi et al., 1991) and ion
selectivity (Goldstein & Miller, 1991) implicating this region o f minK protein as the
integral part o f the pore o f the minK channel and therefore the conduction pathway for
K^ across the plasma membrane.
To ascertain the molecular mechanism by which minK channel conducts potassium ions
specifically across the plasma membrane, it is necessary to determine the structure o f the
channel pore. One approach to this problem is to chemically synthesise a peptide
corresponding to the primary amino acid sequence o f the putative transmembrane
domain involved in conductance and to determine its secondary structure after membrane
incorporation using biophysical techniques such as FT-IR and CD spectroscopy. This
approach has been successfully used for the pore region (H5) o f the Shaker A voltagedependent potassium channel (Haris et al., 1994).
CD spectra o f a synthetic peptide corresponding to the transmembrane domain o f minK
protein in methanol revealed an a-helical conformation (Ben-Efraim et al., 1993).
However, the findings o f a recent FT-IR study o f a similar peptide in dimyristoyl L-aphosphatidylcholine (DMPC) vesicles suggested a P-sheet structure (Horvàth et al.,
1995).
Studies in my laboratory on synthetic peptide corresponding to the pore region (H5) o f
the Shaker A potassium channel suggested that the method o f sample preparation can
influence the conformation adopted by peptide in phospholipid vesicles (unpublished
data). Using certain membrane incorporating techniques, hydrophobic peptides have a
tendency to aggregate prior to membrane incorporation into large intermolecular p-sheet
structures, structures which

do not reflect the true conformation o f the peptide when

incorporated into a membrane bilayer. Furthermore, FT-IR analysis o f P-structure is
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hindered by the overlapping o f absorbances o f intermolecular and intramolecular P-sheet
structures. Consequently, the type o f p-structure can be misintepreted.
In order to investigate the discrepancies between the CD and FT-IR studies on synthetic
peptide corresponding to the putative transmembrane domain o f minK, and the influence
o f the method o f sample preparation on peptide structure, a peptide containing the
transmembrane domain o f minK is to be synthesised (Figure 2.1) and its secondary
structure analysed using FT-IR and CD spectroscopy, in aqueous solution, and in
phospholipid membranes prepared by two different methods.
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Figure 2.1: Model o f minK protein based on hydropathy plot analysis, showing the
amino acid sequence to be synthesised containing the putative transmembrane domain of
minK protein.
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2.2

M aterials & M ethods

2.2.1

M aterials

All chemicals were obtained from Sigma Chemical Company Ltd (Poole, U.K.), or
British Drug Houses Ltd (Poole, U.K.) unless otherwise stated.

2.2.2

Peptide Synthesis

Polypeptide corresponding to the putative transmembrane domain o f minK protein was
synthesised, purified and its amino acid composition confirmed by Dr. Bala Ramesh.
The peptide was synthesised using an automated peptide synthesiser Rainin PS3 (Protein
Technologies, Inc., USA) by a step-wise solid-phase procedure (Merrifield, 1963) using
a-9-fluorenylmethyloxycarbonyl (Fmoc) protecting group strategy (Carpino & Han,
1992). The polypeptide was cleaved from the resin using 95% trifluoroacetic acid (TFA)
with scavengers and was 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 280nm. The peptide peak was freeze dried in the
presence o f O.IM HCl to remove the TFA. The sequence o f the 30-residue polypeptide
corresponding to the putative transmembrane region o f the minK protein is as follows:

CH3CO-RDDSKLEALYILMVLGFFGFFTLGIMLSYI-CONH2

The amino acid composition o f the synthetic peptide was subsequently confirmed by
amino acid analysis.

2.2.3

S am ple Preparation f o r Spectroscopic A nalysis

Peptide in an aqueous buffer was prepared by suspending the peptide in ^H20 PBS
(140mM NaCl, 2.7mM KCl, lOmM Na 2HP 0 4 , 1.8mM KH 2PO 4, pH 7.4) buffer at
lOmg/ml by Vortex mixing.
Peptide in phospholipid membranes was prepared by the following two methods
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2.2.3.1 D ialysis M ethod
The

peptide

and

either

lyso-phosphatidylcholine

(LPC)

or

dimyristoyl

L -a-

phosphatidylcholine (DMPC) were co-dissolved in 2-chloroethanol (lOmg/mi and
lOOmg/ml respectively) before being dialysed against PBS (140mM NaCl, 2.7mM KCl,
lOmM Na 2HP 0 4 , l.SmM KH 2PO 4, pH 7.4) or phosphate buffer (80mM N a 2HP 0 4 ,
20mM NaH 2P 0 4 , pH 7.4). The dialysate was subsequently freeze dried. It was
resuspended into ^H20 or H 2O for FT-IR and CD spectroscopy respectively. A molar
ratio o f peptide to phospholipid o f approximately 1:50 was employed.

2.2.5.2 Film M ethod
The peptide was dissolved in TFA and a thin film o f the peptide was formed on the base
o f a glass quickfit round bottomed flask by rotary evaporation o f the organic solvent.
Residual traces o f TFA, which can interfere in the amide I region o f the peptide, were
removed by freeze drying in the presence o f O.IM HCl. Phospholipid dissolved in
chloroform was then added to the flask and the organic solvent again removed by rotary
evaporation forming a second film on top o f the original peptide film. Further drying was
carried out under vacuum for 24 hours. Finally, either ^H20 PBS for FT-IR or H 2O
phosphate buffer for CD was added to the dried films and mixed thoroughly using a
Vortex mixer. This method o f membrane constitution has been successfully employed in
the structural analysis o f peptide in phospholipid membranes (Haris et al., 1994; Ramesh,
1995). The peptide to phospholipid molar ratio was also approximately 1:50.

2.2.4

F T -I R Spectroscopy

Infrared spectra were recorded at 30®C using a 1750 Perkin-Elmer FT-IR spectrometer
continuously purged with dry air. Samples were placed in a lOp.1 volume gas-tight CaFi
cell (path length 6pm). For each sample 100 scans were signal averaged at a resolution
o f 4cm '\ The peptide concentration used for the FT-IR measurements was lOmg/ml,
Absorbance spectra o f the peptide were obtained by digital subtraction o f a spectrum o f
^H2 0 containing buffer from the sample spectrum so as to give a straight baseline in the
2100-1800cm'^ region (Haris et a i , 1986). The spectra o f the aqueous buffer and the
sample were recorded under identical conditions. Detailed analysis o f the amide I band
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was carried out using a second derivative procedure. Second derivative spectra were
calculated using GRAMS Derivative function with a 13 data point Savitzy-Golay
smoothing window.

2.2.5

CD spectroscopy

Far-UV CD spectra o f the peptide at 0.5mg/ml in LPC micelles were recorded using a
Jasco 600 CD spectrometer. The spectra were measured at wavelengths o f 260-185nm,
at 22®C using a 0.02cm pathlength cell. A scan rate o f lOnm/min was employed. Spectra
o f LPC micelles in phosphate buffer, were subtracted from their corresponding peptide
spectra to remove any o f the effects o f their absorbances. Spectra were subsequently
corrected for concentration and their Ae values calculated.
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2.3

Results

FT-IR and CD spectroscopy are now widely used in the structural analysis o f peptides
and proteins (Haris & Chapman, 1992; Greenfield & Fasman, 1969). Information
concerning the secondary structure o f a peptide investigated using FT-IR spectroscopy
can be discerned by the analysis o f the amide I band (I600-1700cm ‘‘) (Haris &
Chapman, 1992). With CD spectroscopy, it is the shape, intensity and position o f the
maxima and minima o f the recorded spectrum that reflects and allows estimation o f the
secondary structure content o f the peptide (Greenfield & Fasman, 1969).

2.3.1
2.3.1.1

FT-IR spectra
Peptide in aqueous buffer

Due to its hydrophobic nature, the transmembrane peptide was insoluble in PBS,
therefore, a suspension o f the peptide was used for FT-IR analysis. The FT-IR
absorbance and second derivative spectra o f the peptide suspension are presented in
Figure 2.2 A & B respectively.
It can be seen that the amide I band occurs at 1626cm '\ This frequency is too low to be
due to a-helical structure. However, P-type structure is known to absorb in this region.
Assignment o f this band can be complicated by the overlapping o f absorbance from
different types o f P-structure occurring in this frequency range. From previous studies it
has been observed that a band frequency between 1610-1628cm'* can arise from
aggregated polypeptide chains arranged in an intermolecular P-sheet conformation (Clark
et al., 1981; Byler & Purcell, 1989; He et al., 1991; Jackson & Mantsch, 1991; Jackson
& Mantsch, 1995). Absorbance near this frequency has also been observed for
aggregated M l3 coat protein (Sanders et al., 1993, Spruijit & Hemminga, 1991). It is
therefore reasonable to assign the 1626cm'* band to intermolecular p-sheet structure,
particularly as the sample was a suspension and visibly aggregated.
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Figure 2.2: Absorbance (left) and second derivative (right) spectra o f synthetic peptide
corresponding to the transmembrane domain o f minK in ^H20 PBS pH 7.4 (AB),
PBS pH 7.4 / LPC micelles prepared using the Dialysis M ethod {CD), and ^H20 PBS pH
7.4 / DMPC vesicles prepared using the Dialysis M ethod (EF).
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2.3.1.2 Peptide in phospholipid membranes reconstituted by the D ialysis M ethod
FT-IR absorbance and second derivative spectra o f the peptide in LPC micelles and in
DMPC vesicles prepared using the Dialysis Method are shown in Figure 2.2. The intense
bands at 1725cm'^ o f the spectra in Figure 2.2 D and 1728cm'* and 1743cm'* in Figure
2.2 F arise from the vibration o f phospholipid ester groups. The spectra o f both samples
reveal two components in the amide 1 region. The more prominent component is at
1625cm'* indicating p-type structure, while the component at 1652cm'* corresponds to
an a-helical conformation. The prominent 1625cm * component is at an almost identical
frequency to that obtained when the peptide is dispersed in aqueous buffer, indicating
that the type o f p-structure is similar in both o f these environments.

2.3.1.3 Peptide in phospholipid membranes reconstituted by the Film M ethod
FT-IR absorbance and second derivative spectra o f the peptide in LPC micelles and in
DMPC vesicles prepared using the Film Method are presented in Figure 2.3. The second
derivative spectra differ from those obtained for the peptide in lipids prepared using the
Dialysis Method, in that their most prominent component is located at 1654/1655cm *
representing an a-helical conformation, with a weak component at 1627cm * indicating
intermolecular p-sheet content.

Ill

Synthclic Transinenibrane D om ain o f m inK Protein

1725

1654

1627

1654
s 1628
•>
to

1725

to

1732

1728
1800

1750

1700

1750

1650

1700

1650

1600

Wavenumber (cm ')

Figure 2.3: Absorbance (left) and second derivative (right) spectra o f synthetic peptide
corresponding to the transmembrane domain o f minK in
PBS pH 7.4 / LPC
micelles prepared using the Film M ethod (AB), and
PBS pH 7.4 / DMPC vesicles
prepared using the Film M ethod (CD).
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2.3.2

CD Spectra

The hydrophobicity o f the peptide prevented solubilisation in phosphate buffer and
consequently CD analysis could not be performed in this environment. In addition, the
turbidity associated with DMPC vesicles causes light scattering problems which impede
CD spectroscopy in this media, therefore spectra o f the peptide were only recorded in a
LPC micelle environment. The shapes o f the far-UV CD spectra o f the peptide in LPC
micelles prepared using the Dialysis and Film Methods presented in Figure 2.4 are clearly
different. Spectrum A, corresponding to the peptide in phospholipid membranes prepared
using the Dialysis Method, minimises at 220nm and becomes positive at 203nm,
reflecting predominantly p-type structures. It is however, not possible to distinguish
whether the p-structure is formed by intramolecular or intermolecular bonding. Spectrum
B, representing the peptide in phospholipid membrane prepared using the Film Method,
minimises at 206nm and becomes positive at 200nm, characteristic o f a predominantly a helical conformation.
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Figure 2.4: Far-UV CD spectra o f synthetic peptide corresponding to the
transmembrane domain o f minK protein in phosphate buffer (SOmM Na 2HP 0 4 , 20mM
NaH 2? 0 4 , pH 7.4) / LPC micelles prepared using both the Dialysis and Film Methods.

114

Syn th etic T ransm em brane D om ain o f m inK Protein

2.4

Discussion

In this study the secondary structure o f a synthetic peptide corresponding to the putative
transmembrane region o f minK was investigated under different incorporation conditions
using both FT-IR and CD spectroscopic techniques. Measurements were carried out in
aqueous suspension, and after incorporation o f the peptide into phospholipid membranes
using two distinct methods, termed the Dialysis Method and the Film Method.
For the peptide in aqueous suspension, the assignment o f the amide I band at frequency
1626cm'^ is most consistent with an aggregated intermolecular p-sheet structure.
Intermolecular p-sheet structure is a characteristic feature o f aggregated and denatured
polypeptides (Sanders et al., 1993; Spruijt & Hemminga, 1991; Jackson & Mantsch,
1995). In this structure, the polypeptide chains are in an extended form allowing the
close alignment o f adjacent chains with correspondingly strong hydrogen bonding
between chains (Sanders et al., 1993; Spruijt & Hemminga, 1991; Jackson & Mantsch,
1995). This is reflected in low absorption frequencies (1610-1628cm*^) (Sanders et al.,
1993; Spruijt & Hemminga, 1991; Jackson & Mantsch, 1995).

In such chains,

intramolecular hydrogen bonding, and therefore intramolecular p-sheet, is not possible
(Jackson & Mantsch, 1995). It is noteworthy that no a-helical structure was detected for
the peptide in aqueous suspension.
Upon incorporation o f the peptide into membrane from the helix-forming solvent 2chloroethanol using the Dialysis Method, the principle component was at an almost
identical frequency as peptide in aqueous suspension, indicating that the peptide is in a
predominantly intermolecular P-sheet conformation (Figures 2.2 & 2.4). These results
suggest that using the Dialysis Method, peptide molecules aggregate prior to
incorporation into the membrane. It is therefore not unreasonable to suggest that the
absorbance band o f the peptide at 1627cm '\ attributed to intramolecular P-sheet in a
previous study (Horvàth et al., 1995), reflects aggregated intermolecular P-sheet
structures.
The Film Method however, is designed to incorporate peptide molecules into the
membrane before aggregation can take place and consequently the resulting membrane
structure more accurately reflects the physiological environment (Haris et al., 1994;
Ramesh, 1995). Incorporation o f the minK peptide using this approach resulted in a
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predominantly a-helical structure being adopted by the peptide (Figures 2.3 & 2.4),
unlike the predominantly p-structure observed upon incorporation using the Dialysis
Method.
The demonstration o f a predominantly a-helical conformation for the peptide in
phospholipid membranes is in good agreement with a proposed model based on sitedirected mutagenesis studies. Point mutations revealed the importance in activation
gating o f every third amino acid residue in the transmembrane region which, in an a helical conformation, would align these amino acids along one side o f the helix, forming
one side o f the pore as part o f a multimer (Wilson et a l , 1994).
In conclusion, synthetic peptides corresponding to functional domains provide an
excellent model for studying membrane protein structure. However, if the functional
domain is transmembranous, great care must be taken to ensure that its corresponding
peptide is not aggregated prior to structural determination. This is o f importance as
hydrophobic peptides tend to aggregate to form intermolecular P-sheet structures leading
to incorrect assignment o f peptide structure in membrane systems. There are several
examples o f this in the literature where proteins have been incorrectly assigned to have a
P-structure (Nozaki et al., 1978; Spruijt et al., 1989). For example, the M l3 coat protein
was initially thought to undergo a conformational change from an a-helical structure to
form large aggregated intermolecular P-sheet structures when inserted into the
membrane (Nozaki et al., 1978; Spruijt et al., 1989). These p-structures were however,
observed only under conditions that favoured or induced the possibility o f aggregation
and are considered to be a denatured form o f the protein (Sanders et al., 1993; Spruijt &
Hemminga, 1991). Subsequently, it was shown that the coat protein remained in an a helical conformation upon membrane insertion (Sanders et a i ,

1993; Spruijt &

Hemminga, 1991). P-structure for peptide molecules in a membranous system was also
detected, however, it has been clearly demonstrated that under conditions where
aggregation is reduced, the same peptide adopts an a-helical structure.
An a-helical conformation for the 23 amino acid residues proposed to span the plasma
membrane is befitting with the logistics o f the width o f the membrane and the required
length o f these amino acid residues to span the membrane perpendicular to the
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membrane’s plane, unlike a p-sheet conformation^ would necessitate the sheets to tilt
across the membrane at an angle o f 60^ (Horvàth et al., 1995).
FT-IR and CD spectroscopy gives no indication as to the stoichiometry o f the pore
forming regions although it is highly probable that the minK transmembrane a-helices
interact either as homomers or heteromers with the “additional” protein to form the pore
o f the channel.
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STRUCTURAL ANALYSIS OF A SYNTHETIC PEPTIDE CORRESPONDING
TO THE AMINO TERMINAL DOMAIN OF minK PROTEIN

3.1

Introduction

The amino terminal domains o f all Kv and K ir channels are intracellular. The primary role
o f this domain in Kv channels is inactivation, exemplified by the fast inactivation o f Atype K^ channels, in which an amino terminal “ball”, tethered by a “chain” to the core
region o f the channel, is proposed to inactivate the open channel by occluding the pore
(Hoshi et al., 1990; Zagotta et al., 1990).
The presence o f two potential glycosylation sites on the amino terminal domain o f the
minK (asparagine 5 (N5) & asparagine 26 (N26)) suggested, in contrast to the
intracellular amino terminal domains o f Kv and Kjr channels, an extracellular location for
this domain o f minK (Takumi et a i , 1988), a feature subsequently confirmed using
immunocytochemical techniques (Takumi et al., 1991). Furthermore, when expressed in
oocytes minK protein was found to exist in either one o f two glycosylated forms or as
unglycosylated minK. The precise glycosylation status o f native minK protein remains to
be identified, however, the removal o f amino acid residues 4-9 o f the amino terminal
domain, containing the N5 potential glycosylation site, resulted in complete loss o f
channel activity when expressed in oocytes demonstrating firstly, the importance o f these
residues in channel function and secondly, suggesting that glycosylation at N5 may be a
requisite o f the functional channel.
The influence o f the amino terminal domain on channel activity has also been analysed
following treatment o f minK expressed in oocytes with the membrane-impermeable cross
linking agent, dithio-bis(sulphosuccinimidyl) (DTSSP) (Busch et al., 1995), and mercury
ions (Varnum et al., 1995). Applied subsequent to channel activation, they caused
persistent activation o f minK with increased current amplitude. The effect o f deletions in
the amino terminal domain on the interaction o f the Hg^^, implicated a region within
residues 26-39 o f this domain containing three basic amino acids with which Hg^^ could
chelate (R34, R35 & R38). It however remains unclear as to whether Hg^^ and DTSSP
link minK protein subunits to each other or to additional channel subunits to effect
persistent activation.
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In addition to functional studies, the amino terminal domain has been analysed to
determine the preferred physiological environments o f regions o f the domain (BenEfraim et a i, 1994). Fluorescence energy transfer o f fluorophores attached to synthetic
peptides, corresponding to amino acid sequences within the amino terminal domain,
dispersed in membrane vesicles, indicated that the amino terminus o f the domain is
embedded in the membrane bilayer, while the remaining regions o f the domain are
located on the surface o f the membrane.
Further to the effects o f the amino terminal domain on minK channel activity, synthetic
peptides corresponding to residues 10-43 and 31-43 induced C f channel activity when
applied externally to oocytes (Ben-Efraim et al., 1996), suggesting that the amino
terminal domain o f minK protein is also a C f channel activator. The C f current induced
by these peptides had characteristics identical to that induced by the completely unrelated
72 residue bitopic protein phospholemman (Moorman et al., 1992), a protein that has
also been suggested as an activator o f an endogenous channel rather than a channel p e r
se. Consequently, it has been proposed that the amino terminal domain o f minK and
phospholemman are activating the same chloride channel. Under these circumstances, it
is likely that although sequence unrelated, they share structural or conformational
similarities. Thus, the determination o f the structural conformation o f minK may, in
addition to providing information regarding minK channel structure and function, also
provide information which can be related to phospholemman and the activation o f C f
channels.
Structural analysis o f the amino terminal domain has been limited to secondary structure
determination o f synthetic peptides corresponding to regions o f the domain in methanol
using CD spectroscopy (Ben-Efraim et al., 1994). The results suggest a predominantly
a-helical structure for this domain. However, the relevance o f methanol as a
physiologically representative environment for the amino terminal region is suspect.
Structural determination o f this domain in both aqueous and phospholipid media is
important as it is at present unclear whether this domain is located naturally in a wholly
aqueous

environment

or is

partially incorporated

into

the

plasma

membrane.

Consequently, the aim is to synthesise a peptide corresponding to the 44 amino acids o f
the amino terminal domain and determine its secondary structure using FT-IR and CD
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spectroscopy in aqueous and a range o f micelle and membrane environments. The amino
acid sequence to be synthesised is highlighted in the model o f minK protein shown in
Figure 3.1.
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Figure 3.1: Model o f minK protein based on hydropathy plot analysis, showing the
amino acid sequence to be synthesised corresponding to the amino terminal domain, and
its potential glycosylation and Hg^^ interacting sites.
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3.2

M aterials & M ethods

3.2.1

Peptide synthesis

Polypeptide corresponding to the amino terminal domain o f minK protein was
synthesised, purified and its amino acid composition confirmed by Dr. Bala Ramesh, as
described in Section 2.2.1. The sequence o f the 44-residue polypeptide is as follows:

NH2-MALSNSTTVLPFLASLWQETDEPGGNMSADLARRSQLRDDSKLE-CONH2

3.2.2

S am ple preparation f o r FT-IR spectroscopy

Aqueous environment
Sample was prepared by dissolving the peptide in

PBS (140mM NaCl, 2.7mM

KCl, lOmM Na 2HP 0 4 , l.SmM KH 2PO 4, pH 7.4) buffer by Vortex mixing.
Phospholipid environment
Peptide was dissolved in LPC micelles or DMPC vesicles in ^H20 PBS by Vortex mixing
at a molar ratio o f peptide to phospholipid o f approximately 1:50.
SDS micelle environment
At the concentrations required for FT-IR analysis the peptide was insoluble in both 2.9
and 5.8mg/ml SDS in PBS (1:50 & 1:100 molar ratio o f peptide to SDS respectively).
Consequently, FT-IR spectra o f the peptide in this media was not recorded.

3.2.3

FT-IR spectroscopy

FT-IR spectra, recorded using a 1750 Perkin-Elmer FT-IR spectrometer, and the
subsequent data manipulations were performed as described in Section 2.2.3.

3.2.4

S am ple preparation f o r CD spectroscopy

M ethanol environment
Sample was prepared by dissolving the peptide in methanol by vortex mixing.
Aqueous environment
Peptide was dissolved in phosphate buffer (80mM Na 2HP 0 4 , 20mM NaH 2P 0 4 , pH 7.4)
by vortex mixing.
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SDS or LPC micelle environment
Sample was prepared by dissolving the peptide in SDS or LPC micelles in phosphate
buffer by vortex mixing, at a molar ratio o f peptide to SDS or LPC o f approximately
1:50.

3.2.5

CD spectroscopy

Far-UV CD spectra o f the peptide at 0.4mg/ml were recorded using a Jasco 600 CD
spectrometer as described in Section 2.2.4. Spectra o f methanol, phosphate buffer, SDS
and LPC micelles in phosphate buffer, were subtracted from their corresponding peptide
spectra to remove any o f the effects o f their absorbances. Spectra were subsequently
corrected for concentration and their Ae values calculated.
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3.3

Results

3.3.1

FT-IR spectra

3.3.1.1 Peptide in aqueous buffer
The FT-IR absorption and second derivative spectra o f the amino terminal peptide in
aqueous buffer are shown in Figure 3.2 A & B respectively. The spectra are dominated
by the intense bands at 1645cm'^ indicating a random conformation for the peptide in this
environment (Jackson e ta l., 1995; Haris et al., 1995; Haris et al., 1992).

3.3.1.2 Peptide in membrane environments
The FT-IR absorption and second derivative spectra o f the peptide in LPC micelles and
DMPC vesicles are shown in Figure 3.2 C & D and Figure 3.2 E & F respectively. The
intense bands at 1725cm*' o f the spectra in Figure 3.2 D and 1729cm'^ and 1742cm'^ in
Figure 3.2 F arise from the vibration o f phospholipid ester groups. The second derivative
spectra o f the peptide in these membrane environments reveal the major amide I band to
be centered at 1647cm'^ with a distinct shoulder positioned at either 1655 or 1657cm'*,
indicating a predominantly random structure for the peptide with some a-helical content
(Jackson et al., 1995; Haris et al., 1995; Susi et al., 1986). The second derivative
spectrum o f the peptide in DMPC vesicles (Figure 3.2 F) also has a smaller band at
1618cm'*, which is attributed to intermolecular P-sheet structures (Jackson et al., 1995,
Haris e ta l., 1995; Haris e ta l., 1992).
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Figure 3.2: Absorbance (left) and second derivative (right) spectra o f synthetic minK
amino terminal domain in
PBS pH 7.4 (AB), ^H20 PBS pH 7.4 containing either
LPC micelles (CD) or DMPC vesicles (EF).
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3.3.2

CD spectra

The far-UV CD spectra o f the peptide in methanol, LPC micelles, SDS micelles and
phosphate buffer are shown in Figure 3.3. The shape o f the spectrum o f the peptide in
methanol, showing two minima at 207 and 220nm is indicative o f a predominantly a helical structure. Conversely, the spectrum o f the peptide in aqueous buffer is only
slightly negative from 210-240nm with a single minimum positioned at 198nm, both
features o f which are characteristic o f random structures. Comparing all four spectra,
there is a clear shift in the position o f the minima as the environment o f the peptide is
changed, from 198nm when the peptide is in aqueous buffer, to 200nm in LPC micelles,
to 201nm in SDS, and 207nm in methanol. In addition to the shift in the position o f the
minima, the wavelength at which the Ae values become positive is different in each
environment (aqueous buffer - 187nm; LPC - 190nm; SDS - 192nm; methanol - 198nm).
In combination, these shifts reflect a general increase in the a-helical content and a
decrease in the quantity o f random structures o f the peptide, from an almost entirely
random conformation in aqueous buffer to a predominantly a-helical conformation in
methanol. The structures adopted by the peptide in the micelle environments reflect a
combination o f random and a-helical structures, the former o f which is the most
prevalent.
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Figure 3.3: Far-UV CD spectra o f synthetic minK amino terminal domain in methanol,
phosphate buffer (SOmM Na 2HP 0 4 , 20mM NaHiPOa, pH 7.4), or phosphate buffer
containing either LPC or SDS micelles.
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3.4

Discussion

CD spectroscopy shows that the peptide corresponding to the amino terminal domain o f
minK protein is predominantly a-helical in structure in methanol, a result which is in
good agreement with previously reported CD spectroscopic data (Ben-Efraim et al.,
1994). Methanol however, possesses a much reduced dielectric constant compared to
that o f water, and is therefore not representative o f the physiological environment o f this
principally extracellular domain. In an aqueous environment, however, FT-IR and CD
spectra indicated that the peptide adopted an almost entirely random conformation.
Recently, the findings o f a study involving chemically synthesised labelled peptides
corresponding to amino acid sequences o f the amino terminal domain, suggested that the
amino terminus o f the amino terminal domain is embedded in the phospholipid bilayer
and that the remaining regions o f the domain are located on the surface o f the plasma
membrane (Ben-Efraim et a l , 1994). On this understanding, the structure o f the amino
terminal peptide was investigated in SDS micelles, LPC micelles and DMPC vesicles
using FT-IR and/or CD spectroscopy. The resulting spectra indicated, that in addition to
the predominantly random structure adopted by the peptide in aqueous buffer, an a helical component was also present.
This alteration in conformation can be interpreted in one o f two ways; firstly, that each
peptide molecule is interacting with the surface o f a micelle or vesicle causing the peptide
to take up a partially a-helical structure, and secondly, that the terminus o f the peptide
becomes embedded in the micelle or lipid bilayer leading to a more a-helical structure.
On the basis o f the studies with the labelled synthetic peptides (Ben-Efraim et al., 1994),
it is likely that the second interpretation is correct. This interpretation, however, prompts
the question as to which region o f the peptide is adopting the a-helical conformation.
CD data accumulated by Ben-Efraim et al. (1994) on synthetic peptides o f various
lengths each corresponding to a particular amino acid sequence o f the amino terminal
domain, in methanol, indicated that in this relatively hydrophobic environment all the
peptides adopted a predominantly a-helical structure, but that the peptides with greatest
a-helical content were those possessing the minK amino terminus sequence. This
evidence suggests that in an environment more hydrophobic than water the amino
terminus takes an a-helical conformation. Similarly, it is reasonable to assume that in the
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hydrophobic environment o f the lipid bilayer, with a dielectric constant comparable to
that o f methanol, the amino terminus also takes an a-helical conformation.
It is intriguing to see whether the suggestion, based on these observation with synthetic
peptides, that the amino terminus assumes an a-helical conformation in a membrane
environment is consistent with the hydrophobic nature (Section 1.1.2.2) and the relative
a-helical-forming tendencies (Table 1.3) o f the amino acids present in this region. The
amino acid sequence o f the first 9 residues is:

NHz - M A LSN STTV - coon

The first three residues are all non-polar and consequently very hydrophobic, with very
high helical tendencies. The remaining residues are all polar but uncharged, with the
exception o f valine which is non-polar. O f these six residues, only the two serine amino
acids have above average helical tendencies. This analysis suggests that this sequence o f
amino acids would favour a hydrophobic environment and that the initial 6 residues
would not be adverse to an a-helical conformation.
A membrane embedded location for the amino terminus suggests that the requirement o f
residues 4-9 o f the amino terminal domain for minK channel function is not as a
consequence o f the need for glycosylation at asparagine 5. Such a location would
obscure both the recognition sequence and the asparagine residue from the glycosylating
enzyme thereby preventing glycosylation at this residue. These studies however, have
been performed on unglycosylated synthetic peptides; in vivo glycosylation may prevent
embedding o f the amino terminus into the membrane. In the cell following synthesis,
proteins however, must be accurately folded before they can be passed to the Golgi
bodies for glycosylation (Darnell et al., 1990), suggesting that the amino terminus o f
minK protein would be embedded before the glycosylation process takes place.
The site-directed mutagenesis studies that determined the importance o f residues 4-9
were based on four mutants with deletions from residues 4-25 and 4-39, and from
residues 10-25 and 10-39. The first pair o f mutants lost all channel activity while the
second pair retained wild-type channel activity. These mutagenesis studies, however, do
not address the importance o f residues 1-3 in relation to residues 4-9. A complete
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sequence o f residues 1-9 may be essential for functional channel activity, in which
residues 1-9, or a sequence therein, anchor the minK protein to the plasma membrane.
The amino terminus o f the amino terminal domain is not a governing factor in the ability
o f this domain to induce C f currents in oocytes (Ben-Efraim et al., 1996). Synthetic
peptides corresponding to residues 10-43 and 31-43 but not 1-20 o f the amino terminal
domain induce these characteristic C f currents in oocytes (Ben-Efraim et al., 1996). It
would be intriguing to see the effect o f the complete minK amino terminal domain
possessing it’s 10 terminus residues, in both glycosylated and unglycosylated forms on
the channel activity o f oocytes. If, as has been proposed, amino acid residues o f the
amino terminal domain are activating an endogenous channel, then to understand the
mechanism by which these residues play an influential role in this activity, the
identification and characterisation o f the channel protein is required. Furthermore, the
inability o f FT-IR and CD spectra to define the structure o f the amino acid sequence in
the non-terminal region o f the amino terminal domain in terms more precise than
“random” (as opposed to a-helical, p-sheet, etc.), means that techniques yielding far
higher structural resolution will have to be applied if the mechanisms o f action are to be
unravelled.
In summary, this study shows that in physiologically relevant lipid micelle/bilayer
environments, peptide corresponding to the amino terminal domain o f minK adopts a
predominantly random structure with some a-helical content. In relation to other studies,
it is reasonable to infer that the amino terminus o f the amino terminal domain is
embedded in the plasma membrane taking an a-helical conformation. Furthermore, the
probability that asparagine 5 o f the amino terminal domain is glycosylated and that this is
essential for functional channel activity is remote, as either this residue or part o f the
glycosylation recognition sequence is likely to be embedded in or in direct contact with
the lipid bilayer, thereby preventing glycosylation.
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STRUCTURAL A NALYSIS OF A SYNTH ETIC PEPTIDE CO R RESPO ND ING
TO THE C A R BO X Y L TERM INAL REGION OF m inK PROTEIN

4.1

Introduction

In contrast to the amino terminal, the location o f the carboxyl terminal domain o f minK is
intracellular (Takumi et al., 1991), as are the carboxyl terminal domains o f both Kv and
Kir channels (Christie, 1995). The best characterised K^ channel carboxyl terminal
domains are those o f Kir channels. These domains vary widely among Kir channel
proteins playing an integral part in both channel inactivation and regulation. These
properties are conferred through Mg^^, ATP or G-protein Py-subunit binding regions,
and PKA and PKC phosphorylation sites situated on the domain (Christie, 1995).
The precise function o f the carboxyl terminal domain in minK channel function remains
unclear, but evidence suggests that this region is involved in channel regulation. This is
highlighted by the species-specific response o f minK to activated PKC (Vamum et al.,
1993). For rat, mouse and human minK channels, PKC serves to inhibit channel activity
via phosphorylation o f serine 102 (serine 103 for rat) o f the carboxyl terminal domain o f
the minK protein. The effect o f activated PKC on guinea pig minK channel activity,
however, is negated as a consequence o f the carboxyl terminal domain o f minK
possessing

an

asparagine

residue

in place

o f serine

102,

thereby

preventing

phosphorylation at this site.
The effect o f hydrogen peroxide, a molecule generated in cells during ischaemia, on
minK channel activity is also mediated through the carboxyl terminal domain (Busch et
al., 1995). Hydrogen peroxide negatively modulates minK activity by oxidation o f its
highly conserved cysteine 106 (107 rat) residue. Disulphide bond formation between
minK subunits or the additional channel subunit required for channel function, which has
been identified as cysteine bearing, is proposed to inhibit channel activity as a
consequence o f impaired mobility o f the intracellular tail. Oxidation may therefore
represent an “off-switch” for minK channel (Busch et al., 1995) utilised by oxidising
agents such as hydrogen peroxide during ischaemia.
The recent evidence indicating that synthetic peptide corresponding to amino acid
residues 67-93 o f minK, part o f the carboxyl terminal domain, can alone induce minK

133

Synthetic Carbox>i T erm inal R egion o f m inK Protein

channel activity in oocytes, suggests that minK protein is an activator o f an endogenous
silent channel mediated through is carboxyl terminal domain, rather than an integral
channel protein (Ben-Efraim et a i, 1996). In this capacity, it is likely that this carboxyl
terminal region is activating the same, and as yet unidentified, channel as that o f channel
inducing factor (CHIP) (Attali et a l , 1995), a protein which also induces channel activity
with the characteristics o f minK. However, the carboxyl terminal domain, and minK as a
whole, have no sequence homology with CHIP whatsoever. Therefore to induce the
proposed endogenous channel, the carboxyl terminal region o f minK and CHIP must be
presumed to have structural or conformational similarities which are not sequence
conserved.
Structural analysis o f the carboxyl terminal domain will assist in identifying the structures
and the environments adopted by this regulatory domain. Purthermore, structural
characterisation will be a step forward in the search for structures common to the
carboxyl terminal domain o f minK and the CHIP protein that interact with channel
proteins.
N o structural information is as yet available on the carboxyl terminal domain o f minK,
although CD analysis o f a peptide corresponding its first 27 amino acid residues (67-93
o f minK) in methanol has been attempted, unfortunately no significant signal being
recorded (Ben-Efraim et al., 1994). The same peptide was also shown to favour an
aqueous environment when presented with lipid vesicles (Ben-Efraim et al., 1994).
However, the amino acid sequence o f the whole carboxyl terminal domain is not entirely
hydrophilic in nature. Consequently, the present aim indéterminé the secondary structure
o f this domain not only in aqueous buffer, but also in micelle and membrane
environments. Since peptide synthesis is limited in the length o f the amino acid sequence
that can be accurately generated, a peptide corresponding to the last 44 amino acid
residues o f the carboxyl terminal domain (87-130) is to be used for structural
determination using PT-IR and CD spectroscopy. The amino acid sequence to be
synthesised, the position o f the significant amino acid residues mentioned above, and the
amino acid sequence that can induce C f currents in oocytes are highlighted in Pigure 4.1.
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Figure 4.1: Model o f minK protein based on hydropathy plot analysis, showing the
amino acid sequence to be synthesised corresponding to the carboxyl terminal region
(blue, green & red).
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4.2

M aterials & M ethods

4.2.1

Peptide synthesis

Polypeptide corresponding to the terminal 44 amino acids o f the carboxyl terminal
domain o f minK protein was synthesised, purified and its amino acid composition
confirmed by Dr. Bala Ramesh, as described in Section 2.2.1. The sequence o f the 44residue polypeptide is as follows:

CH3CO-AWQEKGKALFQARVLESFRACYVIRNQAAVEQPATHLPELKPLS-COOH

4.2.2

S am ple preparation f o r FT-IR spectroscopy

Aqueous buffer
Sample was prepared by suspending the peptide in

PBS (pH7.4) at lOmg/ml by

Vortex mixing.
Phospholipid environment
In both LPC micelles and DMPC vesicles the peptide was insoluble at the high
concentrations required

for FT-IR

secondary

structure

determination,

therefore

structural analysis o f peptide solubilised in a membrane environment using this technique
was not possible.
SDS micelles environment
Sample was prepared by dissolving the peptide in SDS micelles in

PBS (pH7.4) by

Vortex mixing. A peptide concentration o f lOmg/ml at a molar ratio o f peptide to SDS
o f approximately 1:50 was employed.

4.2.3

F T-IR spectroscopy

FT-IR spectra, recorded using a 1750 Perkin-Elmer FT-IR spectrometer, and the
subsequent data manipulations were performed as described in Section 2.2.3.
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4.2.4

Sam ple preparation f o r CD spectroscopy

M ethanol environment
Sample was prepared by dissolving peptide in methanol at a concentration o f 0.6mg/ml
by vortex mixing. Residual traces o f undissolved peptide were removed by centrifugation
at 12,000 X g for 1 minute.
SDS or LPC micelle environment
Sample was prepared by dissolving the peptide in SDS or LPC micelles in phosphate
buffer (80mM Na 2HP 0 4 , 20mM NaH 2? 0 4 , pH 7.4) by vortex mixing. A peptide
concentration o f 0.6mg/ml at a molar ratio o f peptide to SDS or LPC o f approximately
1:50 was employed.

4.2.5

CD spectroscopy

Far-UV CD spectra o f the peptide were recorded using a Jasco 600 CD spectrometer as
described in Section 2.2.4. Spectra o f methanol, SDS and LPC micelles in phosphate
buffer, were subtracted from their corresponding peptide spectra to remove any o f the
effects o f their absorbances. Spectra were subsequently corrected for concentration and
their Ae values calculated.
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4.3

Results

4.3.1

F T-IR spectra

4.3.1.1 Peptide in aqueous buffer
Due to its hydrophobic nature the carboxyl terminal peptide was insoluble in PBS,
therefore a suspension o f the peptide was used for FT-IR analysis. The FT-IR
absorbance and second derivative spectra o f the peptide suspension are presented in
Figure 4.2 A & B, respectively. It can be seen from the second derivative spectrum that
there are three principle amide I bands positioned at 1618, 1645 and 1673cm '\ The
bands at 1618 and 1673cm'^ correspond to intermolecular p-sheet structures and the
centre component to random structures. The positions and intensities o f the bands are
highly characteristic o f an aggregated, denatured protein or peptide (Clark et a l , 1981;
Byler & Purcell, 1989; He e t a l , 1991; Jackson e t a l , 1991; Jackson & Mantsch, 1995).

4.3.1.2 Peptide in SDS micelles
The FT-IR absorbance and second derivative spectra o f the peptide in SDS are presented
in Figure 4.2 C & D, respectively. The second derivative spectrum is dominated by the
strong absorption band centered at 1655cm '\ indicating a predominantly a-helical
conformation for the peptide in this environment (Haris et a l , 1994; Jackson & Mantsch,
1995). It can also be observed that the band possesses a shoulder centered at 1638cm '\
reflecting a smaller P-sheet component (Haris et a l , 1994; Jackson & Mantsch, 1995).

4.3.1.3 Peptide in phospholipid environments
The insoluble nature o f the peptide at the concentrations required for FT-IR
spectroscopy prevented the recording o f spectra o f the peptide solubilised in membrane
environments.
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F igure 4.2: Absorbance (left) and second derivative (right) spectra o f synthetic minK
carboxyl terminal region in ^H20 PBS pH 7.4 (AB), ^H20 PBS pH 7.4 containing SDS
micelles (CD).

139

Synthetic Carboxyl Terminal Region of minK Protein

4.3.2

CD Spectroscopy

The far-UV CD spectra o f the peptide in the SDS, LPC and methanol are shown in
Figure 4.3. The hydrophobicity o f the peptide prevented solubilisation in phosphate
buffer and consequently CD analysis could not be performed in this environment due to
the light scattering problems associated with precipitates. The peptide in the SDS and
LPC elicited very similar spectra patterns. The As values o f the spectra become positive
at 197nm (SDS) and 195nm (LPC) and the position o f the minima are at 205nm (SDS)
and 204nm (LPC) for the peptide in SDS and LPC micelles environments. Furthermore,
there is a generally uniform rise in both spectra from their minima to a zero As value
postioned at around 250nm. In combination, these features are characterisic o f proteins
forming predominantly a-helical and P-sheet structures with some random structure
content. The spectrum o f the peptide in methanol shows very low positive and negative
As values between 190 and 260nm despite an identical concentration o f peptide being
used for the CD measurements in all environments. This featureless spectrum is
characteristic o f unordered structures oscillating rapidly between structures exhibiting no
overall circular dichroism effect.
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Figure 4.3: Far-UV CD spectra o f synthetic minK amino terminal domain in methanol or
phosphate buffer (80mM NazHPO^, 20mM NaH2? 0 4 , pH 7.4) containing either LPC or
SDS micelles.
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4.4

Discussion

The first surprising feature o f the peptide corresponding to the 44 terminal amino acid
residues o f minK protein’s carboxyl terminal domain, was its insolubility in aqueous
buffer. This domain o f minK is predicted to be intracellular and consequently it was
expected that the peptide would be soluble in an aqueous environment. The FT-IR
spectrum o f the peptide suspended in aqueous buffer showed its structure to be typical o f
a denatured aggregated polypeptide (Clark et al., 1981; Byler & Purcell, 1989; He et al.,
1991; Jackson et al., 1991; Jackson & Mantsch, 1995).
More surprisingly, the peptide was insoluble in phospholipid at the concentrations
required for FT-IR spectroscopy. Consequently, spectra o f the peptide were only
recorded in a SDS micelle environment, in which it adopted a predominantly a-helical
structure with some P-sheet content. These results are in relatively good agreement with
the CD spectra obtained o f the peptide in LPC and SDS micelles, which indicate
predominantly a-helical and p-sheet conformations with a minor random element. The
slight discrepancy between the proportion o f a-helical content found when determining
the peptide structure using FT-IR spectroscopy to that when using CD spectroscopy,
may indicate the presence o f short or disrupted a-helical structures (Hadden, 1995). As
reported for the peptide corresponding to residues 67-93 o f the carboxyl terminal domain
(Ben-Efraim et al., 1994), no significant CD signal was recorded for the peptide in
methanol.
Reflecting on the insolubility o f the peptide in aqueous buffer, it is intriguing to note that
the synthetic peptide used to induce K^ channel activity in oocytes was soluble in
aqueous buffer (Ben-Efraim et al., 1996). This peptide corresponded to the 27
intracellular amino acid residues closest to the transmembrane domain o f minK protein,
while the peptide used in this study represented the terminal 44 residues (see Figure 4.1).
It can therefore be inferred that it is the terminus region that is imparting the peptide’s
insolubility in aqueous buffer.
Analysis o f the nature o f the amino acid residues o f the minK carboxyl terminal domain
(see Figure 4.4) does not reveal any marked hydrophobic sequences. However, there is a
trend for a greater frequency o f polar-charged residues, and a decreased frequency o f
non-polar residues moving along the carboxyl terminal sequence to its terminus. The lack
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o f any marked hydrophobic sequences does not favour insertion o f part o f this domain
into the plasma membrane.

-NH2
RSKKLEHSHDPFNVYIESD4W0EKGKÆKMm:ESPMCY\TEN(M4VmB4THLPELKPLS
-COOH
Where

X

is a non-polar residue

X

is a polar-uncharged residue

X

is a polar-charged residue

X

is a neutral residue (either glycine oralanine)

Figure 4.4: The sequence o f the carboxyl terminal domain o f minK protein showing the
amino acid class o f each residue based on the ionic properties its side chain at
physiological pH.
A speculative scenario by which the native carboxyl terminus region maintains its
solubility in an aqueous environment o f the cytosol is via interactions with the as yet
unidentified “additional subunit” o f the minK channel. The folding o f the carboxyl
domain may generate a hydrophobic face, forming the interaction site o f minK protein
with the “additional subunit”, and enabling the region to maintain solubility.
It will be interesting to see whether CHIP, a protein which induces channel activity
characteristic o f minK in oocytes (Attali et al., 1995), has a solubility and structural
conformation similar to that o f minK and its carboxyl terminal domain.
In summary, the peptide corresponding to the terminal 44 amino acid residues o f the
carboxyl terminal domain o f minK protein was insoluble in aqueous buffer, but in both
SDS and phospholipid micelles it adopted predominantly a-helical and p-sheet
conformations with some random structures.
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CHAPTER FIVE

EXPRESSIO N, PURIFICATION AND STR UC TU RA L ANALYSIS
OF RECO M BINA N T PROTEIN C O R RESPO ND ING TO THE
C AR BO X Y L TERM INAL DOM AIN OF m inK PROTEIN
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5.1

Introd u ctio n

In light o f the inherent difficulties in chemically synthesising long polypeptide chains, and
therefore synthesising the complete carboxyl terminal domain o f minK protein, the mitiK
gene is to be cloned and an Escherichia co/i (E. coli) expression system used to
synthesise protein corresponding to this domain for structural analysis. The sequence o f
the recombinant protein to be synthesised, referred to as CTDminK (carboxyl terminal
domain o f m inK protein), is shown in Figure 5.1.

Extracellular

Yinnnr
Plasma
)) V ) ) ) )
membrane k / ( n

Intracellular

COOH

Figure 5.1: Model o f minK protein based on hydropathy plot analysis, showing the
amino acid sequence to be synthesised corresponding to the carboxyl terminal domain o f
minK protein (CTDminK).
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The technique o f conceptually

dividing

proteins

into

domains

and

expressing

recombinant proteins corresponding to these individual domains for functional and
structural studies is now widely used. It is particularly appropriate for eukaryotic
membrane bound proteins which, possibly because they are water insoluble, are
notoriously poorly expressed in E. coli, however, the removal o f the hydrophobic
transmembrane spanning regions can frequently allow high level expression o f the soluble
domains o f the protein (Evans et al., 1995). It is these soluble domains that are often the
functional or regulatory regions o f the protein and consequently o f most interest.

The overall strategy to obtain pure recombinant CTDminK and analyse its structure is as
follows
Stage 1. Clone the whole minK gene from rat kidney tissue into the cloning vector pUC
19.
Stage 2. Subclone the cDNA corresponding to CTDminK into the bacterial expression
vector pGEX 2T.
Stage 3. Overexpress and purify recombinant CTDminK using the pGEX/GST gene
fusion expression system.
Stage 4. Determine the secondary structure o f the CTDminK in aqueous and
phospholipid environments using FT-IR and CD spectroscopy.

The procedure for cloning minK into pUC 19 is illustrated in Figure 5.2. This involves
isolating total RNA from rat kidney tissue, reverse transcribing the RNA corresponding
to minK mRNA to produce its cDNA, and amplifing the numbers o f cD N A molecules
using the Polymerase Chain Reaction. The cDNA is then to be inserted into the pUC 19
vector and transformed into E. coli, enabling propagation, amplification and purification
o f recombinant vector DNA. From recombinant pUC 19, cD N A corresponding to the
CTDminK will be subcloned into the multicloning site o f the vector pGEX 2T.
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Figure 5.2: Overview o f the procedure for cloning the minK gene into the cloning vector
pUC 19.
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The vector pGEX 2T is one o f a family o f pGEX vectors which are designed for
inducible, high-level intracellular expression o f genes or gene fragments as fusions with
Schistosoma japonicum glutathione ^-transferase (GST) in E. coli (Frangioni & Neel,
1993). Fusion protein expression is under the control o f the tac promoter, which is
induced using the lactose analog isopropyl p-D-thiogalactoside (IPTG). The GST
portion

o f the fusion

facilitates purification from bacterial

lysates by affinity

chromatography using an agarose resin (Sepharose™, Pharmacia) cross-linked to
glutathione. GST can subsequently be cleaved from the desired protein using the
protease thrombin at a specific site engineered into the fusion protein. In addition to
providing the means for purification, GST can be assayed for, enabling an estimation of
relative fusion protein expression levels to be made. Figure 5.3 shows a schematic
representation o f pGEX 2T vector DNA and its relevant features for recombinant protein
expression.
To assist in the identification o f recombinant CTDminK protein, antibodies specific to
synthetic peptide corresponding to the carboxyl terminal region o f minK protein (see
Chapter 4) are to be raised in rabbits. The antiserum (antiCTR) will be used to identify
recombinant CTDminK using Western blot techniques.

P-galactosidase
gene promoter

pGEX DNA
Ampiciilin resistance gene
(p-lactamase)

Multi-cloning site
Gene
T
encoding
GST
Thrombin
cleavage
site when
translated

Figure 5.3: Schematic representation o f the pGEX 2T expression vector.
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5.2

M aterials & M ethods

5.2.1

P roduction o f antiserum “an tiC T R ”

Prior to use for antiserum production, the carboxyl terminal peptide corresponding to the
last 44 amino acids o f the carboxyl terminal domain o f minK protein, was coupled to a
carrier protein,

which in this case was ovalbumin,

using maleimidobenzoyl-A/-

hydroxysulphosuccinimide ester (sulpho-MBS) (Pierce, Chester, U.K.), essentially as
described by LaRochelle et al. (1985). Conjugation to a large carrier protein is necessary
for peptides o f 50 amino acids and below. The reasons for this are firstly, that as isolated
peptides they may lack a defined structure required for their recognition as antigens, and
secondly that peptide-conjugates are less prone to rapid degradation in the tissue and
circulation o f the immunised animal, where they must remain relatively intact in order to
elicit an immune response.

5.2.1.1 Preparation o f peptide-conjugate
Initially, Sephadex G-10 (8g) and Sephadex G-25 (4g) resins were swollen separately
each in 40ml o f 50mM Na 2HP 0 4 pH 6.0 (PB) overnight at 4®C, after which the resins
were poured

into two

individual

IxlOcm

liquid chromatography columns and

equilibriated with PB To 5mg o f ovalbumin, 10)^1 o f 50mM W-ethylmaleimide (NEM)
was added. The subsequent addition o f 0.4ml o f PB was used to dissolve the mixture,
which was then incubated for approximately 20 minutes at room temperature.
Meanwhile, 3mg o f sulpho-MBS was dissolved in 150p.l o f PB. Upon completion o f the
incubation period, the sulpho-MBS solution was added to the ovalbumin solution and
incubated for a further 40 minutes at room temperature. The modified ovalbumin was
separated from the now unwanted smaller reactive agents by passing through the G25
Sephadex column. In parallel, 5mg o f peptide was dissolved in lOOftl o f dimethyl
sulphoxide (DM SO), followed by the addition o f 700|il o f PB and 40|il o f 0.5M
dithiothreitol (DTT). The resultant solution was incubated under nitrogen for 20 minutes
to assist in the reduction o f the peptide, before being passed through the GIO Sephadex
column in order to remove the DTT. The ovalbumin and peptide were conjugated by
pooling their corresponding eluted fractions, altering the pH to 7.2 (using 0.05M
NaOH), followed by incubation for 4 hours at room temperature. The sample was
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dialysed against PBS (140mM NaCl, 2.7mM KCl, lOmM Na 2HP 0 4 , 1.8mM KH 2PO 4,
pH 7.4) in tubing with a 12kDa cut off in order to remove unconjugated peptide.

5.2.1.2 Immunisation o f rabbits with peptide-conjugate
Antisera against the conjugate were raised in female Half-Lop rabbits. Prior to injection,
the conjugate (400pg) in 0.4ml PBS was first emulsified with 0.6ml o f complete
Freund’s adjuvant, and 0.8ml o f the emulsion was injected subcutaneously into the hind
leg muscle o f the rabbit. An additional (“booster”) injection o f antigen (200pg) in 0.8ml
emulsion with incomplete Freund’s adjuvant was administered after 4 weeks and
subsequently at intervals o f not less than 6 weeks. The animals were bled from the ear
vein (30ml) two weeks after each boost. Control sera, referred to as pre-immune sera,
were obtained from the rabbits prior to the first injection. This method has been widely
employed to produce anti-peptide antibodies to study membrane proteins (for a review
see White, 1976).

5.2.1.3 Isolation, treatment and storage o f serum
Following the bleed, the blood was allowed to clot in glass tubes for 16 hours at 4^C.
Cells were separated from the serum by centrifugation at 1,000 x g for 10 minutes and
the serum decanted into a fresh tube. The serum was treated at 56®C for 30 minutes to
inactivate complement proteins, aliquoted and snap frozen in liquid nitrogen. The
aliquots were stored at -70®C.

5.2.1.4 Enzyme-linked Immunosorbent Assay (ELISA)
The ability o f the pre-immune and immune sera to recognise synthetic peptide was
assessed by ELISA essentially as described by Davies et al. (1987). Briefly, Maxisirp
microtitre plates (Nunc) (Alpha, Denmark) were coated with 20ng peptide per well, by
incubation with a peptide solution in 50mM Na 2C 0 3 pH 9.6, followed by drying in an
evacuated desicator overnight. The plates were washed with PBSA-T (PBS containing
0.02% (w/v) NaNs and 0.05% (v/v) Tween 20) before being blocked for 2 hours with
5% (w/v) non-fat milk powder in PBSA-T. The blocked plates were incubated overnight
with serial dilutions o f antisera diluted in antibody buffer (1% (w/v) non-fat milk powder
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in PBSA-T). After washing with PBSA-T, the plates were incubated for a further 2
hours with goat anti-rabbit IgG conjugated to alkaline phosphatase (BioRad) diluted
1:500 in antibody buffer. Bound antibody was detected by the addition o f p-nitrophenyl
phosphate, which generated yellow p-nitrophenol upon hydrolysis. The latter was
quantified by its absorbance at 405nm. All the above steps were carried out at room
temperature.

5.2.1.5 Results & Conclusions on the production o f antiCTR in rabbits
The titre o f peptide-specific antibodies produced in the rabbit serum was determined by
examining the reactivity o f serial dilutions o f serum with the peptide antigen using
ELISA. The results o f the assays (Figure 5.4) shows that rabbit 363 gave a strong
immune response elicited by immunisation with the peptide, while rabbit 364 responsed
comparatively very poorly. The pre-immune sera revealed very little affinity o f the
constitutive antibodies for the peptide. There was no significant change in titre o f the
antisera o f rabbit 363 following the second booster injection (results not shown). One
further booster injection was given to rabbit 363 before the terminal bleed, with no
significant change in antisera titre. Rabbit 364 elicited a poor immune response, and
consequently was given an immediate additional booster injection (2 weeks after initial
booster injection) which can have the effect o f increasing the serum anti-peptide antibody
titre (Brickley, 1993). This however, resulted in no subsequent increase in serum titre
(results not shown), hence, the use o f rabbit 364 was terminated.
It is important to note, that the synthetic peptide is very unlikely to be structurally
identical to its corresponding carboxyl terminal region in the native or recombinant minK
protein. Thus, it is clear that strong recognition o f the peptide in ELISA by the antibody
does not necessarily imply strong recognition o f the native or recombinant protein.
However, if recognition o f native and recombinant protein is successful, the antibody
provides an invaluable tool permitting identification o f both recombinant and native minK
protein, and recombinant CTDminK, in situ and by Western blot analysis. In addition, it
may provide a means to purify recombinant minK protein from endogenous host cell
proteins when overexpressed using an expression system (see Chapter 7).
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Rabbit 363 Pre-immune serum
Rabbit 363 Primary bleed serum
Rabbit 363 Terminal bleed serum
Rabbit 364 Primary bleed serum
Rabbit 364 Pre-immune serum
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Figure 5.4: Analysis o f pre-immune sera and anti-sera titres against synthetic peptide
corresponding to the carboxyl terminal region o f minK protein by ELISA.
Serum was obtained from rabbits 363 & 364 pre- and post-immunisation. Plates were
coated with peptide, blocked and incubated with both primary and secondary antibody,
as outlined in Section 5.2.1.4. Bound antibody was detected by the addition o f pnitrophenyl phosphate, which yielded yellow p-nitrophenol upon hydrolysis. The latter
was quntified by its absorbance at 405nm.
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5.2.2

Isolation o f total RNA

Unlike D NA which is composed o f a double helix, RNA is a single stranded molecule
conferring a lesser degree o f stability and a susceptibility to degradation by RNases.
RNases have a remarkable resistance to inactivation which necessitates precautions not
required when working with DNA to inhibit and prevent their introduction into RNA
samples. Precautions involve the use o f sterile disposable plasticware, separate solutions
dedicated to RNA work only, baking o f pestles and mortars, glassware, etc. for 8 hours
at 200®C, and frequent changing o f gloves.
Following dissection, rat kidney tissue was snap frozen in liquid nitrogen and stored at 2 (fC . RNA was isolated from the tissue using a modification o f the method described by
Gliçin et al. (1974) and Ullrich et al. (1977). The tissue (0.5g) was submerged in liquid
nitrogen for 5 minutes to reduce its temperature sufficiently to enable it to be crushed
using a sterile pestle and mortar. The crushed tissue was resuspended in 4ml o f ice cold
homogenising buffer (4M guanidinium thiocyanate, O.IM Tris-HCl pH 7.5, 1% Pmercaptoethanol, 0.1% (v/v) antifoam A emulsion, 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 was layered onto 0.8ml 5.7M caesium chloride and
centrifuged at 55,000 rpm for 3 hours at 20°C. The supernatent was discarded and the
RNA pellet washed with ice cold 70% (v/v) ethanol. The pellet was resuspended in
400p.l o f sterile water and transferred to a sterile eppendorf. To precipitate the RNA,
40pl o f sterile 3M NaAc pH 4.8 and 0.8ml o f absolute alcohol were added before being
incubated at -70®C for 30 minutes. The RNA was recovered by centrifugation at 12,000
X g for 15 minutes at 4®C. The resultant pellet was washed with 70% (v/v) ethanol, dried
under vacuum and redissolved in sterile water. The RNA was aliquoted and stored at 20^C. For long term storage, the RNA was kept mixed with ethanol at -70®C, and when
required was precipitated, dried and resuspended in sterile water.

5.2.3

Q uantification o f RNA

Following purification, the concentration and purity o f the RNA was determined. This
involved reading the optical density (OD) o f the RNA at 260 and 280nm using a
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Beckman DU 650 Spectrophotometer. The RNA samples were diluted 1:1000 in water
and the ODs at both wavelengths determined in a quartz cuvette.
An absorbance (A) reading o f 1 at 260nm is equivalent to 40|ig/m l o f RNA (Sambrook
et al., 1989). The concentration o f the RNA sample can be calculated as follows:

Concentration (pg/ml)

=

A 260 x 40

The ratio o f the 260:280 absorbance readings is dependent upon the purity o f the RNA
sample. A ratio between 1.6 and 2.0 is indicative o f a sample relatively free o f protein
and/or other contaminants. However if the ratio drops below 1.6, the contaminants are at
such a level as to affect the measurement o f sample concentration and to disrupt
subsequent reactions.

In such situations the RNA

was

further purified

using

phenol:chloroform:isoamylalcohol (Section 5.2.4.1) and ethanol precipitation (Section
5.2 .4 2 ).

5.2.4

Purification o f RNA

5.2.4.1 Phenol .chloroform ’.isoam ylalcohol extraction
The

removal

of

proteins

from

RNA

involved

extraction

firstly

with

phenol:chloroform:isoamylalcohol and secondly with chloroform. Phenol denatures and
precipitates protein thereby facilitating its removal from the RNA. The second extraction
with chloroform removes all residual traces o f phenol which could hinder subsequent
enzymic reactions.
The volume o f RNA sample was typically made up to 400pl with sterile water. An equal
volume o f 25:24:1 (v/v) phenol:chloroform:isoamylalcohol (Gibco-BRL, UK) was added
and the mixture vortexed thoroughly to form an emulsion. The sample was centrifuged at
12,000 X g for 2 minutes resulting in an organic phase at the bottom o f the tube, an
aqueous phase at the top and an interphase containing proteins precipitated by the
phenol. The aqueous phase was transferred to a fresh sterile tube and the process
repeated this time using chloroform instead o f the solvent mixture. The RNA was then
recovered by precipitation with either ethanol or isopropanol (Section 5.2.4.2).
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S.2.4.2 Ethanol or Isopropanol precipitation
The recovei*y and concentration o f RNA from aqueous solution involved the
precipitating o f the RNA with either ethanol or isopropanol in the presence o f small
concentrations o f monovalent cations.
The RNA was precipitated by the addition o f 3M NaAc pH 4.8 to a final concentration
o f 0.3M and 2 or more volumes o f ice cold absolute ethanol or isopropanol. The mixture
was vortexed thoroughly and left; to precipitate either at -20^C overnight or at -70®C for
30 minutes. The RNA was recovered by centrifugation at 12,000 x g for 15 minutes. The
resultant pellet was washed with 70% (v/v) ethanol removing contaminating salts, and
either air dried for 5-10 minutes or dried in a desiccator under vacuum. The pellet was
finally resuspended in a small volume o f sterile water and stored at -20®C.

5.2.5

A garose g e l electrophoresis

Agarose is used to separate nucleic acids based predominantly on their size. D N A and
RNA are negatively charged and will migrate through an agarose gel towards the
positive anode when an electric field is applied across the gel. The distance o f migration
is dependent on a rate inversely proportional to its size (Helling et al., 1974). The
D NA/RNA can be visualised within the agarose gel by staining with ethidium bromide.
Ethidium bromide intercalates into the nucleic acid and fluoresces under U V light
allowing visualisation. All DNA/RNA electrophoresis was carried out using Stratagene
electrophoresis apparatus.
Agarose gel electrophoresis was performed on both D NA (Section 5.2.8) and RNA
(Section 5.2.6) but under varying conditions.

5.2.6

E lectrophoresis o f RNA

The size and integrity o f RNA were analysed by denaturing agarose gel electrophoresis.
Denaturing agents were used to reduce the secondary structure o f the RNA molecule
allowing it to migrate through the agarose in a similar manner to DNA. As in the
isolation o f RNA, great care must be taken to ensure RNases are not permitted to come
into contact with the RNA samples. Therefore separate electrophoresis equipment was
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dedicated to RJ^A work. The denaturing agent used in the electrophoresis o f RNA was
formaldehyde.
The protocol from Darbre (1988) was slightly modified. Ig o f agarose powder was
melted in 73 ml o f sterile water. The solution was allowed to cool to 60°C before 10ml o f
10 X MOPS buffer (0.2M 3-(N-morpholino) propane sulphonic acid, 0.05M NaAc,
lOmM EDTA, pH 7.0) and 17ml o f 37% (v/v) formaldehyde were added. Ethidium
bromide (lOmg/ml) was subsequently added to 0.5pg/ml. The molten solution was mixed
and poured into the electrophoresis tank as described in the manufacturers instructions.
The gel was left to set at room temperature for 1 hour after which the electrophoresis
tank was filled with 1 x MOPS and the comb gently removed.
The RNA samples to be electrophoresed were thawed at 65°C. To each sample (typically
10|il at Ipg/pl), 20pl o f 1.5 X RNA sample buffer (0.75 x MOPS buffer, 10% (v/v)
formaldehyde, 60% (v/v) formamide) and ethidium bromide to 0.5pg/ml were added.
The samples were heated to 65®C for 5 minutes, cooled on ice and 6pl o f gel loading dye
added to each tube. The samples were then loaded into the wells o f the gel and
electrophoresed at 90mA constant current until the dye front had migrated three quarters
o f the length o f the gel.

RNA

standards (Gibco-BRL) were electrophoresed

simultaneously enabling the approximate sizes o f the RNA molecules to be estimated.
Following electrophoresis, the RNA was visualised under UV light (365nm). Gels were
photographed using a Polaroid CU-5-88-46 camera.

5.2.7

cDNA synthesis an d am plification o f m in K gene

5.2.7.1

Designing o f the prim ers

Two primers were designed, firstly to facilitate the cloning o f the rat minK gene (Takumi
et al., 1988), and secondly, to enable the gene to be positioned in the correct reading
frame in the expression vector pGEX 2T, allowing the expression o f the minK protein as
part o f a fusion (Chapter 6).
The 5' primer corresponded exactly to the first 27 bases o f the minK gene with the
addition o f an extra thymine residue on the 5' terminus o f the oligonucleotide.

5'

T ATG GCC CTG TCC AAT TCC ACA ACT GTT
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The 3' primer corresponded exactly to the complement o f the last 21 bases o f the minK
gene with the addition o f the stop codon and 3 untranslated downstream bases.

S'

GGT TCA TGA CAG TGG CTT GAC CTT AGG

3'

The primers were obtained from British Bio-technology Products Ltd in HPLC purified
form.

5.2.7.2 cDNA synthesis
RNA was transcribed to cDNA using the specifically designed 3' primer and AMV
reverse transcriptase (Appligene). This involved incubating 20pg o f total RNA in 1 x
reverse transcriptase buffer (SOmM Tris-HCl pH 8.3, 40mM KCl, 6mM MgCb), ImM o f
each o f the 4 dinucleo&ide triphosphates (dNTPs), aden

ine, cytosine, guan' tine and

thymine, 3mM DTT and 40U Rnasin (Appligene) at 70°C for 5 minutes and then cooling
on ice. The primer was added to a concentration o f l|iM and heated to 65®C for 7
minutes before again being cooled on ice. SU o f AMV reverse transcriptase was added
to give a final reaction volume o f SOjil. The reaction mixture was incubated at 42®C for
60 minutes after which it was stored at -20”C until required.

5.2.7.3 Polymerase Chain Reaction (PCR)
PCR is a powerful technique that allows the amplification o f a D N A sequence, requiring
knowledge o f only the flanks o f the region to be sequenced (Lewin,

1990).

Oligonucleotides complementary to the flank regions are used as primers in a series o f
D N A polymerase catalysed reactions (Lewin, 1990).
The reaction was set up in a O.Sml eppendorf tube at a final reaction volume o f SOfil. The
reverse transcriptase reaction mixture (Section 5.2.7.2) was diluted by a factor o f 10 in
sterile water. From the diluted mixture lp.1 o f D N A was added to the reaction tube. To
the DNA, the following were added: PCR buffer (supplied with the Taq D N A
polymerase from Bioline) to a final concentration o f lOmM Tris-Cl pH 8.3, SOmM KCl,
0.01% (w/v) gelatine; l.SmM MgClz (optimised); ImM o f each o f the four dNTPs; IpM
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o f each primer; 2.5U o f Taq polymerase. Mineral oil (70pl) was layered onto the reaction
mixture to limit evaporation. Amplification was performed in a Hybaid Thermal Reactor
and consisted o f thirty cycles. Following the initial dénaturation step at 94®C for 150
seconds, the basic cycle comprised o f 90 seconds (dénaturation reaction) at 94^C, 120
seconds (annealing reaction) at 60®C (optimised) and 240 seconds (polymerisation
reaction) at 72®C. The final polymerisation reaction was extended to 300 seconds. The
reactions were then analysed by agarose gel electrophoresis (Section 5.2.8) and stored at
-2 (fC until required.

5.2.8

Electrophoresis o f DNA

D N A was typically electrophoresed through 0.8-2.0% (w/v) agarose gels, allowing
efficient separation o f linear D N A molecules between 0.1 - lOkb
Agarose powder (Type II; medium EEO) was weighed out and melted in 1 x TBE buffer
(90mM trizma base, 90mM boric acid, 2mM EDTA pH 8.0) by boiling. The molten
solution was made back up to volume with sterile water, and ethidium bromide solution
(lOmg/ml) added to a final concentration o f 0.5pg/ml. The solution was allowed to cool
to below 50®C before being poured into the electrophoresis tank as described in the
manufacturer’s instructions. The gel was left to set at room temperature after which the
electrophoresis tank was filled with 1 x TBE buffer containing 0.5pg/ml o f ethidium
bromide and the comb gently removed.
Sample D N A was thawed and gel loading dye added to 20%. The samples were loaded
into wells in the gel using a gilson pipette. Electrophoresis was carried out at 90-1 GOV
for 1-3 hours until the dye front had moved through three quarters o f the length o f the
gel. One kilobase pair ladder or pBR322///hr^III D NA marker was electrophoresed
simultaneously enabling the approximate sizes o f the sample D N A to be estimated.
Following electrophoresis the D NA in the gel was visualised under U V light (365nm).
Gels were photographed using a Polaroid CU-5-88-46 camera.
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5.2.9

Purification o f m in K cDNA fr o m agarose gels

Under UV light the band corresponding to minK cDNA was cut out o f the agarose gel
using a clean scapel blade. The gel fragment was placed in a sterile eppendorf tube and
either stored overnight at -20®C or purified immediately using the QIAEX DNA
extraction kit (QIAGEN, UK).

QIAEX DNA Extraction
The principle behind the QIAEX kit is based on D NA adsorbing to silicagel particles in
the presence o f high salt, from which it can be recovered in water or low salt conditions.
To every lOOmg o f gel containing DNA, BOOpl o f Q X l was added. The sample was
warmed to 37®C until the gel became completely solubilised. The QIAEX gel was
vortexed into a homogeneous suspension, and for every 5pg o f DNA, lOpl o f the
QIAEX gel was added. The mixture was incubated at 50*^C for 10 minutes during which
time the tube was periodically inverted to keep the gel particles in suspension. The
sample was centrifuged at 12,000 x g for 30 seconds and the resulting pellet washed
twice with 500pl o f QX3. Following the removal o f QX3, the pellet was allowed to airdry for 10-15 minutes after which time it was resuspended in sterile water. The sample
was centrifuged as above and the supernatent containing the purified D N A transferred to
a fresh sterile eppendorf.

5.2.10

“Filling in ” o f 5' overhang o f PC R produ ct using DNA Polym erase 1
(Klenow fragm en t)

The klenow fragment o f D N A Polymerase 1 catalyses the addition o f mononucleotides
onto the 3' OH end o f double stranded DNA possessing a 5' overhang. The D N A (0.5 5|ig) was transferred to a sterile eppendorf. To the DNA, dNTPs (lOmM stock o f each
o f the 4 dNTPs) and 10 x incubation buffer (0.4M K2PO 4, 66mM MgCb.lOmM Pmercaptoethanol, pH 7.0) were added to give a final concentration o f 0.5mM and 1 x
respectively. Klenow enzyme (15U)(Appligene) was added and the reaction incubated at
room temperature for 30 minutes.
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5.2.11

Purification o f DNA follo w in g enzym ic reaction

D N A purification is frequently required following DNA modification by modifying
enzymes or endonucleases.The QIAEX DNA extraction kit (QIAGEN, U.K.) was used
for the removal o f both enzymes and salts from the DNA.
To the reaction mixture, 3 volumes o f QX2 were added. QIAEX gel was vortexed into a
homogeneous suspension and lOpl added for every 5pg o f DNA. The mixture was
inverted periodically during the following 10 minute incubation at room temperature.
The sample was centrifuged at 12,000 x g for 30 seconds and the resulting pellet washed
twice with 500pl o f QX3. The pellet was allowed to air-dry for 10-15 minutes after
which time the pellet was resuspended in sterile water. The sample was centrifuged as
above and the supernatent containing the purified D NA transferred to a fresh sterile
eppendorf.

5.2.12

Phosphorylation o f DNA using T4 Polynucleotide K inase

T4 polynucleotide kinase catalyzes the transfer o f the y phosphate o f ATP to a 5’ OH
terminus o f DNA or RNA. To the DNA (0.5 - 5pg), 10 x incubation buffer (0.5M TrisHCl, lOOmM MgCb, 50mM DTT, pH 7.5) was added to give a final concentration o f 1
X.

T4 polynucleotide kinase (20U)(Appligene) was added and the reaction incubated at

37®C for 30 minutes. The reaction was terminated by the addition o f 0.5M EDTA pH 8.0
to 20mM and the D NA purified as described in Section 5.2.11. Following the “filling in”
and phosphorylation procedures, the DNA resulting from the PCR was ready for
insertion into the cloning vector pUC 19 using the enzyme T4 D NA Ligase (Section
5.2.17).

5.2.13

Vectors

Vectors, also known as plasmids, are small circles o f double stranded D NA which are
readily replicated and transferred between the bacterial species. D N A technology has
enabled this phenomemon to be manipulated with the creation o f vectors specifically
designed for specific recombinant D NA procedures. The vectors used in the project were
pUC 19, pGEX 2T, pTrcHis A, and pBacPac 8. The uses o f each o f these vectors is
shown below.
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p u e 19

Cloning and sequencing o f recombinant DNA

pGEX 2T

Expression o f recombinant fusion protein

pTrcHis A

Expression o f recombinant fusion protein

pBacPAK 8

Transfer o f recombinant gene to viral DNA

5.2.14

Preparation o f p U C 19 vector DNA

The retriction site chosen in the multi-cloning region o f pUC 19 for the insertion o f minK
cD N A was the Sma 1 site. Digestion at this site produces blunt ended linear vector DNA
suitable for insertion o f another blunt ended D NA fragment in a recirculation process.
Dephosphorylation o f the vector DNA prevents recircularisation without phosphorylated
insert.

5.2.15

Cutting o f p U C 19 DNA with the endonuclease Sm a 1

All endonucleases were purchased from Promega, U.K., and came supplied with their
own specific incubation buffer at 10 x concentration (see Table 5.1). Also provided was
a “multicore” buffer (see Table 5.1) which was compatible with most o f the
endonucleases allowing simultaneous digestion o f D NA with endonucleases whose
specific incubation buffers were not compatible.

Buffer
1X
A
B
C
D

pH
(at 37®C)
7.5
7.5
7.9
7.9

Tris-HCl
(mM)

MgCE
(mM)

NaCl
(mM)

KCl
(mM)

6

6

6

-

6

6

10

10

6

6

50
50
150

-

DTT
(mM)
1
1
1
1

Multi-Core buffer (1 x) = 25mM tris-acetate, pH 7.8, lOOmM potassium acetate, lOmM
magnesium acetate, ImM DTT.
Table 5.1: Endonuclease buffer composition.

pUC 19 D N A (3pg) was transferred to a sterile eppendorf. To the DNA, incubation
buffer was added to a final concentration o f 1 x. Endonuclease (lOU) was added and the
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reaction incubated for 2-6 hours at 30^C. The D NA was subsequently purified as
described in Section 5.2.11.

5.2.16

D ephosphorylation o fp U C 19 using C a lf Intestine A lkalin e Phosphatase
(C L P .)

C.I.P. catalyzes the removal o f 5' phosphate residues from DNA. To the D N A (3pg), 10
X incubation buffer (0.5M Tric-HCl, lOmM MgCb, ImM ZnCb, O.lmM spermidine, pH
9.0) was added to give a final concentration o f 1 x. C.I.P. (3U)(Appligene) was added
and the reaction incubated at 37®C for 1 hour. To the reaction mixture, 3 additional units
o f C.I.P. were added and the reaction incubated for a further hour at 55^C. The reaction
was terminated by the addition o f 10 x TNE (lOOmM Tris-HCl, 1.5M NaCl, lOmM
EDTA, pH 7.4) and 10% (w/v) SDS to a final concentration o f 1 x and 0.5%
respectively and incubation at 60^C for 15 minutes. Subsequently, the dephosphorylated
vector D N A was purified as described in Section 5.2.11.

5.2.17

Ligation o f PC R produ ct (m inK gene) into p U C 19 using T4 DNA Ligase

T4 D N A Ligase joins fragments o f D N A with compatible cohesive termini as well as
blunt ended DNA fragments. The fragment DNA and vector D NA were added together
in a sterile eppendorf in an equimolar ratio. To the DNA, to give a final volume o f 20pl,
ligation buffer (0.5M Tris-HCl, lOOmM MgCb, lOOmM DTT, lOmM ATP, pH 7.6) and
hexamine cobalt chloride were added to a final concentration o f 1 x and ImM
respectively. T4 D N A Ligase (5U)(Appligene) was added and the reaction incubated at
14®C overnight. Following the ligation reaction, the recircularised vector D N A was
transformed into competent E. coli cells.

5.2.18

Escherichia coli

The E. coli strain JM109 was used as host for recombinant vectors during cloning and
expression work. The genotypic characteristics o f the JM109 strain are shown below.
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Strain

Genotype

JM109

endKX, recKX, gyrA96, thi, hsdKXl, (r^‘, m^^), relKX, supE^A,
lS.{lac-proAB), [F', tra A36,/?roAB, laqVZà. M l5]

Genetic markers used as abbreviations can be found in Sambrook et a l (1989).

5.2.19

Storage an d growth o f bacterial cultures

All bacterial cultures were stored at -70®C in 80% (v/v) Luria Bertani broth (Section
5.2.20) and 20% glycerol. In the short term colonies were stored for up to one month on
sealed LB agar plates (Section 5.2.20) containing the antibiotic, ampiciilin, at 50pg/ml at
4®C.
To grow the bacteria, LB supplemented with ampiciilin at 50pg/ml was innoculated with
bacteria, either from single colonies or 5 pi o f thawed culture. Cultures were maintained
in an orbital shaking incubator (Gallenkamp Orbital Incubator) set at 225 rpm and 37®C.

5.2.20

Preparation o f m edia and m edia plates

Luria-Bertani broth (LB)
To 900ml o f distilled water, lOg o f bacto-tryptone (Oxoid, Basingstoke), lOg NaCl, 5g
bacto-yeast extract (Oxoid) were added. The pH was adjusted to 7.5 with NaOH and
made upto 1 litre with distilled water before autoclaving. LB was stored at room
temperature.

LB agar plates
To 900ml o f distilled water, lOg o f bacto-tryptone (Oxoid), lOg NaCl, 5g bacto-yeast
extract (Oxoid), and 15g agar bacteriological (Oxoid) were added. The pH was adjusted
to 7.5 with NaOH and made upto 1 litre with distilled water before autoclaving. The
media was allowed to cool to 45®C and if necessary ampicllin, isopropyl-P-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indoyl-p-D-galactosidase (X-gal)
were each added to 50pg/ml. The molten agar was poured into 90mm diameter
disposable petri dishes (Sterilin) to an approximate thickness o f 5mm. The plates were
dried at 37®C and stored in an inverted position at 4®C for upto 4 weeks.
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SO C media
Bacto-tryptone (2% (w/v)), bacto-yeast extract (0.5% (w/v)), NaCl (lOmM) and KCl
(2.5mM) were added, and the volume adjusted with distilled water to close to the final
volume and autoclaved. Following cooling, MgCb, M gS 0 4 and glucose, all o f which had
been filter sterilised, were added to a final concentration o f lOmM, lOmM and 20mM
respectively. The pH o f the media was checked to be 7.0 and stored in aliquots at 4®C.

5.2.21

Preparation o f competent cells

To increase the efficiency o f vector D NA uptake, E. coli were made more receptive or
competent to exogenous DNA.
Competent cells were prepared by a procedure based on that o f Cohen et a l (1972),
producing competent bacteria capable o f yielding 10^ to 10^ transformed colonies per pg
o f vector DNA.
Briefly, 50ml o f LB broth was innoculated 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 innoculate 500ml o f LB broth. The culture was grown at 37®C in a
shaking incubator until the ODeoo reached 0.45 - 0.55. The culture was cooled to 0®C on
ice water for 30 minutes and the bacteria pelleted by centrifugation at 2,500 x g for 10
minutes at 4®C. The cells were resuspended in 200ml ice cold sterile lOOmM CaClz
solution and incubated on ice for 10 minutes. The bacteria were again pelleted as above
and resuspended in 20 ml o f fresh lOOmM CaCb. Glycerol (80% v/v) was added to the
cells to a final concentration o f 15% (v/v). The cells were aliquoted into lOOpl quantities
and snap frozen in liquid nitrogen. All aliquots were stored at -70”C until required.

5.2.22

Transformation o f E. coli with recombinant vector DNA

Competent cells (Section 5.2.21) in lOOpl aliquots were thawed on ice. To one aliquot,
lOpl o f ligation reaction mix (Section 5.2.17) was added, mixed by gentle invertion and
incubated on ice for 2 minutes. The tubes were transferred to a water bath and incubated
at 42®C for exactly 50 seconds. The tubes were immediately put on ice for 2 minutes
after which 900pl o f SOC media (Section 5.2.20) was added. Samples were subsequently
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incubated at 37®C for 1 hour with gentle shaking. The cells were centrifuged briefly at
12,000 X g, resuspended in 100ml o f SOC media and plated out on LB agar plates
(Section 5.2.20) containing 50pg/ml ampiciilin, SOpg/ml IPTG and 50pg/ml X-gal which
were incubated overnight at 37^C in an inverted position. The addition o f IPTG and Xgal allowed the identification o f recombinant vector DNA. Cells containing recombinant
vector D N A appeared as white colonies, whereas those containing non-recombinant
vectors appeared as blue colonies.

5.2.23

Isolation o f vector DNA

Isolation o f DNA was performed using the QIAprep-spin Plasmid Miniprep Kit
(QIAGEN, UK). The isolation principle is based on the partial lysis o f the bacteria under
alkaline conditions, the precipitation and removal o f proteins and chromosomal DNA,
followed by the passage o f the vector D NA over ion-exchange resin.
Individual white colonies were used to innoculate separate universal tubes containing 5ml
o f LB supplemented with SOpg/ml ampiciilin. The cultures were incubated overnight at
37°C in an orbital incubator at 225 rpm. For each 5ml o f each overnight culture, 3 ml was
centrifuged at 12,000 x g for 2 minutes. The resulting cell pellet was resuspended in
250pl o f PI cell resuspension buffer after which 250pl o f P2 lysis buffer was added. The
tube was inverted slowly 5 times and incubated at room temperature for 1 minute. Next,
350pl o f ice cold N3 neutralisation buffer was added and the tube again inverted gently 5
times before being left on ice for 10 minutes. The tube was then spun at 12,000 x g for
10 minutes. The supernatent was pipetted o ff and transferred to a QIAprep-spin column.
The column was spun in a 2ml microcentrifuge tube at 12,000 x g for 1 minute and the
flow through discarded. The vector DNA bound to the column was washed twice, firstly
by spinning through the column 0.5ml o f PB buffer and secondly 0.75ml o f PE buffer,
each at 12,000 x g for 1 minute. The column was spun once again at the same speed for
another minute to ensure all the removal o f PE buffer from the column. The column was
placed in a fresh eppendorf and to the column 50p.l o f sterile water was added. The
column and eppendorf were spun for 1 minute at 12,000 x g thereby eluting the vector
D N A into the eppendorf. The amount o f D NA recovered from a 3 ml culture varried
between 7-lOpg, depending on the vector copy number.
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5.2.24

Endonuclease analysis o f recom binant vector DNA

Endonuclease analysis o f the recombinant vector D N A and subsequent agarose gel
electrophoresis enabled firstly the size o f the inserted DNA to be estimated, secondly the
res triction site positions to be checked, and finally the orientation o f the inserted D N A in
the vector to be determined.
Recombinant vector DNA (3pg) was transferred to a sterile eppendorf and to it added
the appropriate incubation buffer (Table 5.1) to a 1 x concentration. Endonuclease
(5-10U)(Promega) was added and the reaction incubated for 2-6 hours at 37®C. Provided
with the endonucleases was a “multi-core” buffer which was compatible with most o f the
endonucleases permitting simultaneous digestion o f DNA using two or more o f the
enzymes.

5.2.25

DNA Sequencing

D N A sequencing provided conformation that the PCR product, cloned into pUC 19, was
o f the exact length and o f the correct sequence, as cited by Takumi et al. (1988).
Dideoxy chain-termination sequencing (Sanger et al., 1977) o f the D N A was performed
using the Sequenase™ version 2.0 sequencing kit (United States Biochemicals,
Cambridge, UK).

The sequencing reaction
Vector D N A (2-4pg) containing minK cDNA was denatured in 0.2M NaOH/2mM
EDTA pH 8.0 for 15 minutes at 37®C. The mixture was neutralised by the addition o f
3M NaAc pH 5.2 to a final concentration o f 0.3M and precipitated with 2.5 volumes o f
ethanol at - l ( f C for 30 minutes. Following centrifugation at 12,000 x g for 10 minutes,
the supernatent was discarded, the D NA pellet air dried and redissolved in 14p.l o f sterile
water.
In order to anneal primer to vector DNA, 2|al o f enzyme reaction buffer (200mM
TrisHCl pH 7.5, lOOmM MgCl%, 250mM NaCl) and l|il o f either forward or reverse
primer were added to two 7|.il aliqouts o f DNA. The reactions were incubated for 65®C
for 5 minutes and cooled slowly over the next 30 minutes to 30®C before being placed on
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ice. To the annealed primer-template samples, 2 pi o f diluted labelling mix (7.5pM dGTP,
7.5nM dCTP, 7.5|aM TTP, diluted 5 x in water), l^tl o f O.IM DTT, l|tl [a ” S] dATP
(600Ci/mmol) and 2(tl o f diluted Sequenase™ version 2.0 enzyme (diluted 5 x in lOmM
Tris HCl pH 7.5, 5mM DTT, 0.5mg/ml bovine serum albulmin) were added. The
reactions were incubated for 2 minutes at room temperature. To terminate the labelling
reactions, 3.5pi o f reaction mixtures were transferred to tubes incubated at 37^C each
containing 2.5pi o f one o f the four di-dNTPs termination mixes (Each mix contained
SOmM o f each o f the 4 dNTPs, 50mM NaCl and one o f the four di-dNTPs). The
reactions were incubated at 37^C for a further 5 minutes before 4pl o f 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 until
required or loaded onto a sequencing gel after prior heating to SO^C for 2 minutes.

Sequencing g e l electrophoresis
Sequencing gels were prepared by dissolving 75g o f urea in a solution containing 22.5ml
o f 40% acrylamide stock solution (Appligene), 15ml o f 10 x TBE buffer (90mM trizma
base, 90mM boric acid, 2mM EDTA pH 8.0) and 52.5ml o f sterile water. Immediately
prior to pouring, 900pl o f 10% ammonium persulphate and SOpl o f N N N ’N'tetramethyllenediamide (TEMED) were added. The solution was mixed by swirling and
poured between two sequencing plates taped together completely on three o f their four
sides. One o f the two plates had previously been coated with dimethyldichlorosilane
followed by dehydration with absolute ethanol. The solution was allowed to polymerise
for 1 hour. Electrophoresis was performed using the BRL S2 sequencing apparatus at
25-30m A at 55®C containing 1 x TBE buffer. The gel was pre-run for 30 minutes before
the samples (3.5pi), preheated to 80°C, were loaded into the space between a
sharkstooth comb. Samples were loaded in the order G A T C. The gel was allowed to
run until the bromophenol blue dye ran o ff the bottom o f the gel. Further samples were
loaded onto the gel and run this time until the dye reached the bottom o f the gel. This
double loading technique enabled the nucleotide base pair sequence o f the entire minK
cD N A to be read.
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Once electrophoresis was complete, the gel was transferred onto a sheet o f 3M
chromatography paper and saran wrap placed on top. The gel was dried under vacuum at
80®C for a minimum o f 2 hours in a BioRad Model 583 gel dryer. X-ray film was
exposed to the dried gel for 24-72 hours, depending on the strength o f radioactive signal,
before being developed.

Sequence Analysis
The sequence was analysed using Lasergene DNAstar™ November 1991 computer
program.

5.2.26

Subcloning o f cDNA corresponding to the C TD m inK into p G E X 2 T

In order to subclone the cDNA corresponding to CTDminK into pGEX 2T, it was first
necessary to cleave cDNA corresponding to the whole o f minK from pUC 19. This was
achieved using the endonucleases Bam HI and Eco R1 using the protocol described in
Section 5.2.24, The DNA was then electrophoresed (Section 5.2.8) and the band
corresponding to minK excised from the gel and purified (Section 5.2.8). The minK
cD N A was subjected to further endonuclease digestion using Sau 3A. The enzyme
cleaved the cDNA molecules into two fragments o f 208 and 210 base pairs. The reaction
mixture was electrophoresed in a 2% agarose gel to separate the fragments from residual
uncut cDNA. The band corresponding to both minK fragments was cut from the gel.
The expression vector pGEX 2T (Pharmacia) was cleaved open using the endonucleases
Bam HI and Eco R1 as described in Section 5.2.24. The DNA from the reaction was
electrophoresed (Section 5.2.8) and the band at approximately 5000 base pairs,
corresponding to the bulk o f the vector DNA excised and purified (Section 5.2.9).
The mixture o f the two minK cDNA fragments was added to cut pGEX 2T D N A and the
solutions required for ligation (see Section 5.2.17). Cleavage o f the minK cD N A by Sau
3 A ensured that only the cDNA corresponding to CTDminK had compatible sticky ends
with both o f the sticky ends o f the cut pGEX 2T DNA. As a consequence,
recircularisation o f vector D NA only occurred upon the insertion o f the CTDminK
cD N A into pGEX 2T. Furthermore, ligation in this manner ensured that the CTDminK
cD N A was inserted in the correct orientation and reading frame for its accurate
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translation. Recombinant vector was transformed into E. co/i as described in Section
5.2.22. Individual transformed colonies were cultured and the recombinant vector
isolated as described in Section 5.2.23.

5.2.27

Expression o f G ST/CTD m inK fu sio n protein f o r S D S PA G E an d Western
blot analysis

To determine the levels to which the GST/CTDminK fusion protein expresses, a small
scale culture o f bacteria transformed with the appropriate recombinant vector, was
grown from which samples were periodically taken for SDS PAGE and Western blot
analysis.
A 10ml bacterial culture was grown overnight and used to innoculate 100ml o f LB as
described in Section 5.2.23. The culture was incubated at 37°C in a shaking incubator at
225rpm until the ODeoo reached 0.8 indicating logarithmic culture growth. To an ice-cold
eppendorf, 1ml o f the bacterial culture was transferred and the cells pelleted at 12,000 x
g for 2 minutes. Immediately after transfer, the remaining culture was induced by the
addition o f IPTG to a final concentration o f 0.2mM. Following centrifugation, the cells
were washed by resuspension in STB buffer (lOmM Tris-HCl, 150mM NaCl, ImM
EDTA, pH 7.4) and pelleted once again by centrifugation. The cells were resuspended in
135pl o f STE containing lOOpg/ml o f lysozyme and incubated on ice for 15 minutes. To
the partially lysed bacteria, DTT and sarkosyl were added to a final concentration o f
5mM and 1.5% (w/v), vortexed briefly and sonicated in ice-cold water for three 10
second pulses. The lysate was centrifuged at 12,000 x g for 5 minutes and supernatent
either stored at -20^C or analysed by SDS PAGE (Section 5.2.28). Samples were taken
before induction and after every hour post-induction for 7 hours. Each sample was
treated identically as described above.

5.2.28

S D S PA G E with coom assle blue staining

SDS/PAGE was performed essentially according to the method o f Laemmli (Laemmli,
1970), using 1.5mm thick 12, 15 and 18% slab gels. All materials were “Electran” grade
(BDH, UK) or electrophoresis purity reagents from Bio-Rad.
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Protein samples were solubilised in a sample buffer (50mM Tris-HCl pH 6.8, lOOmM
DTT, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue, 10% (v/v) glycerol) and heated to
lOO^C for 5 minutes. Aliquots o f the protein samples (5-50pl) containing 5-50pg o f
protein were separated in each lane o f a 10cm separating gel (12, 15 or 18% acrylamide /
0.27, 0.32, 0.37% bisacrylamide in a buffer o f 375mM Tris-HCl pH 8.8 plus 0.1% SDS).
The gel was polymerised by the addition o f 0.1% (w/v) ammonium persulphate and
0.016%

(v/v) tetramethylethylenediamine (TEMED).

In order to

achieve

such

separation, protein samples were loaded into individual wells o f a 1.5cm stacking gel
(3% acrylamide/0.08% bisacrylamide in a buffer o f 125mM Tris-HCl pH 6.8 containing
0.1% (w/v) SDS), polymerised by 0.1% ammonium persulphate and 0.005% (v/v)
TEMED) which had been overlaid on the separating gel. The electrode buffer comprised
25mM Tris, 190mM glycine and 0.1% (w/v) SDS, pH 8.3. Electrophoresis was
performed at 25mA (constant current) over 2 hours using a Bio-Rad mini-gel system. To
enable the molecular masses o f the samples to be estimated molecular mass markers were
electrophoresed in parallel to the samples.
For Coomassie blue staining o f the proteins, the gels were soaked for 1 hours in
Coomassie blue stain (0.25 (w/v) Commassie Brilliant Blue R250, 45% (v/v) methanol,
10% (v/v) glacial acetic acid) immediately followed by destaining in 10% (v/v) acetic
acid 10% methanol (v/v).

5.2.29

Western Blot analysis

SDS PAGE was carried out as described in Section 5.2.28. For Western blot analysis the
proteins and markers were electrotransferred to nitrocellulose membrane (Amersham,
U.K.) using a BioRad semi-dry electroblotter. The membrane was soaked for 20 minutes
in transfer buffer (39mM glycine, 48mM Tris base, 0.037% (w/v) SDS, 20% (v/v)
methanol) prior to blotting. Blotting was carried out at constant current (ImA/cm^ o f
nitrocellulose membrane) for 1.5 - 2 hours.
To prevent non-specific binding o f antibodies, the nitrocellulose blots were blocked with
5% (w/v) non-fat milk powder (in TPBS (lOmM Na2HP0 4 , 1.8mM KH 2PO 4, 2.7mM
KCl, 140mM NaCl, pH 7.4, 0.05% (v/v) Tween 20). Incubation o f the nitrocellulose
blots with the primary antibodies was then performed overnight at 4®C in antibody

170

Recombinant Carboxyl Terminal D om ain o f minK Protein

binding buffer (1% (w/v) fat free dried milk in TPBS). AntiCTR was routinely used at a
dilution o f 1:3000, while the antibody directed against GST, goat anti-GST, was used at
a dilution o f 1:1000. The secondary antibody, goat anti-rabbit IgG conjugated to alkaline
phosphatase (BioRad), or rabbit anti-goat IgG conjugated to alkaline phosphatase
(Sigma), was diluted 1:5000 in antibody buffer before being incubated with the
nitrocellulose for 2 hours at room temperature. The nitrocellulose was given three 10
minute washes with TPBS before and after each antibody incubation. All blocking,
binding and washing incubations o f nitrocellulose membranes were carried out in a 50ml
Greiner tube continuously rolled on a Denley Spiramix 5. The nitrocellulose membrane
was washed three further times for 10 minutes each in PBS prior to the detection
reaction.

Bound

antibody

was

detected

using

(5-bromo-4-chloro-3-indolyl

phosphate/nitro blue tétrazolium) alkaline phosphatase developing reagent tablets
(Sigma).

5.2.30

Expression o f GST/CTDminK fusion protein fo r CDNB Assay

The CDNB assay, in conjunction with SDS PAGE (Section 5.2.28), allowed expression
levels o f fusion protein to be monitored, enabling the time point o f maximal expression to
be determined.
The bacterial culture was set up as described in Section 5.2.27. Samples (40ml) were
taken immediately before induction and every hour for 7 hours post-induction. The cells
were treated as described in Section 5.2.27. Lysate samples were either stored at -20^C
or used immediately to determine the GST activity o f the lysate using the CDNB assay.

5.2.31

l-chlorO‘2,4-dinitrobenzene (CDNB) Assay

Firstly, a master mix was made up consisting o f lOOmM potassium phosphate pH 6.5,
ImM CDNB (stock solution. lOOmM CDNB dissolved in absolute ethanol), and ImM
reduced glutathione. To a quartz cuvette, 500pl o f master mix was transferred followed
by the addition o f 5-50p,l o f bacterial lysate. The cuvette was inverted 10 times, placed
inside a Beckman D U 650 spectrophotometer and blanked at 340nm. The absorbance
readings at the 340nm were plotted over the next 5 minutes. The GST-mediated reaction
o f CDNB with glutathione produces a conjugate that can be measured at 340nm, with a
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reaction rate that is linear provided an A 340 o f approximately 0.8 is not exceeded during 5
minute time course. The amount o f lysate containing fusion protein was adjusted to
maintain a linear rate.
The results from the CDNB assay can be used to calculate AA34o/min/ml, which in turn
can be used to compare the relative GST fusion protein content between samples o f a
given expression.

AA34o/min/ml

=

AA340 O2) - AA34o(ti) / (t2-ti)(m l sam ple added)

AA340 (t2)

=

absorbance at 340nm at time t2 in minutes

AA 340 (ti)

=

absorbance at 340nm at time ti in minutes

Where;

5.2.32

Large scale expression o f GST/CTDminK fusion protein

Briefly, 400ml o f LB supplemented with SOpg/ml ampicillin was innoculated with a
single colony o f E. colt possessing the recombinant vector. The culture was incubated
overnight at 37®C in a shaking incubator at 225rpm. The overnight culture was used to
further innoculate 3.6 litre o f LB, supplemented with 50pg/ml ampicillin, in four 2.5 litre
flasks. These cultures were incubated at 37®C in a shaking incubator for approximately 2
hours until their ODeoo reached 0.8 indicating that they had reached their logarhythmic
stage o f growth. At this point the cultures were induced by the addition o f IPTG to a
final concentration o f 0.2mM and incubated for a further 6 hours at the conditions stated
above. The bacteria were harvested by centrifugation at 10,000 x g for 6 minutes at 4®C
after which they were washed by resuspension in ice cold STE buffer (ISOmM NaCl,
lOmM Tris-HCl, ImM EDTA, pH 7.4) and pelleted again as above.

5.2.33

Extraction o f GST/CTDminK fusion protein

The harvested bacteria were resuspended in ice-cold STE buffer to a volume o f 80ml. To
the suspension, lysozyme and the serine protease inhibitor PefaBloc (Boehringer
Mannheim) were added to a final concentration o f lOOpg/ml and ImM respectively, and
incubated on ice for 15-30 minutes until the bacteria lysed producing a very viscous
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mixture. To solubilise the bacterial cell membranes, the detergents sarkosyl and Triton
X-100 were used. To the mixture, sarkosyl was added to a final concentration o f 1.5%
(w/v), mixed thoroughly and incubated on ice for 15 minutes with occasional stirring.
Triton X -100 was added to 4% (w/v) and again mixed thoroughly after which the lysate
was homogenised until its consistency became significantly thinner. The homogenate,
was centrifuged at 25,000 x g for 15 minutes at 4®C in order to remove all insoluble
material. The supernatent, referred to as SI below, was either stored at -20^C or
immediately added to glutathione Sepharose affinity resin.

5.2.34

Purification o f G ST/C TD m inK fu sio n protein using glutathione Sepharose

Briefly, 0.2g o f glutathione Sepharose (Pharmacia) was swollen overnight at 4®C in 50ml
o f sterile deionised water to a volume o f approximately 2mls. The swollen Sepharose
was transferred to a 1x10cm liquid chromatography column and washed with 10 column
volumes o f STE buffer. The Sepharose was resuspended with SI (Section 5.2.33)(50ml),
transferred to a 50ml greiner tube and incubated at 4®C overnight. To allow maximum
binding o f fusion protein, the Sepharose was kept in suspension to by rotating the tube
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 to accumulate at the bottom o f the column.
The Sepharose was washed thoroughly with 500ml o f STE to remove non-specifically
bound proteins and detergents. The Sepharose was adjudged “clean” when the OD 280 o f
the flow through dropped below 0.001, indicating that both the non-specifically bound
proteins and Triton X -100, which both absorb strongly in this region 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 column on the Spiramix overnight at 4®C in 4ml o f
buffer containing 50mM Tris-HCl pH 8.0 and lOmM reduced glutathione. The eluate
was drained from the column and the purity and integrity o f the fusion protein analysed
by SDS PAGE (Section 5.2.28) and Western blot (Section 5.2.29). Eluate sample was
stable at 4®C for upto 24 hours, otherwise it was stored at -20®C.
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5.2.35

Thrombin cleavage o f GST/CTDminK fusion protein

To the eluate, from Section 5.2.34, 10 units o f bovine thrombin were added per
milligram o f fusion protein. The cleavage reaction was incubated at room temperature
with gentle agitation for 8-16 hours. The extent to which the fusion protein was digested
was determined by SDS PAGE (Section 5.2.28). Subsequent to digestion, sample was
stored at -20^C. In order to purify the recombinant carboxyl terminal from protein
contaminants, Fast Protein Liquid Chromatography (FPLC)(Pharmacia), using either
PBS or 6M guanidinium HCl pH 7.4 as the separating solvent, and reverse phase High
Pressure Liquid Chromatography (HPLC) were attempted.

5.2.36

FPLC

Protein sample (500ml) was loaded onto a FPLC Superdex 0 7 5 (Pharmacia) prep grade
column (1.6 x 60cm) pre-equilibriated with either PBS or 6M guanidinium HCl pH 7.4.
A flow rate o f Iml/min was used and the eluate was collected in 1ml fractions. The
fractions containing protein were freeze dried and analysed by SDS PAGE (Section
5.2.28).

5.2.37

Reverse phase HPLC

Reverse phase HPLC separates proteins primarily on their hydrophobic nature.
Hydrophobic proteins interact with the solid phase being retained relative to their
hydrophilic counterparts. Trifluoroacetic acid (TFA), a solvent that can facilitate in the
separation o f non-covalently bound proteins, was included in the eluant. Protein sample
(500|il) was injected into a Vydac Cg (208TP54) column equilibriated in 70% buffer A
(0.1% aqueous trifluoroacetic acid (TFA)) and 30% buffer B (90% acetonitrile, 10%
buffer A). The proteins were separated on a linear gradient o f buffer B, from 30 to 60%
in 120 minutes, at a flow rate o f Iml/min. The eluted protein fractions were freeze dried
and analysed by SDS PAGE (Section 5.2.28).
To obtain sufficient purified recombinant CTDminK for structural analysis the procedure
was repeated numerously for similarly prepared protein samples. The only change in the
above protocol was that the eluted carboxyl terminal protein fraction was freeze dried in
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the presence o f O.IM HCl in order to remove residual traces o f TFA which can interfere
with spectroscopic analysis o f proteins.

5.2.38

Sample preparation fo r spectroscopic analysis

Aqueous environment
The freeze dried recombinant CTDminK was resuspended in both PBS, pH 7.4 and
phosphate buffer (SOmM Na 2HP 0 4 , 20mM NaH 2? 0 4 , pH 7.4). However, the sample
remained as an insoluble suspension in both aqueous environments despite persistent
vortex mixing.

Phospholipid environment
Attempts to solubilise the recombinant protein in LPC micelles and DMPC vesicles using
persistant vortex mixing proved unsuccessful.

SDS micelle environment
The freeze dried protein was successfully solubilised in SDS micelles in phosphate buffer
to a maximum concentration o f 0.28mg/ml. Protein concentration was determined using
the protein absorbance values at 280, 320 and 350nm and the following equation:

Concentration

=

A 280 - 10 <2-5'»8A32o - i.siogAsso) / 5 5 4 0 0 ^ + 1480n,y, + 134n«y.

Where nup, ntyr and n^ys are the number o f tryptophan, tyrosine and cysteine residues in
the amino acid sequence.

The maximum protein concentration o f 0.28mg/ml in 2.1 mg/ml SDS, at a molar ratio o f
approximately 1:50, allowed only far-UV CD spectra to be recorded.
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5.2.39

CD spectroscopy

Far-UV CD spectra o f CTDminK was recorded using a Jasco 600 CD spectrometer as
described in Section 2.2.4. A spectrum o f SDS micelles in phosphate buffer was
recorded and subtracted from the protein spectra to remove any o f the effects o f their
absorbances. Spectra were subsequently corrected for concentration and their Ae values
calculated.
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5.3

Results

5.3.1

RNA isolation

Total RNA was successfully isolated from rat kidney tissue. Aliquots o f electrophoresed
RNA are shown in Figure 5.5. The presence o f two clear bands in each lane,
corresponding to the 28S and 18S ribosomal RNA, indicated that there was little or no
degradation o f the RNA samples caused by RNase contamination.

5.3.2

cDNA synthesis & PC R

The PCR was found to be most efficient using an annealing temperature o f 60®C and a
MgClz concentration o f 1.5mM. The resulting reaction mixtures, containing the amplified
DNA, were run on a 1.5% agarose gel (Figure 5.6). The presence o f a band at
approximately 400 base pairs (bp) indicated the success o f both the cDNA synthesis and
the PCR amplification o f the DNA corresponding to minK.

5.3.3

Analysis o f cDNA ligated into p U C 19

Subsequent to the ligation o f the PCR product into Sma 1 site o f pUC 19, the insert
cD N A was analysed by endonuclease digestion to ensure that the sequence was o f the
correct size, possessed the appropriate endonuclease sites at the appropriate positions
and was inserted into the vector in the correct orientation.
Blunt ended ligations allow D NA to be inserted in one o f two possible orientations.
Figure 5.7. illustrates the following endonuclease analyses and the resulting D N A
fragments from minK cDNA inserted in these two orientations. The successful excision
o f the 448 bp D N A fragment corresponding to minK from the multicloning region o f
pUC 19 using the endonucleases H ind III and Eco R1 (Lane 5) is shown in Figure 5.8.
This fragment was purified and fiarther digested with Bst XI and/or R sa 1 (Figure 5.9).
Lane 5 shows the result o f the double digest with both enzymes, indicating D NA
fragments o f 249 and 168 bp. This not only confirmed that the cD N A corresponded to
the the minK gene but also indicated that its insertion into pUC 19 was in the appropriate
orientation for the subcloning o f the CTDminK cDNA into pGEX 2T.
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Lane
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7500 bases4400 bases2400 bases1400 bases200 bases

Figure 5.5: Denaturing agarose gel electrophoresis o f RNA purified from rat kidey
Lane 1) RNA standards. Lanes 2-4) lOpg purified RNA.

Lane

8

12 3 4

10

434bp
267bp
124bp

Figure 5.6: Agarose gel electrophoresis o f minK cDNA amplified by Polymerase Chain
Reaction (PCR)
Lane 1) PCR products using Primer 1. Lane 2) PCR products using Primer 2. Lane 3)
pBR322/HaeIII/BAP DNA markers. Lanes 4-11) PCR products using Primer 1 & 2.
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F igure 5.7: Analysis o f the orientation of minK cDNA in the Sma 1 site o f pUC 19.
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Figure 5.8: Agarose gel electrophoresis o f endonuclease digestion analysis o f
pUC 19/minK cDNA.
Lane 1) Kilobase marker DNA. Lane 2) Uncut pUC 19/minK cDNA. Lane 3)
pUC 19/minK cDNA - Hind III, Lane 4) pUC 19/minK cDNA - Eco R l. Lane 5)
pUC 19/minK cDNA - Hind III & Eco R l.

Lane

12 3 4 5

3000bplOlSbp
506bp ■
298bp

Figure 5.9: Agarose gel electrophoresis o f endonuclease digestion analysis o f minK
cDNA excised from pUC 19/minK cDNA using Hind III & Eco R l.
Lane 1) Kilobase marker DNA. Lane 2) Uncut minK cDNA. Lane 3) MinK cDNA Bst XL Lane 4) MinK cDNA - Rsa 1. Lane 5) MinK cDNA - Bst XI & Rsa 1.
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However, before this was attempted, the minK cDNA insert was sequenced to ensure
that no mutations had occurred

during cDNA

synthesis, PCR or subsequent

manipulations; no mutations were found.

5.3.4

Suhcloning o f C T D m inK cDNA into p G E X 2 T

D N A corresponding to the whole m inK gene was excised from pUC 19 using the
endonucleases Bam HI and Eco R l. The purified cDNA fragment (418 bp) was
subsequently digested with the endonuclease Sau 3 A and electrophoresed on a 2%
agarose gel (Figure 5.10). Cleavage o f the 418 bp fragment yielded one fragment o f 208
bp and another o f 210 bp, the latter o f which corresponded to CTDminK (Lane 3). The
gel shows that the digested D N A could not be size separated. Nevertheless the band
containing both fragments was excised and purified from the gel.
Only the cDNA corresponding to CTDminK was ligated into pGEX 2T because it was
the only fragment possessing the necessary sticky ends. Endonuclease analysis to check
for the accurate insertion o f the cDNA was constrained by the lack o f unique restriction
sites remaining in the pGEX 2T/CTDminK cDNA sequence.
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Lane

1 2

3

3000bp'
lOlSbp506bp ■
201bp '

Figure 5.10: Agarose gel electrophoresis o f endonuclease digestion o f minK cDNA with
Sau 3 A, generating a cDNA fragment corresponding to the carboxyl terminal domain of
minK.
Lane 1) Kilobase marker DNA. Lane 2) Uncut minK cDNA. Lane 3) MinK cDNA Sau 3 A.
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5.3.5

Expression o f G ST/C TD m inK fu sio n protein

Figure 5.11 shows a SDS PAGE o f the sarkosyl soluble proteins o f E. colt (transformed
with pGEX 2T/CTDminK DNA) before induction with IPTG, after 1 hour post
induction, and every subsequent hour up to 8 hours. A band, with an apparent molecular
mass o f 34kDa, not present before induction, is visible after 1 hour post-induction. The
intensity o f the band is seen to increase with time, maximising at 7 hours post-induction.
Western blot analysis (Figure 5.12) using antiCTR revealed that the induced band
corresponded to the GST/CTDminK fusion protein (Lane 1).
The relative quantities o f fusion protein at the various time points were determined by
CDNB assay. The assay enabled the relative quantification o f the GST activity o f each
sample. The values, plotted against time post-induction, are presented in Figure 5.13,
and demonstrate that the average maximal fusion protein expression occurs at 6 hours.
From analysis o f both the SDS PAGE and CDNB assay it was decided that for large
scale expression o f fusion protein the culture would be induced for 6 hours. At this point
expression was both close to its maximum and the relative proportion o f fusion protein
to endogenous proteins was at its highest.
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Figure 5.11: SDS PAGE analysis o f the sarkosyl soluble proteins of E. coli, transformed with pGEX 2T/CTDMinK DNA, pre- and
post-induction with IPTG
Lane 1) pre-induction. Lane 2) 1 hour post-induction. Lane 3) 2 hours post-induction. Lanes 4-9) 4-8 hours post-induction respectively
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Lane

66kDa46kDa30kDa22kDa15kDa-

Figure 5.12: Western blot analysis o f the sarkosyl soluble proteins o f E. coIE
transformed with pGEX 2T/CTDminK DNA, pre- and post induction with IPTG
The primary antibody layer used was antiCTR at a 1:3000 dilution
Lane 1) 3 hours post-induction. Lane 2) pre-induction.
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Figure 5.13: Analysis o f relative GST/CTDminK fusion protein expression levels in
E. coli pre- and post- induction using the CDNB assay.
The sarkosyl soluble protein fraction of E. co/i, transformed with pGEX/CTDminK
DNA and induced with IPTG, was prepared as outlined in Section 5.2.30, and from
which fractions (3-lOpl) were added to the CDNB master mix. The absorbance o f the
sample at 340nm was measured over 5 minutes and AAsWmin/ml calculated using the
equation described in Section 5.2.31. AA34o/min/ml was plotted against induction time.
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5.3.6

Purification o f the CTD m inK

The quantity o f protein eluted from the glutathione Sepharose ranged from l-2m g per
litre o f culture. Figure 5.14 shows a SDS PAGE o f eluted protein before and after
cleavage with the protease thrombin.
Lane 2 o f the gel shows that three distinct proteins o f 28, 31 and 34kDa are eluted.
Western blot analysis (Figure 5.15) o f these bands using antiCTR, identifies the band at
34kDa as the GST/CTDminK fusion protein. Further Western blot analysis (Figure 5.16)
using antibodies specific to GST, revealed that all three proteins have, at least, a GST
component. The band at 28kDa probably represents a breakdown o f fusion protein o f
which only the GST portion remains. The band at 31kDa is curious. It is likely to be a
GST fusion protein, as it is detected by GST specific antibodies; however it is not
detected by antiCTR and may therefore be a partial breakdown product o f the
GST/CTDminK fusion protein. It must however be noted that the peptide against which
the antisera was produced represents only the last 44 o f the 63 amino acids o f the
carboxyl terminal domain o f minK protein. It is therefore possible that this fusion protein
is a breakdown product o f the GST/CTDminK fusion protein with the amino acids at the
immediate carboxyl terminus removed, and consequently a protein that the anti-peptide
antibodies do not recognise.
The effect o f the protease thrombin on the eluted proteins is shown in Lane 1 (Figure
5.14). Two intense bands are visible corresponding at 28kDa to GST protein and at
6kDa to the CTDminK protein. A faint band remains at 34kDa representing uncut
GST/carboxyl-terminal domain fusion protein. The band at 31kDa has now disappeared,
confirming the likelihood that it represents a GST fusion protein. N ot seen on this gel,
but present on the SDS PAGE (Lane 1) shown in Figure 5.19, is a band at 3kDa which
corresponds to the non-GST fragment o f the unidentified GST fusion protein.
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Figure 5.14: SDS PAGE analysis o f partially purified GST/CTDminK fusion protein
before and after treatment with the protease thrombin
Lane 1) after treatment with thrombin (lOU thrombin/mg protein). Lane 2) before
treatment with thrombin.
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Figure 5.15: Western blot analysis o f partially purified GST/CTDminK fusion protein
A) AntiCTR was used as the primary antibody layer at a 1;3000 dilution.
B) Antibodies specific for GST were used as the primary antibody layer at a 1:1000
dilution.
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Figure 5.16: Western blot analysis o f partially purified GST/CTDminK fusion protein
before and after treatment with the protease thrombin
AntiCTRwas used as the primary antibody layer at a 1:3000 dilution
Lane 1) before treatment with thrombin. Lane 2) after treatment with thrombin (lOU
thrombin/mg protein).
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5.3.7

FPLC

The attempts to separate the CTDminK protein from its protein impurities using FPLC in
both PBS buffer (results not shown) and guanidinium HCl, pH 7.4 (Figure 5.17) proved
unsuccessful. Only one significant peak was observed in each case indicating that the
proteins had not separated.

5.3.8

R everse ph a se H PL C

Significant separation o f the protein mixture was achieved by reverse phase HPLC
involving the use o f TFA, a medium which facilitates the separation o f non-covalently
attached molecules. A representative HPLC trace o f the protein mixture is presented in
Figure 5.18. The protein peaks observed in Figure 5.18 were analysed by SDS PAGE
(Figure 5.19). Lane 1 (Peak 1) shows a band with a molecular mass o f approximately
4kDa corresponding to the non-GST portion o f the unidentified GST fusion protein.
Lane 2 (Peak 2) shows a protein o f 6kDa in size, corresponding to the CTDminK. Lanes
3 and 4 (Peaks 3 & 4) identify GST eluted from the column with CTDminK in
approximate ratios o f 1:1 and 1:15 respectively. Lane 5 (Peak 5) shows one band
corresponding to GST, eluted from the column alone. Further analysis indicated that 9095% o f the CTDminK protein eluted in the same fractions (Peaks 3 & 4) as GST.
Concentration and reverse phase HPLC o f the proteins eluted in Peaks 3 & 4 did not
result in further dissociation o f the CTDminK protein from the GST protein. During
subsequent HPLC o f the starting protein mixture, peak 2 was collected in 3 subfractions.
SDS PAGE analysis indicated that subfraction 2 (Figure 5.20, Lane 3) contained the
CTDminK protein at its highest purity.
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Figure 5.17: Representative FPLC trace o f GST/CTDminK following cleavage o f the
protein with thrombin.
Conditions: A Superdex 075 preparative grade column was used with guanidinium HCl
pH 7.4 as the eluent.
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Figure 5.18: Representative reverse phase HPLC trace o f the GST/CTDminK fusion protein following cleavage with thrombin

Conditions; analytical VYDAC 208TP54 C8 column, eluent A, 0.1% aqueous trifluoroacetic acid, B, 90% acetonitrile, 10% A
Each peak indicated by

I

?

I

corresponds to a lane with an equivalent number shown on SDS PAGE (Figure 5.19)
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Lane
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30kDa”H
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6kDa —

Figure 5.19: SDS PAGE analysis o f semi-purified recombinant CTDminK protein
partially separated from protein impurities using reverse phase HPLC.
Lanes 1-5 correspond to the protein eluted in peaks 1-5 respectively.
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Lane
30kDa22kDa-

17kDa-

6kDa

Figure 5.20: SDS PAGE analysis o f the second reverse phase HPLC protein fraction
(Peak 2, Figure 5.19) corresponding to partially purified recombinant CTDminK protein.
The protein fraction was eluted in three 1ml subfractions corresponding to Lane 1)
subfraction 1. Lane 2) subfraction 3. Lane 3) subfraction 2.
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5.3.9

CD spectroscopy

The insolubility o f recombinant CTDminK in aqueous buffer, DMPC vesicles and LPC
micelles prevented structural analysis in these environments. The protein however, was
soluble in SDS micelles up to a concentration o f 2.8mg/ml permitting CD analysis. The
far-UV CD spectrum o f recombinant protein in SDS micelles is presented in Figure 5.21.
The spectrum minimises at 207nm and becomes positive at 198nm, which is indicative o f
a predominantly a-helical structure with some p-sheet and random structure content.
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Figure 5.21: Far-UV CD spectrum o f recombinant CTDminK protein in phosphate
buffer (SOmM Na 2HP0 4 , 20mM NaH 2P0 4 , pH 7.4) containing SOS micelles.
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5.4

Discussion

The structure o f the recombinant CTDminK in a SDS micelle environment as determined
by CD spectroscopy, was predominantly a-helical with minor p-sheet and random
components. This result is in relatively good agreement with the structure adopted by the
synthetic peptide corresponding to the 44 carboxyl terminal residues o f the domain in
SDS and LPC micelles, which took up a predominantly a-helical and P-sheet
conformation with minor random elements.
The increased a-helical content seen in the CD spectra may reflect the structure taken up
by the additional 18 amino acids o f the recombinant protein. However, this cannot be
assumed to be the only possibility for a number o f reasons. Firstly, SDS is not a
phospholipid, and although it does form micelles which may reflect the properties o f a
phospholipid environment, the extent to which this occurs in the presence o f recombinant
CTDminK is unclear. Secondly, the increase in the number o f amino acids o f the
recombinant protein compared with that o f the synthetic peptide may profoundly alter
the structure o f the domain as a whole. And thirdly, the recombinant protein was highly
insoluble in both aqueous and membrane environments. With respect to this last point,
two factors must be taken into account. Synthetic peptide corresponding to the 27 amino
terminal residues was soluble in aqueous buffer (Ben-Efraim et al., 1996), and, synthetic
peptide corresponding to the 44 carboxyl terminal residues was more soluble in both
SDS and phospholipid environments than the recombinant protein. These factors suggest
that the high insolubility o f the recombinant protein is not a true reflection o f the
solubility properties o f the native protein. Furthermore, when attached to GST as a
fusion protein and subsequent to cleavage o f its covalent link with the GST protein,
recombinant CTDminK was soluble for at least 24 hours in aqueous buffer, indicating
that the high insolubility properties o f the protein are likely to be inflicted in the latter
stages o f the purification procedure.
The final purification procedure before structural analysis involved ffeeze-drying, or
lyophilisation, o f the recombinant protein in order to remove trifluoroacetic acid, a
solvent which can interfere with structural determination o f protein using spectroscopic
techniques. The drying process o f lyophilisation takes place in two phases, primary
drying, which removes frozen water through sublimation, and secondary drying which
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removes non-frozen “bound” water. The latter often causes conformational instability
due to the stresses induced by the removal o f the protein’s hydration shell (Arakawa et
al., 1993). As a result, irreversible dénaturation and aggregation is frequently observed
upon rehydration, with the consequential effect on the solubility o f the protein
(Prestrelski et al., 1993). The high insolubility o f the recombinant CTDminK in all but a
SDS micelle environment suggests at least partial dénaturation has occurred casting
suspicion on the accuracy o f its conformation in reflecting the native structure o f this
domain. However, since dénaturation o f protein structure is usually indicated by a very
high intermolecular P-sheet structure, the high a-helical content found in CTDminK
suggests that it is only partially denatured and thus retains a substantial quantity o f its
native conformation.
Attempts to separate recombinant CTDminK from its contaminants using FPLC proved
unsuccessful. The major contaminant was GST protein, to which recombinant CTDminK
was fused to during expression. Although the protease, thrombin, was used successfully,
following fusion protein purification, to cleave the covalent bond that held the two
proteins together, they remained tightly associated and resisted all attempts to separate
them using FPLC in both aqueous and guanidinium HCl. Schistosoma japon ica GST has
been documented as possessing non-substrate hydrophobic binding sites (McTigue et a i,
1995). A plausible explanation for the lack o f separation o f GST and CTDminK is that
the CTDminK protein remained bound to the non-substrate hydrophobic binding sites o f
GST via hydrophobic interactions.
The hydrophobicity o f this minK protein domain is a factor potentially governing the
level to which E. coli can express the recombinant form o f the protein, and may explain
the relatively poor yield o f the fusion protein, namely l-2m g/l o f culture.
Additional information that has been gained from the expression and analysis o f
recombinant CTDminK protein is that the antibodies generated against the carboxyl
terminal peptide were also specific to the recombinant form o f the domain.
In summary, the recombinant protein corresponding to the carboxyl terminal domain o f
minK protein (residues 68-130) adopted a predominantly a-helical conformation with
some p-sheet and random components in SDS micelles, a result which, in general, is in
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agreement with the structures detected for the synthetic carboxyl terminal peptide
(residues 87-130) in micelle environments.
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EXPRESSION & PURIFICATION OF MINK PROTEIN

6.1

Introduction

The detailed structural analysis o f

channels that would provide invaluable information

assisting the elucidation o f their molecular mechanisms o f ion conduction and regulation,
has been hindered by a number o f obstacles. Firstly,

channels are expressed at such

low levels in their native environment that purification directly from tissues in the
amounts required for structural studies is unfeasible. Secondly, the ability o f expression
systems to provide sufficient protein material is limited for eukaryotic membrane bound
proteins, particularly using E. coli expression systems; as yet only two cases o f high level
overexpression o f membrane bound proteins have been reported using E. coli systems
(Barnes et al., 1991; Fiermonte et al., 1993). Thirdly, the high resolution structural
analytical techniques are restricted in the study o f large transmembranous proteins. X-ray
diffraction requires that the protein be in a crystalline state for structural determination
and membrane proteins are notoriously difficult to crystallise; consequently only three or
four membrane protein have so far been studied using this technique. (Henderson &
Unwin, 1975; Khorana, 1979). Nuclear Magnetic Resonance (NMR) spectroscopy on
the other hand, is hindered in the recording o f protein spectra in lipid bilayer
environments. In addition, the intepretation o f NMR spectra o f large proteins is complex,
so its present application is restricted to small proteins (~15-20kDa) o f which only minK
(~14,500kDa) o f all the

channel proteins is applicable.

The difficulties in overexpressing eukaryotic membrane bound proteins, and in particular
complex multi-transmembranous proteins, in E. coli seems certain to be a consequence
o f their hydrophobic transmembrane segments (Evans et al., 1995). In this respect the
architecturally simple minK protein, possessing just one putative transmembrane region,
would be more likely to be overexpressed in E. coli than other multi-transmembranous
proteins such as the Kv and Kir channel proteins.
To determine protein structure, FT-IR spectroscopy has the advantage over other
techniques in that protein spectra can be recorded in a wide range o f environments,
including phospholipid bilayer environments. FT-IR is therefore a suitable technique to
employ in the analysis o f the secondary structure o f minK in a membrane bilayer. Such
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analysis would represent the first structural study o f either a complete native or
recombinant

channel protein. In combination with the structural studies o f the

synthetic peptides corresponding to the transmembrane and amino terminal domains, the
carboxyl terminal region o f minK and the recombinant carboxyl terminal domain, analysis
o f the complete recombinant minK protein would provide comprehensive secondary
structure information on the channel protein.
In addition, FT-IR analysis may allow an environment to be found in which recombinant
minK exhibits a structure identical to that which obtains when it is present in
phospholipid bilayers. It is possible that such an environment would also allow high
resolution structural analysis by NMR to be applied.
Consequently, the aim o f the work described in this chapter is to overexpress minK
protein in E. coli and purify the protein for structural analysis using FT-IR spectroscopy
in phospholipid bilayers. The secondary structure o f the protein is also to be determined
in a range o f membrane mimicking environments using both FT-IR and CD
spectroscopy. To maximise the chances o f overexpression in E. coli and successful
purification o f recombinant minK protein, both the pGEX 2T and pTrcHis A expression
systems are to be used. These systems differ both in the promoter under which target
protein expression is controlled and in their purification strategies.
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6.2
6.2.1

Material and Methods

Subcloning o f minK cDNA into pG EX 2T and pTrcHis A

The cDNA corresponding to the minK gene was excised from the cloning vector pUC 19
using the endonucleases Bam HI and E co R l. This procedure was carried out as
described in Section 5.2.24. The D N A from the reaction was electrophoresed (Section
5.2.8) and the band at 418 base pairs, corresponding to the minK cD N A excised from the
gel and purified (Section 5.2.9).
The expression vector pGEX 2T was cleaved open using the endonucleases Bam HI and
E co R l (Section 5.2.24), electrophoresed (Section 5.2.8) and the band at approximately
4500bp, corresponding to the linearised vector DNA, excised from the agarose and
purified (Section 5.2.9).
The expression vector pTrcHis A (Invitrogen) was also cleaved open using the
endonucleases Bam HI and Eco R l, electrophoresed, excised from the agarose and
purified in the same manner as pGEX 2T above.
MinK cDNA was ligated into both pGEX 2T and pTrcHis A as described in Section
5.2.17. The endonucleases used to excise the minK cDNA and cleave open the vector
DNAs were selected so as to leave compatable “sticky ends”, ensuring that upon ligation
the minK cDNA was inserted into the vector D N A in the correct orientation and in the
correct reading frame for accurate translation.

The recombinant vectors

were

transformed into E. coli as described in Section 5.2.22. Endonclease treatment using
Bam HI and Eco R l and subsequent electrophoresis o f the transformed vector DNAs
were carried out to ensure that successful ligation o f minK cD N A into pGEX 2T and
pTrcHis A had taken place.

6.2.2

Expression, extraction, detection, purification and analysis o f recombinant
minK protein using the pGEX Gene Fusion System

The materials and methods for the experimental procedures below were performed as
described in the following Sections:-

Expression o f GST/minK protein for SDS PAGE and Western blot analysis

5.2.27

SDS PAGE with coomassie blue staining

5.2.28
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Western blot analysis

5.2.29

Expression o f GST/minK fusion protein for CDNB assay

5.2.30

CDNB assay

5.2.31

Large scale expression o f GST/minK fusion protein

5.2.32

Extraction o f GST/minK fusion protein

5.2.33

Purification o f GST/minK fusion protein using glutathione Sepharose

5.2.34

Thrombin cleavage o f GST/minK fusion protein

5.2.35

The one revision to the above protocols was the addition o f the detergent CHAPS to a
concentration o f lOmM to all Sepharose wash and elution buffers.

6.2.3

Thrombin cleavage o f GST/minK fusion protein while bound to the
glutathione Sepharose

This procedure was carried out under the same conditions as described for eluted fijsion
protein in Section 5.2.35 with the addition o f lOmM CHAPS to the reaction buffer.
Subsequent to digestion, the soluble material was eluted from the column and analysed
by SDS PAGE and Western blot.

6.2.4

Expression o f minK protein using the pTrcHis expression system

The pTrcHis expression system (Invitrogen) is a system based on the same principles as
that o f the pGEX/GST gene fusion expression system. The pTrcHis vectors are designed
for inducible high-level intracellular expression o f genes or gene fragments as fusions
with a 30 amino acid sequence containing six consecutive histidine residues, referred to
as a histidine tag, in E. coli. Fusion protein expression is under the control o f the trc
promoter which is induced using IPTG. The negatively charged histidine tag facilitates
purification from bacterial lysate by affinity chromatography using an agarose resin
chelated to nickel ions (ProBond™ resin - Invitrogen, UK). The histidine tag can
subsequently be cleaved from the desired protein using the protease enterokinase at a
specific site engineered into the fusion protein.
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6.2.5

Expression o f histag/minK fusion protein fo r SDS PAGE and Western blot
analysis

A bacterial culture o f E. coli transformed with recombinant pTrcHis A/minK D N A
vector was grown and induced with IPTG as described in Section 5.2.27. From the
culture, 1ml samples were removed just prior to induction and after every hour until five
hours post-induction. The cells o f each sample were pelleted by centrifugation at 12,000
X g for 2 minutes, washed by resuspension in STE buffer (lOmM Tris-HCl, 150mM
NaCl, ImM EDTA, pH 7.4) and repelleted. The supernatent was removed from the cells
which were subsequently resuspended in lOOpl SDS PAGE sample buffer and analysed
using SDS PAGE (Section 5.2.28) and Western blotting (Section 5.2.29) techniques.

6.2.6

Large scale expression and extraction o f histag/minK fusion protein

Large scale expression and extraction o f fusion protein was carried out as described in
Sections 5.2.32 & 5.2.33 with the following two alterations to the protocols; the bacteria
were washed in 20mM Tris-HCl, 500mM NaCl, pH 7.9 following harvesting by
centrifugation, and the fusion protein was extracted in binding buffer (20mM Tris-HCl,
500mM NaCl, 5mM imidazole, pH 7.9) containing 1.5% (v/v) sarkosyl and 4% (v/v)
Triton X-100.

6.2.7

Purification o f Histag/minKfusion protein using ProBond^^ resin

Briefly, 6ml o f ProBond™ resin was transferred to a 1x10cm liquid chromatograpy
column. The storage solution was drained from the resin and equilibriated with binding
buffer (20mM Tris-HCl, 500mM NaCl, 5mM imidazole, lOmM CHAPS, pH 7.9). The
detergent soluble faction o f the bacterial lysate (50ml) was used to resuspend the resin,
transferred to a 50ml greiner tube and incubated at 4®C overnight. The resin was kept in
suspension to allow maximum binding o f fusion protein, by rotating the tube 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 to accumulate at the bottom o f the column. The resin was initially washed
with 200mls o f binding buffer removing the sarkosyl, Triton X -100 and non-specifically
bound proteins. The proteins o f low binding affinity were eluted from the resin with
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30mls o f wash buffer (20mM Tris-HCl, 500mM NaCl, 60mM imidazole, lOmM CHAPS,
pH 7.9). The fusion protein was eluted from the resin in 1ml fractions by competition
with excess imidazole which was present in the elution buffer (20mM Tris-HCl, 500mM
NaCl, 160mM imidazole, lOmM CHAPS, pH 7.9). The eluted fractions were analysed by
SDS PAGE (Section 5.2.28) and Western blotting (Section 5.2.29), and stored at 4®C.

6.2.8

Concentration o f fu sio n protein

The eluted fractions containing fusion protein were concentrated using an Amicon
centricon concentrator with a molecular mass cut o ff o f 3kDa. The centricon membrane
was washed with 20mM Tris-HCl, 500mM NaCl,

lOmM CHAPS, pH 7.9 by

centrifuging in a Soiwall SS34 rotor at 5,000 x g for 20 minutes at 4®C. Wash buffer was
removed and the eluted fusion protein fractions added to the concentrator. The centricon
was spun at 5,000 x g at 4®C until the volume o f the concentrated sample was
approximately 0.2ml. The centricon was refilled with 20mM Tris-HCl, 20mM CaCb,
lOmM CHAPS, pH 7.9, and spun as before until the sample volume was again
approximately 0.2ml. This exercise was repeated twice, thereby reducing the NaCl and
imidazole to concentrations that do not interfere with enterokinase activity. To collect
the concentrated protein sample, the centricon was inverted into a fresh tube and
centrifuged at 1,000 x g for 3 minutes.

6.2.9

Enterokinase cleavage o f histag/m inK fu sio n protein

Enterokinase, specifically manufactured for recombinant fusion protein cleavage, was
purchased from Biozyme, UK. To determine the efficiency o f the enterokinase cleavage
reaction o f the GST/minK fusion protein, the concentration o f the enterokinase was
varied. The reactions were performed in the recommended reaction buffer o f 20mM TrisHCl, CaCb, pH 7.9, also containing lOmM CHAPS to maintain protein solubility. Each
o f the samples, prepared in Section 6.2.8, contained approximately 20|ig o f protein o f
which approximately 15% was fusion protein (as estimated by coomassie blue staining
following SDS PAGE) to which either 50 or 100 units o f enterokinase were added, the
former o f which was at the concentration recommended by the manufacturers. The
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cleavage reactions were incubated at 31^C with gentle agitation for 16 hours. The results
o f the cleavage reactions were analysed by SDS PAGE (Section 5.2.28).
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6.3

Results

6.3.1

Subcloning o f minK cDNA intopG EX 2TandpTrcH is A

The successful ligations o f the minK cDNA into pGEX 2T and pTrcHis A were
confirmed by endonuclease digestion and subsequent electrophoresis o f the digested
recombinant vector DNAs. MinK cDNA was excised from the vectors using the
endonucleases Bam HI and Eco R l and corresponds to the 418 base pair D NA fragment
in Lanes 4 o f Figure 6.1 (pGEX 2T) and Figure 6.2 (pTrcHis A). Bam HI and Eco R l
were chosen specifically to ensure that ligation could not only occur in the correct
orientation but also in the correct reading frame for expression o f minK protein.

6.3.2

Expression o f GST/minK fusion protein

Figure 6.3 shows a SDS PAGE o f the sarkosyl soluble proteins o f E. coli (transformed
with pGEX 2T/minK cDNA) before induction with IPTG, after 1 hour post-induction,
and every subsequent hour up to 7 hours. A band, with an apparent molecular mass o f
42kDa, not present before induction, is visible after 1 hour post-induction. The intensity
o f the band at this molecular mass is seen to increase with time, maximising at 5 hours
post-induction. Western blot analysis (Figure 6.4) o f the protein profiles before and after
induction using antiCTR, reveals that the induced bands corresponds to GST/minK
fusion protein.
The relative quantities o f fusion protein at the various time points were determined by
CDNB assay. The assay enabled the relative quantification o f the GST activity o f each
sample. The values plotted against time post-induction are presented in Figure 6.5, and
demonstrate that maximal fusion protein expression is at 6 hours. From analysis using
both the SDS PAGE and CDNB assay it was decided that for large scale expression o f
fusion protein the culture would be induced for 5 hours. At this point expression is close
to its maximum but most importantly the relative proportion o f fusion protein to
endogenous proteins is at its highest.
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Figure 6.1: Agarose gel electrophoresis o f endonuclease digestion analysis of
pGEX 2T/minK cDNA.
Lane 1) Kilobase marker DNA. Lane 2) Uncut pGEX 2T/minK cDNA. Lane 3)
pGEX 2T/minK cDNA - Bam HI. Lane 4) pGEX 2T/minK cDNA - Eco RL Lane 5)
pGEX 2T/minK cDNA - Bam HI &
RL
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Figure 6.2: Agarose gel electrophoresis o f endonuclease digestion analysis of
pTrcHis A/minK cDNA.
Lane 1) Kilobase marker DNA. Lane 2) Uncut pTrcHis A/minK cDNA. Lane 3)
pTrcHis A 2T/minK cDNA - Bam HI. Lane 4) pTrcHis A/minK cDNA - Eco R l. Lane
5) pTrcHis A/minK cDNA - Bam HI & Eco R l.
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F igure 6.5: Analysis o f relative GST/minK fusion protein expression levels in E. coli
pre- and post- induction using the CDNB assay.
The sarkosyl soluble protein fraction o f E. coli, transformed with pGEX/minK DNA and
induced with IPTG, was prepared as outlined in Section 5.2.30, and from which fractions
(20-50pl) were added to the CDNB master mix. The absorbance o f the sample at 340nm
was measured over 5 minutes and AA34o/min/ml calculated using the equation described
in Section 5.2.31. AAsWmin/ml was plotted against induction time.
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6.3.3

Purification o f G ST/m inK

The percentage o f binding o f GST/minK fusion protein to the glutathione Sepharose,
calculated by determining the GST activity (CDNB assay) o f the solubilised lysate before
and after binding, was in the order o f only 10-20%. Increasing the concentration o f the
solubilised lysate, and/or increasing the quantity o f Sepharose to the same volume o f
solubilised lysate, did not significantly improve the percentage binding. The extent o f
binding could not be analysed by SDS PAGE due to the severe interference o f Triton X100 with SDS in this procedure.
The quantity and concentration o f protein eluted from the glutathione Sepharose
permitted only Western blot analysis (Figure 6.4B). The blot, using antiCTR as the
primary layer, reveals a band at 42kDa corresponding to the GST/minK fusion protein
(Lane 2). The effect o f thrombin on the fusion protein, analysed using Western blotting
(Figure 6.4B), shows that the fusion protein is cleaved such that a protein is detected at
an apparent molecular mass o f 14kDa corresponding to recombinant minK protein
(Lane 1). The difference in apparent molecular mass between the detected bands is
consistent with the removal o f the 28 kDa GST portion from the fusion protein.
Analysis using SDS PAGE and Western blotting, reveals that minK protein could not be
eluted from the glutathione Sepharose column by cleaving it away from bound GST
using thrombin (results not shown).

6.3.4

Expression o f histag/m inK fu sio n protein

Figure 6.6 shows a SDS PAGE o f the protein profile o f E. coli (transformed with
pTrcHis A/minK cDNA) before induction with IPTG, after 1 hour post-induction, and
every subsequent hour upto 5 hours. A band, with an apparent molecular mass o f
approximately 17kDa, not present before induction, is visible after 1 hour post-induction.
The intensity o f the band is seen to increase with time maximising at 5 hours post
induction. Western blot analysis (Figure 6.7) o f the protein profiles before and 2, 4 and 6
hours after induction using antiCTR, reveals that the induced band corresponds to the
histag/minK fusion protein.
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Figure 6.6: SDS PAGE analysis of the protein profile of E. coli, transformed with
pTrcHis A/minK DNA, pre- and post-induction with IPTG
Lane 1) pre-induction. Lane 2) 1 hour post-induction. LaneS) 2 hours post-induction.
Lane 4) 3 hours post-induction. Lane 5) 4 hours post-induction. Lane 6) 5 hours post
induction.
Lane
42kD a3 0 k D a22kD a-

17kDa-
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Figure 6.7: Western blot analysis o f protein profile o f E.coli, transformed with
pTrcHis A/minK DNA, pre-and post-induction with IPTG
Lane I) pre-induction. Lane 2) 2 hours post-induction. Lane 3) 4 hours post-induction.
Lane 4) 6 hours post-induction.
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6.3.5

Purification o f histag/m inK fu sio n protein

Figure 6.8 shows a SDS PAGE o f proteins eluted from the ProBond resin as described in
Section 6.2.7. Lanes 1-4, show the proteins eluted with buffer containing 60mM
imidazole, corresponding to low-affmity bound proteins. Lanes 5-8 show the proteins
eluted at 160mM imidazole, corresponding to protein with a high affinity for the resin.
The intense band at 17kDa in Lane 5, and also to a lesser extent in Lanes 6-8,
corresponds to the histag/minK fusion protein. Attempts to refine the washing/elution
process to obtain greater purity o f the fusion protein by increasing the imidazole
concentration in 5mM increments, were unsuccessful. Western blot analysis (Figure 6.9)
o f the protein fractions analysed by SDS PAGE (Lanes 5 & 6) confirmed that the band at
this molecular mass (17kDa) corresponds to the histag/minK fusion protein.

6.3.6

Enterokinase cleavage o f histag/m inK fu sio n protein

A possible way o f circumventing the problems o f co-elution o f protein contaminants with
the fusion protein is to cleave the minK portion o f the fusion protein, while the latter is
bound to the resin, away from the histag. The minK protein will then be eluted while the
histag will remain bound to the column. The feasibility o f this procedure was tested on
small quantities o f eluted fusion protein using the appropriate protease, enterokinase.
The cleavage reaction proved unsuccessful using both the recommended (Lane 2) and an
increased concentration (Lane 3) o f enterokinase relative to the quantity o f fusion protein
(Figure 6.10).
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Figure 6.8: SDS PAGE analysis o f the proteins which had been bound to a ProBond™
resin column and subsequently eluted from it with imidazole.
Imidazole was applied at two concentrations, 60mM and 160mM, in 20mM Tris-HCl,
500mM NaCl, lOmM CHAPS, pH 7.9 buffer. 4 x 7.5ml fractions (A-D) o f the lower
imidazole concentration solution were used to elute the proteins with low affinity for the
resin, and 4 x 1ml fractions (E-H) were used to elute the proteins with high affinity.
Lane 1) Fraction A. Lane 2) Fraction B. Lane 3) Fraction C. Lane 4) Fraction D.
Lane 5) Fraction E. Lane 6) Fraction F. Lane 7) Fraction G. Lane 8) Fraction H.

Lane

46kDa30kDa22kDaISkDa-

Figure 6.9: Western blot analysis o f the proteins which had been bound to a ProBond™
resin column and subsequently eluted from with 160mM imidazole in 20mM Tris-HCl,
500mM NaCl, lOmM CHAPS, pH 7.9, buffer.
The proteins were eluted in 4 x 1ml fractions and correspond to Fraction E and
Fraction F in Figure 6.6 above.
Lane 1) Fraction F. Lane 2) Fraction E.
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Lane

60kD a30kD a22kDan icD a6kDa -

Figure 6.10: SDS PAGE analysis o f the effect o f the protease, enterokinase, on partially
purified histag/minK fusion protein.
Histag/minK fusion protein corresponds to the band with an apparent molecular mass of
approximately 17kDa.
Lane 1) Protein mixture prior to treatment with enterokinase. Lane 2) Treatment of
protein mixture (20pg) with 50 units o f enterokinase. Lane 3) Treatment o f protein
mixture (20jag) with 100 units o f enterokinase.
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6.4

Discussion

Neither the pGEX 2T nor the pTrcHis A expression systems proved suitable for the
expression and purification o f recombinant minK protein in sufficient quantities for
structural analysis. In both cases it was not any one single factor that was responsible for
the lack o f success, but rather the cumulation o f a number o f factors.
Expression levels (molar) o f the minK fusion proteins, analysed by SDS PAGE were, in
general, equal, suggesting that there was no significant advantage to be gained by
expressing the fusion protein under the control o f the tac promoter (pGEX 2T) over that
o f the trc promoter (pTrcHis A). The levels to which the fusions were expressed were
not as high as had been hoped for, although this was not altogether unexpected as the
renowned difficulties in expressing transmembrane proteins were fully recognised before
the study was undertaken. Judging from SDS PAGE, the GST/minK fusion protein
averagely expressed to 0.5-1 mg/1, and the histag/minK fusion protein to 0.1-0.3mg/l.
Although the expression levels were low, efficient purification, in combination with large
scale working would have enabled sufficient quantities o f protein to be obtained, sadly,
efficient purification proved equally difficult to achieve.
The pGEX system relies on the binding o f the GST portion o f the fusion to glutathione
cross-linked to Sepharose resin. The efficieij^ o f this reaction, however, was only in the
order o f 10-20%. One explanation for poor binding o f fusion protein to glutathione
could be as a consequence o f interference o f the detergents to the binding process.
However, the addition o f the nonionic detergent, Triton X-100, to the bacterial lysate in
sarkosyl, an anionic detergent whose primary function in the purification procedure is the
solubilisation o f the GST fusion protein, has been shown to enable binding o f a variety o f
GST fusion proteins to glutathione Sepharose to saturation levels (Frangioni & Neel,
1993). Therefore the most probable cause o f the binding inefficiency o f GST/minK
fusion protein to glutathione Sepharose was either the obscuring o f the GST glutathione
binding site by the minK portion o f the fusion or an alteration in the conformation o f the
glutathione binding site o f GST caused by the structural constraints put on GST by its
attachment to minK protein. These two factors, alone or in combination, would effect the
affinity o f the fusion protein for the glutathione molecule. This effect is seen to a certain
extent when applying the CDNB assay to the fusion protein, where a very significant
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reduction in the activity o f the GST molecule is seen when it is attached to minK protein
compared with the native form (results not shown).
The final determining factor preventing satisfactory purification, was the inefficiency o f
the elution o f the fusion protein from glutathione Sepharose. This procedure was
extensively studied by Frangioni & Neel (1993) for both GST and a variety o f GST
fusions, using a wide range o f elution conditions. Without detergent in the elutant, the
maximum percentage elution they achieved was 30-40% for GST and 10-20% o f those
GST fusion proteins requiring sarkosyl for purification. The presence o f Triton X-100 at
concentrations above its critical micellar concentration (CMC) significantly improved the
elution process suggesting that non-specific hydrophobic interactions were preventing
elution from the Sepharose. Triton X-100, however, can interfere with spectroscopic
measurements and as a consequence o f its low CMC and formation o f large micelles is
almost impossible to remove by dialysis and prevents concentration o f protein without
co-concentration o f the detergent. On this understanding, the zwitterionic detergent,
CHAPS, was used in the elution process. CHAPS maintained the solubility o f the eluted
fusion but did not improve the elution o f the fusion protein to the same extent as
described by Frangioni & Neel using Triton X-100. Estimations o f the maximum quantity
o f fusion protein eluted from the Sepharose per litre o f culture were in the order o f 1020pg. O f the eluted fusion protein, only 35% represented minK protein.
The purification procedure was modified in an attempt to cleave minK from the GST
portion o f the fusion protein while the latter was bound to the glutathione Sepharose.
The cleavage o f fusion protein had already proved to be a very efficient process and this
was an obvious solution to both the elution problems and also to purifying minK from
GST subsequent to cleavage. Following overnight thrombin cleavage o f the fusion, no
minK protein was detected in the eluate suggesting that despite the removal o f the
covalent link o f minK protein to GST, minK protein remained bound to the GST,
possibly by hydrophobic interactions with non-substrate hydrophobic binding sites
(McTigue et a l , 1995).
The pGEX system did not therefore represent an attractive means o f expressing and
purifying recombinant minK protein.
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The pTrcHis system provided a more efficient means o f both binding and eluting the
histag/minK fusion protein. The best estimates, using SDS PAGE, suggested that the
efficiency o f both these processes were in the range o f 50-75%. The drawback, however,
to purifying minK using a histidine tag was that certain proteins endogenous to E. coli
also had an equal affinity to the Ni^^ charged resin as that o f the tag. Furthermore,
though these endogenous proteins were o f molecular masses both higher and lower than
the fusion protein they were not sufficiently different to enable separation by Fast Protein
Liquid Chromatography. Reverse phase High Pressure Liquid Chromatography as a
means o f separating minK protein from its impurities was not possible because the
detergent necessary to keep the fusion protein soluble would have interfered with the
matrix o f the column. The co-purification o f endogenous E. coli proteins is the handicap
o f all the histag/Ni^^ charged resin expression and purification systems. This obstacle
cannot be overcome but can be made insignificant provided that the expression levels o f
the histag fusion protein are sufficiently high.
A means o f bypassing the co-purification problem, is to cleave the target protein away
from the histag while the latter remains bound to the

charged resin. Purification o f

the minK protein by this method proved unfeasible, due to the inability o f enterokinase to
cut at its cleavage recognition site even though the enzyme was o f recombinant form
with high enzymic activity manufactured specifically for fusion protein cleavage. The
most probable cause for the lack o f enzymic activity inability o f the enterokinase to gain
access to the cleavage site because o f the presence o f the fused minK protein.
One additional method o f purifying minK protein still remained, immunoaffinity
purification using antibodies raised against the carboxyl terminal peptide. It was,
however, decided not to use this means o f purification for minK expressed in E. coli but
rather for recombinant minK expressed in insect cells with the appropriate posttranslational modifications and not as a fiision.
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7.1

Introduction

The baculovirus/insect cell expression system is now widely used for the overexpression
o f proteins, particularly large and/or membrane bound proteins which are difficult to
express in other systems. In addition, this system is particularly applicable for the
expression o f mammalian proteins, in that insect cells possess almost all o f the posttranslational processing machinery found in mammalian cells. This in effect ensures, that
in almost all cases, recombinant proteins are accurately targeted to their natural cellular
location, with structural integrity and full biological functionality. In this respect the
baculovirus/insect cell expression system represents an ideal system in which to
overexpress functional minK protein for structural analysis. Indeed, this system has
already been successfully employed to express functional Shaker

channels (Klaiber et

a l , 1990).

7.1.1

The baculovirus/insect cell expression system

The family Baculoviridae contains three subgroups o f virus that infect a range o f
arthropod hosts. O f the multiple nuclear polyhedrosis virus (MNPV) subgroup, the
Autographa ca lif arnica MNPV (/IcMNPV), which naturally infects the fall army-worm,
has been primarily targeted for exploition as a source o f expression vectors.
For M NPV viruses, replication occurs in the nucleus o f infected cells approximately 6
hours post-infection (h.p.i ). During the late phase o f infection (6-24 h.p.i.) progeny
virions are transported into the cytoplasm from where they bud from the cell and are free
to infect other cells. However, transmission between insects is facillitated by the
polyhedrin coat protein. In the nucleus, during the very late stage o f infection until cell
death (20-48

h.p.i ),

progeny virions are encapsulated by polyhedrin,

forming

characteristic intranuclear occlusion bodies. After the death and decomposition o f the
insect, the polyhedra are available for ingestion by other feeding insects. In the midgut o f
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the new host the polyhedrin dissolves in the alkaline conditions thereby releasing into the
lumen virion particles which are then to free to infect the midgut cells.
It is the ability o f baculoviruses to disseminate by two means, non-occluded viruses and
occluded viruses, within the insect cell population that permits their exploitation as
expression vectors. Propagation o f the virus in insect cell culture renders the polyhedrin
dispensible, therefore replacement o f the polyhedrin gene by a foreign gene results in
recombinant infectious virus that can both replicate and express recombinant protein
corresponding to its foreign gene, the latter being regulated by the strong polyhedrin
promoter. Under normal circumstances polyhedrin is expressed to 30% o f total cellular
protein during the late stage o f infection, which in theory is the value attainable for its
replacement gene product. Unfortunately, although certain proteins do express to very
high levels, sometimes equating to polyhedrin itself (Matsuura et a i , 1987), it is not
possible to predict the absolute level o f synthesis o f a particular protein p e r se prior to
expression.

7.1.2

A im s

The primary goal in expressing minK in insect cells using the baculovirus/insect cell
expression system is to obtain functional minK protein in sufficient quantities to enable
structural analysis by FT-IR and CD spectroscopy. Recombinant minK protein will be
purified from infected insect cells using immunoaffinity chromatography techniques.
In order to determine whether minK protein expressed in insect cells is functional,
electrophysiological recording o f minK channel activity is to be attempted. However,
when previously expressed using the baculovirus/insect cell expression system, minK
protein has failed to elicit minK channel’s characteristic potassium currents (Lesage et
al., 1993). The two most plausible explanations for this are that either minK protein was
not being accurately targeted to the plasma membrane or minK protein required
additional factor(s) not present in the infected insect cells to form the functional minK
channel. To determine whether minK protein is targeted to the plasma membrane
immunocytochemical techniques using serum containing antibodies specific to the
carboxyl terminal region are to be employed.
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7.2
7.2.1

M aterials & m ethods
The baculovirus/insect cell expression system

The AcMNPV genome is a double-stranded circular D NA molecule o f 128kb. The size
o f the viral DNA makes it difficult to manipulate directly, so recombinant baculovirus
expression vectors are constructed in two steps. The target gene is first cloned into a
modified polyhedrin locus contained in a relatively small transfer vector for propagation
only in E. coll. The viral segment cloned into transfer vectors contain the entire
polyhedrin locus minus the polyhedrin coding sequence which has been replaced by a
multicloning region containing unique endonuclease sites. The target gene is inserted into
the multicloning site between the polyhedrin promoter and polyadenylation signals. In the
second step, the modified transfer vector and a viral expression vector are cotransfected
into Spodoptera frugiperda {SJ) insect cells. A double recombination between viral
sequences flanking the target gene in the transfer vector and the corresponding
sequences in the viral D NA transfer the target gene to the viral genome.

7.2.2

Clontech BacPAK^^^ system

The baculovirus/insect cell expression system, Clontech BacPAK™, chosen to express
minK protein features a specially engineered virus, BacPAK6, which greatly facilitates
the construction and selection o f recombinant expression vectors. BacPAKô makes use
o f an essential gene adjacent to the polyhedrin locus to provide a selection for
recombinant viruses (Kitts & Possee, 1993). Sites for Bsu36 1, an endonuclease that
does not cut wild-type AcMNPV DNA, have been introduced into genes flanking the
polyhedrin expression locus o f BacPAKô. Digestion o f BacPAKô viral D N A with Bsu36
I releases two small fragments, one o f which carries part o f the downstream gene, ORF
1Ô29, which is essential for viral replication (Possee et al., 1991). If the large D NA
fragment recircularises by itself, the resulting viral D NA lacks an indispensable part o f
the genome and cannot give rise to viable viruses. If however, the large fragment
recombines with a transfer vector carrying the missing sequences, the resulting circular
viral D NA will contain all the genes necessary for viral replication and can produce
viable viruses. The same double recombination event that restores the integrity to the
essential gene concomitantly transfers the target gene from the transfer vector to the viral

223

Recombinant minK Protein Expressed in . ^ 1 Insect Cells

genome. This salvaging double recombination event is illustrated in Figure 7.1.
Cotransfections using Bsu36 1-digested BacPAK viral D NA produce recombinant
viruses at frequencies approaching 100%.

7.2.3

Subcloning o f m in K cDNA into the vector pB a cP A K 8

M inK cDNA was excised from pUC

19 by endonuclease treatment with the

endonucleases Bam HI and Eco R1 (Section 5.2.24). The D N A from the cleavage
reaction was electrophoresed (Section 5.2.8) and the band running at 418 base pairs,
corresponding to the minK gene, purified (Section 5.2.9). In parallel, the transfer vector
pBacPAK 8 was linearised with the same two enzymes. Bam HI and E co R l. The D NA
was electrophoresed (Section 5.2.8) and the band at approximately 4500 base pairs,
corresponding to the linearised vector, excised and purified (Section 5.2.9). The
endonucleases chosen to cut out the minK gene and cleave open the vector, digest the
DNAs so as to leave compatable “sticky ends”, ensuring that the minK cDNA can only
be inserted into the vector in the correct orientation for accurate transcription o f minK
gene. MinK cDNA and vector D N A were ligated (Section 5.2.17) and transformed into
E. coli (Section 5.2.22). Individual transformed colonies were cultured and the
recombinant vector D NA isolated (Section 5.2.23). Endonuclease analysis o f the
recombinant vector was performed using Bam HI and Eco R I, in order to verify the
successful ligation o f m inK into the pBacPAK 8 vector.
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Figure 7.1: Transfer o f the target gene to the baculovirus expression vector by forced
recombination between the transfer vector and the novel BacPAKô viral DNA.
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7.2.4

Insect C ells

Insect cell culture

7.2.4.1 Establishing the S/2J cell line
Initially, 5ml o f complete TC 100 medium (Sigma) containing 10% (v/v) foetal calf
serum (TC 100/FCS) was warmed in a 25cm^ flask to 27®C. Meanwhile, a vial o f S f l\
insect cells in TNM-FH/10% (v/v) PC S/10% dimethyl sulphoxide (DM SO) was removed
from storage in liquid nitrogen and thawed rapidly with gentle agitation in a 37®C
waterbath. The outside o f the vial was decontaminated by immersing in 70% (v/v)
ethanol. The cells were transferred to the prepared flask and incubated at 27®C for 2
hours allowing healthy cells to attach to the flask. The media was then replaced with 5ml
o f fresh TC 100/FCS media and incubated at 27®C for 6 days until the cells formed a
near-confluent monolayer.

7.2.4.2 Subculture o f S/21 monolayers
The cell monolayers were first examined under an inverted microscope to check that the
cells were healthy and ready for passaging. The morphology o f healthy cells appeared to
be nicely rounded but not granular. The old medium was removed together with any
floating cells from the 25cm^ and replaced with 5ml o f prewarmed TC 100/FCS. The cells
were gently resuspended by tapping the side o f the flask 5-10 times and rapidly pipetting
the medium across the monolayer, avoiding excessive foaming. The cells were
transferred to a 175cm^ flask containing 45ml o f prewarmed TC 100/FCS, incubated at
27®C for 4 days until the cells formed a just-confluent monolayer. The old medium was
once again removed, and replaced with 10ml o f fresh TC 100/FCS which was used to
resuspend the cells as described above. Cell viability was checked by adding 0.1ml o f
tryptan blue (0.4% stock, pH 7.3) to 1ml o f cells and examining them under a
microscope. The cells that took up the tryptan blue were considered non-viable. A
viability o f greater than 95% indicated healthy log-phase cells. The remaining 9ml o f
suspended cells were added in equal quantity to five 175cm^ flasks each containing 45ml
o f prewarmed TC 100/FCS and incubated at 27®C for 3-4 days upon which the cells had
again reached near confluency and were split once more.
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7.2.4.3 Storage o f insect cells in liquid nitrogen
Cells growing in a 175cm^ flask were allowed to reach 80% confluency. The medium
was replaced with 5ml o f prewarmed fresh TCIOO/FCS and resuspended as described in
Section 7.2.4.2. The cells were observed for viability (95% minimum) and counted,
enabling the cell density to be adjusted to 4 x 10^ cells/ml with TCIOO/FCS. The cell
suspension was chilled on ice before being diluted with an equal volume o f fresh
TCIOO/FCS containing 20% DMSO at 4®C. The diluted suspension was then dispensed
in 1ml aliquots into cryogenic vials. The cells were frozen slowly by placing the vials at 2 (fC for 1 hour and then at -70®C overnight. Finally, the cells were stored in liquid
nitrogen.

7.2.4.4

Thawing o f insect cells

This procedure was carried out as described in Section 7.2.4.1.

7.2.5

Construction o f recom binant viral expression vector

7.2.5.1

Generating a recombinant virus

This process involved the co-transfection into S f l\ cells o f the transfer vector pBacPAK
8 containing the minK cDNA, along with Bsu 361-digested BacPAK viral DNA. In vivo
homologous recombination between the vector and the viral D N A s rescues the viral
DNA, and in the same event transfers the target gene to the viral genome.
An aliquot o f exponentially growing S f l\ cells was removed and diluted with prewarmed
TCIOO/FCS to make a 6ml suspension at a concentration o f 7 x 10^ cells/ml. To two
35mm tissue culture dishes, 1.5ml o f cell suspension was added to each. The cells were
incubated overnight at 27®C in a plastic storage box with a moist paper towel. The
medium was removed from the cells and replaced with 2ml o f TCIOO/FCS and incubated
at room temperature for 30 minutes while the Lipofectin-DNA complexes were
prepared.
Recombinant vector D N A was diluted to lOOng/ml in sterile water. The concentration
was determined by measuring the absorbance o f D N A sample diluted 1:1000 in water at
280nm using a Beckman DU 650 spectrophotometer. An absorbance reading o f 1 is
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equivalent to 50|,tg/ml o f double stranded D NA (Sambrook et a i , 1989), and using the
following equation the concentration was calculated.

Concentration (|.ig/ml)

=

A 260 x 50

Two polystyrene tubes were labelled “experimental” and “negative control”. To the
experimental tube, 40pl o f sterile water, 5pi o f vector D N A and 5pi o f BacPAKô viral
D N A were added. To the negative control tube, 45pi and 5pl o f BacPAKô viral DNA
were added. Lipofectin solution (50pl) was added to each tube and the solutions mixed
by gentle flicking o f the tubes. Lipofectin-DNA complexes were formed during a 15
minute incubation period.
From the cell monolayers the old medium was removed and replaced with 1.5ml
TCIOO/FCS. The Lipofectin-DNA complexes were added dropwise to the medium while
the dishes were gently swirled ensuring thorough mixing. The dishes were incubated at
27®C for 5 hours before an additional 1.5ml o f TCIOO/FCS was added. The dishes were
incubated at 27^C for a further Ô0-72 hours after which the medium, containing the
viruses produced by the transfected cells, was transfered to a sterile container and stored
at 4°C.

7.2.5.2 Isolation o f recombinant viruses
M ost o f the viruses in the cotransfection supernatent will be recombinant. However such
a stock will contain a mixture o f viruses and its composition may change with repeated
passage resulting in altered expression. A pure clone o f a recombinant virus was obtained
by diluting the cotransfection supernatent containing progeny viruses and performing a
plaque assay to produce individual plaques.
Fourteen 35mm dishes were seeded with 1 x 10^ *^21 insect cells in 1.5ml TCIOO/FCS
and incubated overnight at 27®C. A serial dilution o f the cotransfection supernatent was
performed to give final dilutions o f 10 % 10'^ and 10'^. In parallel, a positive control was
set up consisting o f BacPAK virus stock diluted to 10'^ (produces approximately 20-30
plaques). The dishes prepared above were checked to ensure an even monolayer o f
approximately 50% confluency and the medium aspirated from the cells. Four dishes
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(each) were infected with the 10 % 10'^ and 10'^ dilutions o f the cotransfection
supernatant by the gentle addition o f lOOpl o f the appropriate virus inoculum to the
centre o f the dish. For the controls, one dish was infected with lOOpl o f the BacPAK
virus dilution, and to the remaining dish lOOp.1 o f dilution medium was added. The dishes
were incubated for 1 hour at room temperature to allow the virus to infect the cells.
Meanwhile, 20ml o f 2% (w/v) low melting point agarose in sterile water was melted and
cooled to 37®C. Also 20ml o f TCIOO/FCS was prewarmed to 37^C after which it was
added to the agarose. The virus inoculum was aspirated from the cells and immediately
2ml o f the agarose/TC 100/FCS added to the edge o f each dish, ensuring even spreading.
Once the agarose overlay had set the dishes were placed in a moist storage box at 27®C
for 5-6 days. Plaques appeared as clear, circular areas o f approximately l-2mm in
diameter. Plaques were picked from the dishes by pushing the tip o f a sterile Pasteur
pipette through the agarose overlay into the plaque and gently sucking the plug o f
agarose into the pipette tip. The agarose plug, termed a “plaque-pick”, was transferred to
a sterile eppendorf tube containing 0.5ml o f TCIOO/FCS. The tube was vortexed and
stored at 4®C overnight, by which time the viruses had diffused out o f the agarose plug.

7.2.6

Virus propagation an d evaluation

7.2.6.1

Preparation o f Passage One virus stock

This step allowed amplification o f the virus in the plaque-pick (Section 1 .2 .5 2 ). Firstly,
for each plaque-pick, a 35mm dish was seeded with 5 x 10^ S f l\ cells in 2ml o f
TCIOO/FCS and incubated for 3 hours. The medium was removed from the cells and
100|.il o f the plaque-pick pipetted onto the centre o f the dish. As controls, one dish was
plated with lOOpl o f TCIOO/FCS and another with lOOpl o f a 10*"^ dilution o f the
BacPAKô virus stock. The dishes were incubated at room temperature for 1 hour after
which 2ml o f TCIOO/FCS was added. An incubation period o f 3-4 days at 27®C allowed
infection o f the cells to take place, the infected cells displaying a sausage-shaped
appearance. The medium was transfer to a sterile tube and centrifuged at 1000 x g for 5
minutes. The medium supernatent containing the viruses was stored at 4^C. This was
termed the Passage One virus stock.
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1.1.6.1 Evaluation o f recombinant viruses
The screening method chosen to confirm that plaques picked from the cotransfection
contained a recombinant baculovirus was Western blotting.
After removing the medium from the virus-infected cell cultures in Section 7.6.2.1, 1ml
o f PBS (140mM NaCl, 2.7mM KCl, lOmM Na 2HP 0 4 , l.Sm M KH 2PO 4, pH 7.4) was
added to each dish and the cells scraped into the buffer. The cells were pelleted at 1000 x
g for 1 minute and the supernatent removed. The cell were gently resuspended in 50pl o f
PBS and 15pl o f SDS-PAGE sample buffer and heated to 100®C for 5 minutes. The
denatured proteins were run on an 18% slab gel and SDS PAGE performed as described
in Section 5.2.28. Western blot analysis was carried out as described in Section 5.2.29,
using antiCTR (1:3000) as the primary antibody layer and

goat anti-rabbit IgG

conjugated to alkaline phosphatase (l:2000)(BioR ad) as the secondary antibody layer.
Non-infected insect cells were prepared in parallel providing a negative control.

7.2.7

S torage an d am plification o f recom binant viruses

7.2.7.1

Storage

Following confirmation that one o f the plaques picked contained recombinant virus
possessing the minK cDNA, 1ml o f the Passage One stock was transferred to -70®C for
long-term storage.

1.1.1.1 Amplification o f recombinant viruses
The cell monolayer was grown in a 75cm^ flask to 80% confluency.

Following the

removal o f the medium, 1ml o f Passage One virus stock was gently added and the flask
incubated at room temperature for 1 hour. The virus stock was removed and replaced by
15ml o f TCIOO/FCS. The cells were incubated at 27®C for 6 days until the cells were
well-infected. The medium was transferred to a sterile tube and centrifuged at 1000 x g
for 5 minutes. The supernatent medium was aliquoted into fresh sterile tubes and stored
at 4®C. This was termed the Passage Two virus stock.
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Insect Cells

D eterm ination o f titre o f Passage Two virus stock

The titre o f the Passage Two stock was determined using the plaque assay method
(Section 1 .2 .5 2 ). The Passage Two stock was diluted to 10'\ 10'^ and 10'^ and used to
infect 3 dishes o f cells for each virus dilution. The plaque assay procedure was followed
and after the appropriate incubation time the number o f plaques on each plate were
counted allowing the virus titre to be calculated using the following equation

Plaque forming units (pfti) = (no. o f plaques) x (vol. o f inoculum) x (dilution factor)

7.2.9

Large-scale m in K protein production

For large-scale protein production, the initial objective was to infect all the cells
synchronously. To achieve simultaneous infection a high ratio o f virus particle to insect
cell, or multiplicity o f infection (M.O.I.), was required. The M.O.I. o f the Passage Two
virus stock was calculated directly from the pfu. Passage Two virus stock, at a M.O.I. o f
between 5-10, was used to infect monolayers in 175cm^ flasks for 1 hour before removal.
The insect cells were incubated at 27®C in TCIOO/FCS for 40-60 hours, upon which time
over 90% o f cells appeared infected. The medium was removed and the cells
resuspended in 10ml o f ice cold PBS per 175cm^ flask. The cells were centrifuged at
1000 X g for 5 minutes and resuspended in 1ml o f ice cold PBS. The cells were used,
initially to determine the presence o f minK protein by Western blot analysis, and in
subsequent

infections,

for

either

immunocytochemical

analysis,

cell

membranes

purification or purification o f minK protein.

7.2.11

Preparation o f cells f o r Western blot analysis

Equal aliquots (lOpl) o f infected and non-infected insect cells prepared as described in
Section 7.2.9, were made upto 40pl with PBS. To each sample, lOpl o f SDS PAGE gel
loading buffer was added. The samples were boiled for 5 minutes and loaded onto a 18%
SDS polyacrylamide gel. The gel was run as described in Section 5.2.28, and Western
blotting performed, using antiCTR (1:3000), as described in Section 5.2.29.
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7.2.12

Im m unocytochem istry

S f l\ insect cells were infected and harvested as described in Section 7.2.9. In parallel, an
equal concentration o f insect cells was grown and harvested. 200|il o f the cell
suspensions, both the control and infected cells, were pipetted onto microscope slides
and allowed to dry in the air currents o f a laminar flow cabinet. The cells were fixed in
acetone for 10 minutes and again allowed to dry in the cabinet. This procedure not only
fixes the cells, but permeabilises the cell membrane, permitting access o f antibodies to the
cell interior. The slides, onto which the cells were fixed, were washed 3 times for 10
minutes each in a bath o f 50mM HEPES buffer pH 7.4. The cells were subsequently
blocked with 5% (v/v) swine serum in 50 mM HEPES buffer for 30 minutes, and washed
as before. The cells were incubated with antiCTR, at 1:200 and 1:500 dilutions in 1%
(v/v) swine serum in 50mM HEPES buffer for 60 minutes in a humid chamber and
washed as above in PBS pH 7.4 buffer. The secondary antibody, swine anti-rabbit IgG
conjugated to fluorescein isothiocyanate isomer (FITC), at 1:80 dilution in 1% swine
serum in PBS was applied to the cells for 60 minutes in the humid chamber. The cells
were again washed thoroughly in PBS and the slides mounted using Citifluor (Citifluor,
London) and sealed with D.P.X. All incubations and washes were performed at room
temperature. The slides could be stored at -20°C for upto 3 days. The cells were
examined using a confocal laser scanning microscope. Assistance was very kindly
provided by Dr Chris Thrasivoulou.

7.2.13

Electrophysiology

All electrophysiological experimentations were very kindly performed by Dr. Alistair
Mathie o f the Department o f Pharmacology.

7.2.13.1 Recording solutions
The external solution was 120mM NaCl, 2.5mM KCl, 0.5mM CaCb, 2mM MgCb,
lOmM HEPES, 5mM glucose, adjusted to pH 7.4 with NaOH. The internal solution was
125mM KCl, 5mM MgCb, 5mM HEPES, O.lmM BAPTA, adjusted to pH 7.4 with
KOH. Stock solutions o f clofilium tosylate (5mM, Research Biochemicals Inc.) were
made up in distilled water and kept at -20®C until use.
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7.2.13.2 Electrophysj o logical recordings and analysis
Currents were recorded in the whole-cell configuration o f the patch-clamp techniques at
20-23°C using an Axopatch ID amplifier. Patch pipettes had resistances between 2 and 5
MQ. During whole-cell recordings, series resistance was 13.5 ± I.IM Q in control cells
(n=15) and 16.5 ± 0.9M Q in infected cells (n=19), while whole-cell capacitance was
23.5 ± 2.1pF in control cells (n=17) and 21.6 ± 1.9pF in infected cells (n=19).
Currents were low-pass filtered at 2kHz and digitised, recorded and analysed using an
IBM compatible p.c., with a Digidata 1200 interface (Axon Instruments) and pClamp
(Axon Instruments), Excel (Microsoft) and Origin (Microcal Inc.) software. All data are
expressed as mean ± SEM and n is the number o f cells.

7.2.14

Preparation o f m em branes fr o m infected Sf21 insect cells

Infected insect cells from five 175cm^ flasks, prepared as described in Section 7.2.9,
were resuspended by tapping the side o f the flask 10 times and rapidly pipetting the
medium across the monolayer. The suspension was transferred to 50ml centifuge tubes
and the cells harvested at 1000 x g for 5 minutes. The medium supernatent was removed
and the cells resuspended into 50ml o f ice cold PBS pH 7.4. The centrifugation step was
repeated and the PBS supernatent removed. The cells were resuspended in 20ml o f ice
cold PBS buffer containing ImM o f the protease inhibitor PefaBloc. All subsequent
manipulations were performed at 4®C. The clumps o f cells were broken up by drawing
the suspension through a 21 gauge needle approximately 10 times. The cells were then
disrupted by sonication using a MSE sonicator (model 1-73) fitted with a 10mm probe,
at medium power and amplitude 5 (meter reading 10 microns), using a regime o f 5
seconds on and 5 seconds o ff for a total sonication time o f 30 seconds. This procedure
was performed in a 50ml Greiner centrifuge tube, kept cold in a 200ml beaker o f ice
water. The broken cells were transferred to a 50ml Sorvall (Du Pont) tube, topped up
with PBS buffer containing PefaBloc, and centrifuged at 18,000 x g for 20 minutes at
4^C. The pellet was resuspended in 11ml o f PBS buffer containing PefaBloc by drawing
through a 19 gauge needle attached to a 10ml syringe until homogeneous. The
homogenate was gently mixed with 7ml o f Percoll by invertion. The mixture was
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transferred to two 10ml plastic Sorvall tubes and centrifuged at 18,000 x g for 1 hour at
4°C, using a Sorvall SS34 rotor. Following this centrifugation step, a band o f
membranes, that formed at about 1.5 cm from the top o f the tube, was carefully removed
using a pastette. The Percoll was removed from the membrane fraction by diluting the
sample with 40ml o f PBS containing Pefabloc, followed by centrifugation at 18,000 x g
for 20 minutes at 4^C. The supernatent was removed and the procedure repeated twice
more. Finally, the pellet was resuspended in 2ml o f PBS containing Pefabloc using a 5ml
syringe and a 19 gauge needle. Samples o f the membranes were taken for protein
estimation by Bradford assay (BioRad, UK) prior to storage at -70®C.

7.2.15

D eglycosylation o f S/21 insect cell m em branes

Briefly, 6p.l (20pg) o f membrane material prepared as descrided in Section 7.2.14 was
added to two tubes, labelled experimental and control. To the experimental tube, 10|il o f
neur aminidase (0.5U/|_il) (Boeringer) was added, while 10|al o f sterile water was added
to the control tube. Enzyme treated sample and control sample were incubated in 30ml
o f 50mM NaAc pH 5.5 overnight at 25®C. From each tube, 20|al o f sample was
transferred to 2 fresh tubes, the remaining sample being stored at 4®C. To each tube,
20|il o f lOOmM sodium phosphate buffer pH 7.4, 20mM EOT A, 2% Triton X-100 and
0.28 P-mercaptoethanol was added. Finally, 5pi o f endoglycosidase F / TV^-glycosidase F
(3U /140pl o f each enzyme) was added to the experimental sample and 5pi o f sterile
water to the control. The samples were incubated at 37®C for 7 hours. Western blot
analysis (Section 5.2.29) was performed, using antiCTR, to determine whether
deglycosylation o f minK protein had taken place.

7.2.16

L arge scale purification o f recom binant m in K protein

Infected insect cells (48hrs post-infection) from eight 175cm^ flasks were harvested by
centrifugation at 1000 x g, washed in ice cold PBS, pH 7.4 containing ImM PefaBloc
and respun under the same conditions. The cells were resuspended in 6ml o f the above
buffer containing both the protease inhibitor and 2% Triton X-100. The cells were
homogenised using a motorised glass homogeniser and rolled in a 50ml Greiner tube on a
Denley

Spiramix 5 at 4®C overnight.

The insoluble material was pelleted by
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centrifugation at 100,000 x g for 1 hour at 4^C and the soluble fraction pipetted into a
fresh tube and stored at -70°C until required.

7.2.17

Preparation o f A ffi-G el H z im m unoaffinity colum n

7.2.17.1 Immunoprécipitation o f IgGs from rabbit antiserum
To 20ml o f antiCTR, sodium sulphate was added to 18% (w/v) saturation to precipitate
the gamma-globulin fraction. The precipitate was pelleted at 2,500 x g for 10 minutes at
room temperature and the supernatent removed. The precipitate was resuspended and
repelleted twice more in 18% (w/v) sodium sulphate before being resuspended in 3ml o f
coupling buffer (lOOmM NaAc, ISOmM NaCl, pH 5.5).

7.2.17.2 Oxidation o f IgG with sodium periodate
A stock solution o f sodium periodate was made up consisting o f 25mg/1.2ml o f distilled,
de-ionised water. To the purified IgGs, 0.12ml o f stock solution was added. The IgG
oxidation was performed in a polypropylene container covered with foil for 1 hour at
room temperature. Extensive dialysis over 2 days against coupling buffer (lOOmM NaAc,
150mM NaCl, pH 5.5) (5 buffer changes) removed the sodium iodate from the IgG
sample.

7.2.17.3 Coupling o f oxidised IgG to A ffi-G el Hz (hydrazide) resin
The hydrazide resin was supplied in isopropanol, which prior to coupling was washed
away with excess coupling buffer (lOOmM NaAc, 150mM NaCl, pH 5.5). To 4ml o f
resin matrix, 40mg o f oxidised IgG at a concentration o f 7.5mg/ml was added. Coupling
took place over 24 hours at room temperature with the use o f a Denley Spiramix 5 to
maintain the resin in suspension in a 1x10cm liquid chromatography colum. Following
the coupling, reaction the unbound IgG was eluted from the gel. The hydrazide resin was
washed extensively with PBS buffer pH 7.4 and finally with PBS buffer containing
0.02% sodium azide permitting prolonged storage o f the column at 4®C. Prior to use the
column was washed with 10 column volumes o f PBS buffer to remove all traces o f the
sodium azide.
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7.2.18

B inding o f recom binant m inK protein to A ffi-G el H z (hydrazide) resin

The soluble fraction o f the insect cells prepared in Section 7.2.16 and stored at -70”C
was thawed on ice and added to the hydrazide resin prepared in Sections 7.2.17.3 in a
1x10cm liquid chromatography column. The column was rolled on a Spiramix during an
overnight incubation at 4®C, thereby maintaining the resin in a suspension to facilitate
binding. Following the binding incubation, the resin was allowed to settle and the
unbound material subsequently eluted from the column. The resin was washed
thoroughly with PBS containing ImM PefaBloc and lOmM CHAPS. The removal from
the resin o f all non-specifically bound protein and the Triton X -100 was monitored by
measuring the absorbance o f the eluted wash solution over 260-290nm.
Western blot analysis (Section 5.2.29) using antiCTR was performed on 5pi samples o f
the insect cells along different stages o f the purification procedure: homogenised fraction
(Section 7.2.16), the soluble fraction following centrifugation at 100,000 x g (Section
7.2.16), and the unbound eluate.

7.2.19

E lution o f m in K fr o m A ffi-G el H z (hydrazide) resin

To determine the optimal elution conditions o f minK from the immunoaffinity column,
eight potential elution buffers were applied. This involved removing small aliquots o f
resin (130-150mg) from the column and adding to each aliquot a different elution buffer
(130-150pl). The acidic elution buffers applied to the resin were O.IM glycine pH 2.5;
O.IM acetic acid pH 2.8; 0.15M acetic acid, 0.15M NaCl pH 2.5. The high salt elution
buffers applied were 5M KI; 3M MgCb. The basic elution buffers were IM NH4OH;
0.002M diethanolamine , 0.5% Tween 20 pH 11. Furthermore, IM sodium thiocynate
pH 7.6 was also applied to the resin. All elution buffers also contained lOmM CHAPS.
The samples were mixed and incubated at room temperature for 2 hours. The eluates
(lOOpl) were carefully pipetted away from the resin and dialysed overnight against PBS
containing lOmM CHAPS. The samples (50pl) were each added to 20pl o f SDS PAGE
loading buffer for Western blot analysis (Section 5.2.29).
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7.2.20

Western hlot analysis

Previous attempts to elute the minK protein had resulted in leaching o f antibody from the
the hydrazide resin confusing Western blot analysis (results not shown). In order to
combat this problem, a strategy was devised to initially block antibodies potentially
leached from the column before the application o f the primary antibody to the blot. This
involved incubating the blot with anti-rabbit goat IgG conjugated to biotin at a sufficient
concentration (1:500) to block all antibodies transferred to the blot. The Western blot
procedure was then continued as described in Section 5.2.29, with the subsequent
application o f first the primary antibody layer (antiCTR), then the secondary antibody
layer (anti-rabbit goat IgG conjugated to alkaline phosphatase), followed by the alkaline
phosphatase reaction to identify eluted minK protein.
To observe the leached antibodies, the blot was first incubated for 1 hour with lOmls o f
antibody binding buffer containing Vectastain Reagents A and B (10),il o f each) (Vector
Laboratories, Peterborough). The blot was subsequently given three 10 minutes washes
with PBS pH 7.4. The leached antibodies were detected using 3,3-diaminobenzidine
(DAB) hydrogen peroxidase developing tablets (Sigma).
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7.3

Results

7.3.1

Subcloning o f the m inK gene into the pB acP A K 8 vector

Endonuclease analysis followed by agarose gel electrophoresis (Figure 7.2) demonstrate
the successful ligation o f the minK gene into pBacPAK 8. A band at 418 base pairs can
be observed in Lane 5, corresponding to minK excised from the vector D N A with the
endonucleases Bam HI and Eco R l .

7.3.2

Western blot analysis o f cells infected with recom binant virus an d noninfected insect cells

Figure 7.3 shows a Western blot o f infected and non-infected insect cells using antiCTR
as the primary antibody layer. The absence o f bands in Lane 2, corresponding to noninfected insect cells, indicates that the insect cells contain no proteins specific to
antiCTR. However, three bands at 17, 22 and 25kDa are present in Lane 1,
corresponding to infected insect cells, indicating three different forms o f minK protein.

7.3.3

A nalysis o f glycosylation states o f recom binant m in K protein

Figure 7.4 shows a Western blot o f infected insect cell membranes following different
deglycosylating treatments. Lane 1 is o f the cell membranes prior to treatment, while
Lane 5 represents the control sample. Lane 4 indicates that treatment with neuraminidase
has no effect on the glycosylation states o f recombinant minK protein. Lanes 2 and 3
correspond to minK protein following incubation with the deglycosylating enzymes
endoglycosidase F and A-glycosidase F. The absence o f bands at 25kDa indicates that
this form o f minK has been deglycosylated. The reduced intensity o f the bands at 22kDa
is indicative o f deglycosylation o f some but not all minK protein molecules in this
deglycosylated

form.

Previous

blots,

using

fresh

enzymes

have

shown

total

deglycosylation o f both glycosylated forms o f minK protein. The continued presence o f a
band with an apparent molecular mass o f 17kDa indicates that this band represents
unglycosylated minK protein.
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Figure 7.2: Agarose gel electrophoresis o f endonuclease digestion analysis of
pBacPAK 8/minK cDNA.
Lane 1) Kilobase marker DNA. Lane 2) Uncut pBacPAK 8/minK cDNA.
Lane 3) pBacPAK 8/minK cDNA - Bam HI. Lane 4) pBacPAK 8/minK cDNA Eco RL Lane 5) pBacPAK 8/minK cDNA - Bam HI & Eco Rl.

Lane

60 k D a -

42kD a30kDa—
22kD a17k D a6kDa 4kDa —

Figure 7.3: Western blot analysis o f control S fl\ cells and S f l\ insect cells 48 hours
post-infection expressing recombinant minK protein.
The primary antibody layer was antiCTR at a dilution o f 1;3000.
Lane X) Control S fl\ insect cells. Lane I) S fl\ insect cell 48 hours post-infection
recombinant virus.
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Lane

66kDa46kDa30kDa22kDaISkDa-

Figure 7.4: Western blot analysis o f the glycosylation status o f recombinant minK
protein expressed in ^ 1 insect cells 48 hours post-infection.
The primary antibody layer was antiCTR at a dilution o f 1:3000.
Lane 1) Untreated S fl\ membranes. Lane y) S fl\ membranes incubated in
deglycosylation buffers but in the absence o f enzymes. Lane
S fl\ membranes treated
with neuraminidase. Lane 3 ^ 1 membranes treated with endoglycosidase F &
A^-glycosidase F. Lane l) S fl\ membranes treated with neuraminidase and
endoglycosidase F & A^-glycosidase F.

240

Recombinant minK Protein Expressed in . ^ 1 Insect Cells

7.3.4

Cellular location o f m in K protein in infected insect cells

The cellular location o f minK protein in infected insect cells was studied using
immunocytochemical and confocal microscopy techniques (section 7.2.12), the results o f
which are shown in Figure 7.5. N o fluorescence under UV light is observed for the three
control conditions, namely, non-infected insect cells applied with secondary antibody
only, non-infected insect cell applied with both primary and secondary antibodies, and
infected insect cells applied with secondary antibody only. These results demonstrate that
proteins endogenous to the insect cells have no affinity for either antiCTR or the
secondary antibody layer. However, under the experimental conditions involving the
application o f both antiCTR and secondary antibodies to infected insect cells (48 hours
post-infection) intense flourescence is observed around the outline o f the cell indicating
clearly that minK protein is located in the cell plasma membrane.
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|B

F igure 7.5: Confocal microscopy o f 48 hour post-infected S f l\ insect cells and control
insect cells following immunofluoroscent labelling.
The primary antibody layer was antiCTR (1:200). The secondary antibody was swine
anti-rabbitt IgG conjugated to FITC (1:80).
A) Infected *ÿ21 cells
primary and secondary antibody layers
B) Infected S fl\ cells
secondary antibody layer only
C) Control ^ I cells
primary and secondary antibody layers
D) Control ^ 2 1
cells
secondary antibody layer only
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7.3.5

Electrophysiology

Whole-cell electrophysiology recordings were made from control S f l\ insect cells or
cells that had been infected with recombinant virus for 48 hours. Slowly activating
outward currents were evoked by depolarising steps o f 15s duration to a test potential o f
between -30 and +80mV following a 3s prepulse to -80mV from a holding potential o f
-70mV once every 85s.
An example o f the current activated by a step to +50mV in infected insect cells is shown
in Figure 7.6 and an example o f a family o f currents evoked by stepping to potential
between -30 and +80mV is shown in Figure 7.7. Figure 7.7 also shows a plot o f the
current-voltage relationship for the time-dependent current. The time-dependent current
was measured as the difference between the current 14.8 seconds after the step to
+50mV (“2” on Figures 7.6 & 7.7) and that 0.8 seconds after the step (“ 1” on Figures
7.6 & 7.7).
A slowly activating outward current was evoked in 12 out o f 21 infected cells (57%) but,
surprisingly also in 9 out o f 18 control cells (50%) at potentials above OmV (Figure 7.8).
At +50mV, the difference between the current at the end o f the test step and that at the
beginning o f the step was 173 ± 50pA (7.7pA/pF) in infected cells and 162 ± 33pA
(6.2pA/pF) in control cells (n =9) (Figure 7.9). This current was unaffected by 50|iM
clofilium in either control or infected cells (n=3) (Figure 7.9).
These results indicate that the minK-like current activity is unaffected by the minK
channel blocker clofilium and is present in both control and infected insect cells.
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+50 mV
-70 mV
— -100 mV

500 pA
5 sec

Time-dependent current = 2 - 1

Figure 7.6: An example o f a minK-like current in infected S f l \ insect cells
The current was evoked by steppng to a test potential o f +50m V for 15 seconds
following a prepulse for 3 seconds to -80mV from a holding potential o f -70mV. The
“time-dependent” current was defined as the difference between the current measured
14.8 seconds after the test step “2” and that 0.8 seconds after the test step “ 1”. The
dashed line is the zero current level.
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+80 mV
-70 mV

-100 mV

500 pA
5 sec

Time-dependent current ( 2- 1 )
1000 800600-

Q.

400

200 -40
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V(mV)

Figure 7.7: A family o f minK-like currents in infected Sfî.\ cells.
The top records show a family o f currents evoked by the same voltage protocol as
Figure 7.6 except that the test potential was changed from -30 to +80m V in lOmV
increments. Currents were evoked once every 85seconds. The time-dependent current
was measured as for Figure 7.6. The dashed line is the zero current level. The lower
graph shows the current-voltage relationship for the time-dependent currents in the
upper panel.
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Figure 7.8: MinK-like currents in control and infected S f l\ cells.
The top half o f this figure shows the proportion o f the control and infected cells showing
minK-like current at +50mV following stimulation o f the cells with the voltage-protocol
shown in Figure 7.6. The lower half shows the amplitude o f the time-dependent current
at +50m V in control and infected cells where the current is present.

246

R ecom b in an t m in K Protein E xpressed in

Insect C ells

+50 mV
-70 mV
- -100 mV

Clofilium
Control

100
5 sec

Figure 7.9: MinK-like current is not blocked by clofilium.
Currents were evoked by the voltage protocol shown in Figure 7.6 in a control cell in the
absence and presence o f 50p.M clofilium. The dashed line shows the zero-current level.
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7.3.6

Purification o f m in K protein

7.3.6.1 Extraction and binding
The degree to which minK protein was extracted from the cell membrane using Triton
X-100 in the solubilisation procedure and the relative binding capability o f the prepared
hydrazide resin for minK were analysed by Western blot (Figure 7.10). The intensity o f
the bands in Lane 3 is greater than that o f Lane 2, demonstrating that the extraction
process o f minK from the insect cell membranes was only partially successful. The
absence o f any bands in Lane 1 indicate that the binding o f at least the majority o f the
minK protein applied to the prepared hydrazide resin was achieved.

7.3.6.2 Elution
The Western blot o f proteins eluted under different conditions from the prepared
hydrazide resin is shown in Figure 7.11. The minK protein is present in varying
quantities, observed at a molecular mass around 20kDa, following elution under the
following condition: O.IM glycine pH 2.5; O.IM acetic acid pH 2.8; 0.15M acetic acid,
O.IM NaCl pH 2.8; 5M KI; IM NH 4OH; and IM sodium thiocyanate pH 7.6. However,
under all the conditions that eluted the minK protein, antibodies seen at a molecular mass
o f approximately 53kDa corresponding to the heavy chains o f IgG, were leached from
the resin*. Furthermore, the relative proportions o f eluted minK protein to leached
antibodies under all the conditions, suggests that minK is only released from the resin
when attached to leached antibody. This implies that none o f these conditions facilitated
the release o f minK protein from the immunoaffinity resin.

' The IgG light chains were not observed on the blot, as prior to binding of minK to the resin, the resin
was unintentionally washed with a buffer containing DTT. These reducing conditions served to release
the light chains from the heavy chains which remained covalently bound to the resin via their
carbohydrate residues. The removal of the light chains did not affect the efficiency of binding of minK
protein to the IgG heavy chains.
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Lane
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Figure 7.10: Western blot analysis o f the preparative fractions o f infected S f l\ cells
containing minK protein pre- and post-binding to the immunoaffinity resion.
Lane 3) 48 hour post-infected .^21 cells homogenised in buffer containing 2%
Triton X-100 (Fraction 1). Lane 2) Supernatent o f Fraction 1 spun at 100,000 x g for 1
hour at 4®C (Fraction 2). Lane 1) Fraction 2 following incubation with the
immunoaffinity resin overnight at 4^C.
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Figure 7.11: Western blot analysis o f the proteins eluted from the immunoaffinity resin
under different conditions subsequent to the binding o f minK protein.
Following the blocking reaction the blot was incubated first with goat anti-rabbit IgG
conjugated to biotin (1:500). The blot was subsequently incubated with antiCTR
(1:3000) and goat anti-rabbit IgG conjugated to alkaline phosphatase (1:1000) followed
by the alkaline phosphatase reaction to identify eluted minK protein. The blot was then
incubated with Vectastain Reagents specific for biotin and conjugated to hydrogen
peroxide followed by hydrogen peroxide developing reagents to identify leached
antibody.
Lane 1) O.IM glycine pH 2.5. Lane 2) O.IM acetic acid pH 2.8. Lane3) 0 .15M acetic
acid, O.IM NaCl pH 2.8. Lane 4) 5M Kl. Lane 5) 3M MgC12 Lane 6) NH40H. Lane 7)
0.02 M diethanolamine, 0.5% Twetn 20 pH 11. Lane 8) IM sodium thiocyanate pH 7.6.
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7.4

Discussion

Western blot analysis provided the first evidence that the m w K gene had been
successfully integrated into the virus genome and that under the control o f the polyhedrin
promoter insect cells infected with recombinant virus D N A expressed recombinant minK
protein. The Western blot showed that three forms o f the protein were expressed.
Treatment o f purified membrane fractions o f the infected insect cells with neuraminidase,
endoglycosidase F and A-glycosidase F enabled the glycosylation status o f these forms o f
minK protein to be examined, indicating that the two heavier forms o f the protein
resulted from two different glycosylation states. The ineffectiveness o f neuraminidase
alone, suggested that the glycosylated forms do not possess A-acetylneuraminic acid
residues,

more

commonly

known

as

sialic

acid

residues,

and

consequently

deglycosylation by endoglycosidase F and W-glycosidase F probably portrays the
cleavage o f high mannose glycan chains from minK proteins. As to which o f these three
forms o f minK protein represents its native form remains unanswered. Expression o f
minK protein in oocytes also revealed two glycosylation states for the recombinant
protein and furthermore, an additional band at an apparent molecular mass o f 15kDa was
also observed (Takumi et al., 1991). Interestingly, this band was frequently, but not
uniformly, present on blots o f infected insect cells expressing minK (Figure 7.4). More
intriguingly this band is seen to disappear following the deglycosylating treatment, and
remains unexplained.
Immunocytochemical techniques coupled with confocal microscopy detected the location
o f recombinant minK protein to the plasma membrane, the expressed protein thereby
fulfilling one o f the necessary criteria for the protein to be functional. In addition, the
lack o f background fluorescence confirmed the high degree o f specificity o f antiCTR for
the recombinant minK protein, found when using Western blotting techniques.
Electrophysiological

recordings

of

infected

insect

cells

identifed

K^

currents

characteristic o f minK channel activity. However, these K^ currents were also present in
non-infected insect cells. Further analysis o f the currents in both the infected and non
infected insect cells revealed that they were not affected by the minK channel blocker
clofilium. These results indicate that the recombinant minK was not conferring minK
channel activity in infected insect cells. Furthermore, there is an endogenous minK-like
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potassium current in ^ 1

insect cells that does not possess the pharmacological

characteristics o f minK channel.
Two obvious explanations exist for the inability to record minK channel K^ currents in
infected insect cells. Firstly, the expressed recombinant protein, although successfully
targeted to the plasma membrane, is not functional, and secondly, that minK protein
alone is insufficient to form the functional minK channel and that additional requirements
are not present in S f l\ insect cells. To date, minK channel activity has only been
successfully recorded in two cell types expressing recombinant minK protein, Xenopus
oocytes (Takumi et a l , 1988) and Human Embryo Kidney cells (Freeman & Kass,
1993), suggesting that in these cell types, but not in other cell types in which attempts to
measure minK currents have failed (eg. CHO, C2C12, Jurkat), an additional factor is
present enabling the functional channel to form. Furthermore, a recent study has
provided the first direct evidence that an additional protein is required for functional
channel activity (Wang et al., 1996), indicating that the latter o f the two explanations for
the inability to record minK channel activity in infected insect cells is the more likely.

Immunoaffinity chromatography proved an ineffective means o f purifying recombinant
minK protein from the infected insect cells. Although the binding o f the protein to the
immunoaffinity resin was a highly efficient process, elution o f the protein from the resin
was not achieved. The resin chosen to couple IgG residues o f antisera containing
antibodies specific to the carboxyl terminal synthetic peptide was hydrazide activated.
The hydrazide functional group enabled the IgG’s to be immobilised onto the resin
through the carbohydrate moieties located on their Fc region, thereby orientating the
antibodies such that their specific binding regions were available to fulfil their maximum
binding potential. This system proved a very effective means o f binding the recombinant
protein.
In spite o f attempts using a wide range o f the most successfully used elution conditions,
minK protein was only removed from the resin in combination with antibody, and in
proportions suggesting that minK protein was not eluted from antibody, but rather that
the antibody to which minK protein was attached was leached from the resin. The cause
o f the leaching was unlikely to have been mechanical as not all the elution conditions.
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treated identically and simultaneously, leached antibody from the resin. Therefore the
probable cause was chemical leaching in which under the more severe conditions the
chemical link o f the resin spacer to hydrazide, hydrazide to carbohydrate, or
carbohydrate to Fc region o f the antibody, is severed. Leaching however, consisted o f
only a small fraction o f both the number o f antibodies and protein molecules bound. The
principle cause for the failure to elute minK protein is attributed to the high affinity o f
minK specific antibodies for the recombinant protein.

In summary, recombinant minK protein expressed in insect cells was localised in the cell
plasma membrane in three distinct glycosylation states, however minK channel’s
characteristic K^ currents could not be recorded in cells expressing minK protein,
suggesting that an additional protein is required for functional channel activity.
Furthermore, minK-like currents were recorded in both infected insect cells expressing
recombinant minK protein and non-infected insect cells. These currents did not possess
the pharmacological characteristics o f minK channel. Attempts to purify minK protein by
immunoaffinity chromatography were impeded by the high affinity o f the antibodies,
specific to synthetic peptide corresponding to the carboxyl terminal region o f minK, for
the recombinant minK protein.
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8.1

Introduction

MinK protein has been immunohistochemically demonstrated to be restrictly localised to
the apical membrane portion o f epithelial cells in the renal proximal tubule, the
submandibular duct, the uterine endometrium (Sugimoto et al., 1990) and the marginal
cells o f the cochlea (Sakagami et al., 1991). In addition to the these cell types, minK
protein has also been identified in ventricular myocytes and sino-atrial nodal cells from
which slow voltage-dependent K^ currents characteristic o f Lk have been recorded
(Freeman & Kass, 1993). Northern blot analysis has corroborated minK’s presence in
these tissues types and also shown it’s message to be expressed in the stomach,
duodenum and skeletal tissue (Takumi et al., 1988).
The renal proximal tubule, submandibular duct and small intestinal cells exhibit similar
morphology and share many functional properties (Junqueira et al., 1986), the epithelial
cells o f which, actively reabsorb Na^ and amino acids from lumenal fluid (Giebisch &
Aronson, 1987; Young & van Lennep, 1979; Sanford, 1992). In the submandibular duct,
K^ are permeated from epithelial cells to the lumen and K^ concentrations increase along
the duct (Young & van Lennep, 1979). Similarly, K^ secretion into the lumen was found
in proximal tubules (Giebisch & Aronson, 1987) and intestine (Sanford, 1992). All o f
these transports are thought to result from the asymmetrical distribution o f the transport
systems and to depend energetically on the electrochemical Na^ gradient which is driven
by the Na^, K^- ATPase pump located in the basolateral membrane o f epithelial cells
(Giebisch & Aronson, 1987; Schultz, 1986; Young & van Lennep, 1979). However,
despite secreting K^ into the tubule lumen, renal distal tubular cells do not express minK
protein, implying that the mechanisms underlying the K^ permeation in epithelial cells are
diversified (Giebisch & Aronson, 1987).
It will therefore be interesting to identify whether minK protein is expressed in epithelial
cells o f the small intestine and if so to determine the distribution o f the protein. To this
end, serum containing antibodies specific to synthetic peptide corresponding to the
carboxyl

terminal

region

of

minK

protein
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immunohistochemical study.

Furthermore, the extent to which membrane-bound

transporter proteins, such as the glucose transporter SGLTl, are expressed has been
shown to be influenced under diabetic conditions (Debnam et al., 1995). It will therefore
be intriguing to note the effect o f diabetes on minK protein expression in intestinal
tissues.
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8.2

M aterials & M ethods

8.2.1

Production o f antisera

The synthesis o f peptide corresponding to the 44 terminal amino acid residues o f the
carboxyl terminal o f minK protein was performed by Dr. Bala Ramesh and is described in
Section 4.2.1. The production o f antisera against the synthetic peptide, referred to as
antiCTR, is described in Chapter 5, Section 5.2.1.

8.2.2

Im m unohistochem istry

8.2.2.1 Preparation o f tissue sections
Fresh rat kidney, heart, jejunum, ileum, and jejunum and ileum from diabetic rat (Type 1
diabetes - using streptozotocin at 65mg/kg at approximately 2 months old), were glued
onto mounts with O.C.T. Compound and frozen on dry ice. Cryostat tissue sections
(lOpM ) were placed onto subbing slides coated with freshly made 0.1% polylysine, and
incubated at room temperature for 20 minutes. The sections were fixed using 4%
paraformaldehyde in PBS (140mM NaCl, 2.7mM KCl, lOmM Na2HP0 4 , 1.8mM
KH 2PO 4, pH 7.4) for 10 minutes. The fixed tissue sections were washed in two five
minute washes with PBS and subsequently dehydrated by submerging the sections in
70% industrial methylated spirits (IMS), 90% IMS, and 100% ethanol for 5 minutes in
each solvent. Endogenous peroxidase activity was blocked by incubation o f the sections
in 0.3% H 2O 2 in methanol for 30 minutes. The sections were rehydrated over 30 minutes
by submerging in 100% ethanol, 90% IMS, 70% IMS and PBS.

8.2.2.2 Immunoaffinity reactions
The sections were blocked with 10% (v/v) goat serum in PBS for one hour at room
temperature before incubation with the primary antibody layer, antiCTR diluted to 1:25,
1:50, 1:100, 1:200 and 1:400 in antibody binding buffer (1% goat serum in PBS), at 4®C
overnight. Prior to the addition o f the secondary antibody layer, goat anti-rabbit IgG
conjugated to biotin, diluted at 1:100 in antibody binding buffer, the sections were
washed in PBS ( 3 x 5 min). The secondary layer was applied for 1 hour at room
temperature followed by three 5 minute washes in PBS. The final layer complex was
prepared 30 minutes prior to application and consisted o f Vectastain reagents A and B,
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at a final concentration o f 1:200 for each, in Vectastain Dilutent. The sections were
incubated in this layer for 1 hour at room temperature followed by three 5 minute washes
in PBS.

5.2.2.3

Visualisation

Bound antibody was visualised by incubation for 10 seconds in the developing solution
which consisted o f 0.1ml o f diaminobenzidine (DAB) and 16 drops o f H 2O 2 in 400ml o f
PBS. The tissue sections were again washed in PBS, before dehydration (70% IMS, 90%
IMS, 100% ethanol) and mounting. Prior to mounting, the sections were incubated in
histoclear for 10 minutes. The sections were sealed using DPX non-aqueous mountant.
The sections were examined using an Olympus Vanox-T microscope. Photographs were
taken o f the sections using an Olympus C-35AD-4 camera mounted to the microscope.

8.2.2.4 Immunohistochemical preparation o f sections f o r confocal microscopy
Tissue sections were cut and fixed in the same manner as described in Section 8.2.2.1,
however, endogenous peroxide activity was not required to be blocked, therefore the
sections were not dehydrated. For visualisation o f minK under the confocal microscope,
fluorescein isothiocyanate isomer (FITC) conjugated to swine anti-rabbit IgG was
chosen, hence, the tissue sections were blocked with 10% swine serum in PBS under the
conditions described in Section 8.2.2.2. The primary antibody and secondary antibody
layers, and the washes before and after the application o f each layer were carried out as
described in Section 8.2.2.2, however, 1% swine serum was used in place o f the goat
serum in the antibody binding buffer. N o tertiary layer was required. The sections were
visualised under a confocal laser scanning microscope, using U V light to fluoresce the
secondary antibody conjugate.

8.2.2.5

Controls

Two sets o f controls were applied for each tissue type. The first o f these involved the
application o f serum taken from the rabbit prior to immunisation (pre-immune serum) as
the primary antibody layer at identical concentrations to that used for antiCTR . The
second control involved applying only the secondary antibody layer to the tissue sections.
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8.3

Results

Figure 8.1 A shows an immune stained section covering a cortical region o f the kidney.
The tubular cells in the immunostained regions constitute epithelial cells forming the
proximal tubules o f the nephron. The immunostaining is restricted to the walls o f the
tubules indicating that minK protein is localised in the epithelial cells o f the proximal
tubules. N o immunoreactive staining was observed in the control sections (Figure 8. IB).
These findings are in good agreement with a study conducted by Sugimoto and co
workers (Sugimoto et al., 1990) and indicates that the antiCTR is specific for native
minK protein. Positive immunostaining o f heart myocytes is also observed (Figure 8.2C),
confirming previous findings (Freeman & Kass, 1993).
Figure 8.2 & 8.3 shows immunostaining o f jejunum and ileum sections using a bifocal
microscope and confocal microscope, respectively. The immunoreactive material is
clearly distributed along the exterior o f the villi and is confined to the apical membrane o f
microvilli epithelial cells which is further illustrated under higher magnification in
Figure 8.4. These results indicate that the location o f minK protein in the jejunum and
ileum o f the small intestine is restricted to the apical membrane o f epithelial cells, and
that there is no preferential expression o f minK protein from the crypts o f the microvilli
to their tip. The degree o f immunostaining tended to be greater for jejunum tissue
compared with that o f the ileum.
The extent o f immunostaining for the diabetic rat jejunum and ileum sections, presented
in Figure 8.5, is reduced compared to that o f the normal rat intestine sections, suggesting
that expression o f minK protein is diminished under diabetic conditions. This finding is
preliminary and further research is required before the result can be confirmed.
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Figure 8.1: Immunohistochemical analysis o f minK protein in rat kidney cortex and heart
tissues using either antiCTR or preimmune serum as the primary antibody layer.
A) Kidney cortex
antiCTR
B) Kidney cortex
pre-immune serum
C) Heart
antiCTR
D) Heart
pre-immune serum.
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A

D

''A .

Figure 8.2: Immunohistochemical analysis o f minK protein in rat jejunum and ileum
using either antiCTR or preimmune serum as the primary antibody layer.
antiCTR
A) Jejunum
pre-immune serum
B) Jejunum
antiCTR
C) Ileum
pre-immune serum.
D) Ileum
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Figure 8.3: Immunohistochemical analysis o f minK protein in rat jejunum using antiCTR
as the primary antibody layer and observed using a confocal microscope.
A) Jejunum
antiCTR
B) Jejunum
antiCTR
C) Jejunum
antiCTR
D) Jejunum
secondary antibody layer only.
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Figure 8.4: Immunohistochemical analysis o f minK protein in rat jejunum using antiCTR
as the primary antibody layer and observed using a confocal microscope.
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Figure 8.5: Immunohistochemical analysis of minK protein in diabetic rat jejunum and
ileum using either antiCTR or preimmune serum as the primary antibody layer.
A) Jejunum
antiCTR
B) Ileum
antiCTR
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8.4

Discussion

This investigation immunohistochemically demonstrates the restricted presence o f minK
protein in the apical membrane o f jejunum and ileum small intestinal epithelial cells. The
intensity o f the immunostaining suggested that minK is expressed to a greater extent in
jejunum epithelial cells compared with those o f the ileum. This is likely to be a reflection
o f the functional activity o f these tissues, the jejunum absorbing and reabsorbing to a
greater extent than the ileum, and therefore possessing a greater number o f channels. The
distribution o f minK in the small intestine is consistent with the findings o f Sugimoto and
co-workers (Sugimoto et al., 1990) for the morphologically related and functionally
similar epithelial cells o f the renal proximal tubule and the submandibular duct.
Furthermore, their proposed model for the function o f minK protein in these tissues,
which takes into account the electrophysiological properties o f minK channel, the
asymmetrical distribution o f the transport systems and the direction o f Na^ transport
across the epithelium, is compatible with the role o f the small intestinal epithilium in
active absorption o f Na% amino acids and sugars from the intestinal lumen. An
adaptation o f the model, for minK protein function in intestinal epithelial cells, is
schematically illustated in Figure 8.6.
In this model the Na^, K^-ATPase pump, distributed in the basolateral membrane,
generates a lower intracellular Na^ concentration. The resultant Na^ gradient across the
apical membrane causes entry o f Na^ into the cell from the lumen through the NaVsugar
and NaVamino acid cotransporters. The flow o f Na^ induces depolarisation o f the apical
membrane which in turn induces minK channel activity and consequently its associated
K^ current. The resulting flow o f K^ from the epithelial cells to the intestinal lumen
serves to repolarise the apical membrane, a condition necessary for solute absorption.
Such a model can be used to explain the effect o f reduced expression o f minK protein in
diabetic jejunum and ileum. Previously it has be shown that diabetes causes
hyperpolarisation o f the apical membrane o f jejunum epithelial cells effected through
decreased permeability o f Na^ (Sharp et al., 1995). A reduced flow o f Na^ across the
apical membrane would decrease the cells requirements to secrete K^, a function the
purpose o f which is to repolarise the membrane following depolarisation, which in turn
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reduces the necessity for the minK channel and the consequential effects on minK protein
expression.

Lumen

Vilus "core”

Jejunum or ileum
epithelial cell

X
(glucose or
amino acid)
Apical
membrane

Basolateral
membrane

Figure 8.6: A proposed model for minK channel function in jejunum and ileum epithelial
cells.
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The studies on the domains o f minK protein is the first comprehensive structural
investigation on the channel protein. Previous studies proposed the amino terminal
domain to adopt a principally a-helical conformation (Ben-Efraim et a l , 1994), the
transmembrane domain to adopt an intramolecular P-sheet structure (Horvath et a l ,
1995), and failed to record a significant^lbr synthetic carboxyl terminal peptide (BenEfraim e/ûr/., 1994).
This project, however, indicates that the amino terminal domain adopts predominantly
random structures in an aqueous environment and it is likely that the amino terminus is
inserted in the plasma membrane in an a-helical conformation. Evidence has been
provided to dispute the assignment o f the structure o f the transmembrane domain o f
minK to intramolecular P-sheet. The data which I accumulated indicated that the peptide
corresponding to the transmembrane domain on which their conclusions were based was
aggregated in the membrane bilayer and reflected an intermolecular P-sheet conformation
rather than the proposed intramolecular P-sheet structure. Under conditions that
minimised peptide aggregation, and consequently reflected a more physiological
membrane environment the peptide adopted a predominantly a-helical structure, a
finding in good agreement with various proposed models (Wilson et al., 1994;
Tzounopoulos et a i , 1995). The studies involving the use o f both synthetic peptide and
recombinant protein indicated that the carboxyl terminal domain adopts predominantly
a-helical and p-sheet structures with minor random structure content, and may form an
interaction site with the “additional” protein required for functional channel activity.
The inability to record minK channel activity in insect cells expressing minK protein,
shown to be located in the plasma membrane, is consistent with the evidence suggesting
that minK protein cannot form the functional channel alone. However, in both infected
insect cells expressing minK protein and control insect cells minK-like channel activity
was recorded. The channel activity did not have the pharmacological characteristics o f
the minK channel. This channel activity has not previously been documented and further
work is required to characterise the channel and identify the proteins responsible for the
acitivity.
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Purification o f minK protein from host insect cell protein was hampered by the inability
to elute the bound protein from an immunoaffinity column. However, a recent technique
to crystalise membrane proteins for X-ray diffraction involves forming crystals o f protein
bound to monoclonal antibodies (Iwata et a l , 1995). Therefore, this procedure may
represent an ideal scheme not only to crystalise minK protein, but to purify it away form
endogenous host proteins. X-ray diffraction o f minK protein would provide the first
structural determination o f a complete ion channel protein.
Further to the structural analysis o f minK in order to determine the mechanisms o f the
channel, it is o f paramount importance to identify the additional protein required for
functional channel activity. A suitable means to achieve this is the MATCHMAKER
two-hybrid system. This systems is a yeast based genetic assay that detects proteinprotein interactions in vivo. However, the prin ciple advantage o f the two-hybrid method
is it s ability to identify previously unknown proteins that interact with a target protein by
screening a two-hybrid library. The high sensitivity o f the system enables even weak and
transient interactions to be detected.
In addition to the structural studies, the distribution o f minK protein was investigated in
the jejunum and ileum, indicating that the protein is restricted to the apical membrane o f
epithelial cells. It will be intriguing to study the expression o f the protein not only in the
small intestine, but also in the duodenum and stomach, where it s message has been
identified, and in the large intestine.
The effect o f diabetes on the distribution o f minK protein in the small intestine indicated
a reduction in expression. This result is preliminary and further research is required to
determine whether there is a reduction o f minK expression in diabetic animals and
whether this is a causing factor in the increased absorption capacity o f the small intestine
or rather an effect o f this change.
MinK channel activity has been demonstrated to be inhibited by peroxides in vivo (Busch
et al., 1995). Peroxides are generated during ischemia and have been shown to be
involved in the genesis o f reperfusion-induced arrhythmias (Wordward & Zakaria, 1985).
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It would therefore be o f interest to recreate the inhibitory conditions in vitro to
determine the structural effects o f peroxide oxidation on minK protein structure in
relation to function.
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S tr u c tu r a l c h a r a c te r is a t io n o f a s lo w ly a c tiv a t in g p o ta s siu m
c h a n n e l (IsK )
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D e p a r tm e n t o f B io c h e m is t r y & M o le c u la r B i o lo g y ,
IR C in
B io m e d ic a l M a te r ia ls , R o y a l F r e e H o s p it a l S c h o o l o f M e d ic in e ,
U n iv e r s it y o f L o n d o n , R o w la n d H ill S t ., L o n d o n , U K N W 3 2 P F .
IsK ( m in K ) is a s m a ll p r o t e in f o u n d in e p ith e lia l c e lls [ I ] ,
h eart [2 ] a n d u te ru s [3 ] W h e n e x p r e s s e d in A 'e n o p i/s o o c y t e s [1 ) and
H E K 2 9 3 c e ll s [ 4 ] , IsK p r o te in in d u c e s a v e r y s lo w ly a c tiv a tin g ,
v o l ta g e - d e p e n d e n t ,
in w a r d ly
r e c tify in g
p o t a s s iu m
cu rren t,
r e m in is c e n t to that o f th e s l o w c o m p o n e n t o f th e c a r d ia c d e la y e d
r e c tifie r [5 ] IsK p r o te in c o n s is t s o f 13 0 a m in o a c id s , p o s s e s s in g ju s t
o n e p u ta tiv e t r a n s m e m b r a n e d o m a in a n d b e a r in g n o s e q u e n c e
h o m o lo g y to th e o th e r m u lt i-t r a n s m e m b r a n e d o m a in e d p o ta s siu m
c h a n n e ls [ I ) . C u rren t m o d e ls p r e d ic t th e a m in o a n d c a r b o x y l
te r m in a l d o m a in s to b e e x tr a a n d in tr a c e llu la r r e s p e c t iv e ly [1 ].
S tr u c tu r e -fu n c tio n s t u d ie s u s in g s it e - d ir e c t e d m u ta g e n e s is ( S D M )
su p p o r t th e p r o p o s a l th a t th e I s K p r o t e in f o r m s an in te g r a l part o f
th e p o t a s s iu m c h a n n e l i t s e l f [6 ].
In o r d e r to g a in in fo r m a tio n o n t h e f u n c tio n a l m e c h a n is m o f
th is c h a n n e l its th r ee d im e n s io n a l s tr u c tu r e n e e d s to b e d e te r m in e d .
F o u r ie r tr a n sfo r m - in fr a r e d ( F T - I R ) s p e c t r o s c o p y p e r m its th e
s e c o n d a r y s tr u c tu r e o f p r o t e in s o r p e p t id e s to b e d e te r m in e d in an
a q u e o u s o r p h o s p h o lip id e n v ir o n m e n t [ 7 ,8 ] a n d th e r e fo r e in a
p h y s i o lo g i c a ll y r e le v a n t e n v ir o n m e n t . In o r d e r to i n v e s t ig a te th e
str u c tu r e o f I s K p r o te in w e h a v e s y n t h e s is e d p o ly p e p t id e s
c o r r e s p o n d in g to th e p r e d ic t e d t r a n s m e m b r a n e d o m a in and th e
c a r b o x y l te r m in a l d o m a in . T h e s e c o n d a r y s tr u c tu r e o f t h e s e p e p t id e s
w a s d e te r m in e d u s in g F T -I R s p e c t r o s c o p y
T h e t w o p e p t id e s ( s e q u e n c e s s h o w n in F i g I A a n d F i g .I B )
w e r e s y n t h e s is e d in d iv id u a lly o n an a u t o m a t e d p e p t id e s y n t h e s is e r
R a m in P S 3 (P r o te in T e c h n o l o g ie s , I n c .) b y a s t e p - w is e s o lid - p h a s e
p r o c e d u r e [8 ]. T h e p o l y p e p t id e s w e r e c le a v e d , a n d p u n f ie d
is o c r a t ic a lly o n a r e v e r s e - p h a s e H P L C c o lu m n [ 8 j. T h e a m in o a c id
c o m p o s it io n o f th e s y n t h e tic p o l y p e p t id e s w a s c o n f ir m e d b y a m in o
a c id a n a ly s is .
B o th p o ly p e p t id e s w e r e i n s o lu b l e in H ,0 h e n c e it w a s n o t
p o s s ib le to o b ta in th e ir s p e c tr a in a q u e o u s s o lu tio n . H o w e v e r w e
w e r e a b le to r e co r d s p e c tr a o f th e p o l y p e p t id e c o r r e s p o n d in g to th e
tr a n sm e m b r a n e d o m a in in d i m y r is t o y l L - a - p h o s p h a t id y l c h o lin e
( D M P C ) v e s ic l e s a n d t h e s p e c tr a o f th e c a r b o x y l ter m in a l
p o ly p e p t id e in S D S m ic e ll e s . T h e b u f f e r e m p lo y e d in t h is s tu d y w a s
H .O p h o s p h a te - b u f fe r e d s a li n e ( p H 7 .4 ) a n d th e p o ly p e p t id e to S D S
o r D M P C m o la r r a tio w a s 1 :4 5 .
S a m p le s w e r e p la c e d in lO p l c a lc iu m f lu o i id e s a m p le c e ll
a n d in fr a r e d s p e c tr a w e r e r e c o r d e d u s in g a 1 7 5 0 P e r k in -E lm e r F T IR s p e c tr o m e te r c o n t in u o u s ly p u r g e d w it h d r y a ir a n d m a in ta in e d at
3 0 X w ith a c ir c u la tin g w a t e r b a th . F o r e a c h s a m p le 4 0 0 s c a n s w e r e
a v e r a g e d at a r e s o lu t io n o f 4 c m V T h e p o l y p e p t id e c o n c e n tr a tio n
u s e d fo r th e F T -I R m e a s u r e m e n ts w a s 1 5 m g /m l. A b s o r b a n c e s p e c tr a
o f th e p o ly p e p t id e s w e r e o b t a in e d b y d ig it a l su b tr a c tio n o f a
s p e c tr u m o f H O P B S . D e t a il e d a n a l y s is o f t h e a m id e I b a n d w a s
c a r r ie d o u t u s in g s e c o n d d e r iv a t iv e p r o c e d u r e s [ 7 |.
Transmembrane peptide. T h e F T -I R s e c o n d d e r iv a t iv e
s p e c tr u m o f th e tr a n s m e m b r a n e p e p t id e in D M P C ( ’H -O ) is s h o w n
in F ig u r e 1 A . T h e str o n g b a n d s at 17 2 7 c m ' a n d 1 7 4 3 c m ' a r is e fr o m
th e v ib r a tio n o f th e c a r b o n y l e s te r g r o u p s o f D M P C . T h e m a in
a m id e I b a n d is c e n tr e d at 1 6 5 4 c m . T h is c a n b e a s s ig n e d to a h e lic a l str u c tu r e . T h e r e a r e s o m e m in o r c o m p o n e n t s at 16 2 7 c m ' a n d
1 6 7 4 c m ' w h ic h o c c u r in a r e g io n n o r m a lly a s s o c ia t e d w ith
a g g r e g a te d o r /3 -ty p e s tr u c tu r e s In g e n e r a l, t h e p e p t id e in D M P C
a d o p ts a p r e d o m in a n tly a - h e ii c a l s tr u c tu r e .
Carboxyl terminal peptide: T h e F T -I R s e c o n d d e r iv a t iv e
s p e c tr u m o f th e c a r b o x y l t e r m in a l d o m a in in S D S ( 'H O ) is s h o w n
in F ig u r e I B . T h e m a in a m id e I c o m p o n e n t is c e n tr e d at 1 6 5 4 c m '
in d ic a t in g th e p r e s e n c e o f a - h e l i c a l s tr u c tu r e T h e b a n d at 1 6 3 8 c m '
c a n b e a ttr ib u ted to a b s o r p t io n o f j 3 -s h e e t str u c tu r e .
O u r F T -I R
s p e c tr a o f t h e tr a n s m e m b r a n e d o m a in
p o ly p e p t id e , p e r fo r m e d in p h o s p h o li p id m ic e ll e s , d e m o n s tr a te th a t
th e p u t a t iv e tr a n s m e m b r a n e d o m a in o f I s K p r o te in f o r m s a
p r e d o m in a n tly a - h e li c a l str u c tu r e in p h o s p h o li p id m e m b r a n e s
th e r e b y a g r e e in g w ith c ir c u la r d ic h r o is m s t u d ie s p e r fo r m e d o n
s y n t h e tic p e p t id e s c o r r e s p o n d in g to t h e tr a n s m e m b r a n e d o m a in in
o r g a n ic s o lv e n t s (9 ). T h e s e r e s u lt s a l s o s u p p o r t S D M s tu d ie s

F ig . ID
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C -term lnei p e p tid e NAWQEKGF-ALFOARVIESFRA
CYVIENQAAVEQrAIHLFELW’LS

1ÔOO

1750

1700
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1600
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W A V E N U M B E R ( C M ')

F ig . 1A F T -I R s e c o n d d e r iv a t iv e s p e c tr u m o f p e p t id e c o r r e s p o n d in g
to th e p u t a t iv e tr a n s m e m b r a n e d o m a in o f I s K p r o te in in D M P C

CH,0)
F ig . I B F T -I R s e c o n d d e r iv a t iv e s p e c tr u m o f p e p t id e c o r r e s p o n d in g
to th e C - t e r m in a l d o m a in o f I s K p r o te in in S D S ( ' H , 0 ) .

s u g g e s t in g th a t e v e r y th ir d a m in o a c id is f u n c t io n a lly im p o r ta n t [ 6 |.
R e c e n t e x p e r im e n ts in d ic a t e th a t in o r d e r fo r IsK p r o t e in s to
f u n c tio n a s an io n c h a n n e l it m a y b e n e c e s s a r y fo r th e m t o in te r a c t
w it h e a c h o th e r [ 9 ,1 0 ] In lig h t o f a p r e d o m in a n tly a - h e li c a l
str u c tu r e fo r th e tr a n s m e m b r a n e d o m a in w e s u g g e s t th a t t h e io n
c h a n n e l p o r e o f I s K is c o n s tr u c t e d Â o m a b u n d le o f s u c h h e lic e s .
S u r p r is in g ly , th e p o l y p e p t id e c o r r e s p o n d in g to th e c a r b o x y l
ter m in a l d o m a in w a s i n s o lu b l e in a q u e o u s b u ffe r . F T -I R s p e c tr a o f
th is p o ly p e p t id e in S D S m ic e ll e s in d ic a t e s a p r e d o m in a n tly a h e lic a l c o n f o r m a t io n w ith s o m e ^ - s h e e t str u c tu r e T h e i n s o lu b ilit y
o f th e c a r b o x y l te r m in a l d o m a in p o ly p e p t id e in a q u e o u s b u f f e r a n d
its a b ility to f o ld in a m e m b r a n e m im ic k in g e n v ir o n m e n t s u g g e s t s
th a t it is n o t e n t ir e ly in tr a c e llu la r .
E A J M is s u p p o r te d b y an e a r m a r k e d s tu d e n ts h ip fro m E P S R C .
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infected cells do not show any clotilium -sensitive current,
despite a clear dem onstration o f m inK recom binant protein
in the plasm a membrane. The absence of m inK cu rren t could
be due to the requirem ent of additional factor (s) for channel
activity.
E..A..J.M, is sup p orted by a BB8K C stu d en tsh ip .
R E F E R E N C E S

Expression, localization and electrophysiological
studies of m inim al potassium channel protein
(m inK ) in Sf21 insect cells
E .A .J. Mercer, R.L. B rydges, A. M athie*, G.W. A bbott and
S .K .S . Srai
D eparlm ent o f Biochem islry & Molecular Biology and
*Department o f Pharmacology, R oyal Free Hospital School
o f Medicine, R ow land H ill Street, Ham pstead, London
X W 3 2P F
M inK protein is found in epithelial cells, h eart and uterus
(Lesage el al. 1993). W hen expressed in X enopus oocytes
and H E K 293 cells, m inK protein induced a very slowly
activating, voltage-dependent potassium current (Freem an
el al. 1993). However, when expressed in insect cells, no K^
c u rre n t was detected (Lesage et al. 1993). Failure to detect
m inK channel activity could be due to m inK protein not
being targ eted to the plasm a m em brane or the requirem ent
of additional factor (s) for functional channel activity.
M inK protein was expressed in insect cells using the
baculovirus expression system . W estern blot analysis o f 48 h
post-infected cell and control cell proteins using an antibody
d irected against a synthetic peptide corresponding to the
carboxy-term inal o f m inK protein indicated the presence of
m inK protein expression only in the infected cells.
I m m unocy tochem ical analysis and con focal microscopy
clearly located m inK protein to the plasm a m embrane in
infected cells.
W hole-cell electrophysiological recordings were made
from control Sf'2i insect cells or cells infected with
recom binant virus for 48 h. C urrents were evoked every 85 s
by depolarizing steps o f 15 s duration to potentials from - 3 0
to + 7 0 mV following a 3 s prepulse to —80 mV from a
holding potential o f —70 mV. A slowly activating outw ard
cu rre n t was evoked in 9 out of 18 control cells (50%) and 12
out o f 21 infected cells (57% ) at potentials above 0 mV. A t
+ 5 0 mV the difference l)etween the cu rren t at the end o f the
test step and at the beginning o f the step was 162 + 33 pA
(m eans + s . E . M . ) (6-2 pA p F “‘) in control cells (« = 9) and
173 + 50 pA (7-7 pA p F “‘) in infected cells (n = 12). This
m inK -like current was unaffected by clofilium (50 / / m ) in
either the control or infected cells ( n = 3).
These results indicate th a t m inK -like current activity is
unaffected by the m inK channel blocker clofilium and is
present in both control and infected insect cells. However,
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