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Abstract

Animal venoms are essentially diverse libraries of compounds evolved to have both
high affinity and high specificity, making them ideal targets for bioprospecting. Despite
advances in antivenom therapy, envenomations remain clinically significant, accounting
for numerous human fatalities.

The Indian red scorpion (Mesobuthus tamulus) is a serious threat to life in India, but its
venom is poorly characterised. This study examines antigenic and proteomic variability
of Mesob. tamulus venoms obtained in two geographical regions with distinct biotopes.
In addition to highlighting general venomic differences between the two populations,
" the study identified a peptide of 2947Da that may prove diagnostic between the venom
types. As an aid to the future isolation of specific peptides, particularly those initially
identified via their DNA sequences, a mass profile of fractionated, commercially
available venom was also generated.

Scorpion short insectotoxins may have importance as chloride channel blockers and in
cancer therapeutics. Only a few such molecules have been isolated and in general,
relatively little is known about their properties. Analysis of a Mesob. tamulus telson
cDNA library, using probes based upon the signal peptide sequence of a known short
insectotoxin (Bm12 from Buthus martensii), yielded two novel “short-insectotoxin”
sequences, BtChll and BtChl2. Mass spectrometry-guided isolation has been used to
purify a corresponding peptide from the venom, based upon its calculated mass.
Additional studies using the same cDNA revealed evidence supporting the amidation of
tamulustoxin (a potassium channel toxin found in the venom of this species), and
evidence to suggest the existence of a novel long-chain potassium channel toxin.

Toxins also play an important role as molecular probes for the dissection of ion channel
structure. The structure-function relationships of apamin (a calcium-activated potassium .
channel toxin from the honey bee, Apis mellifera) were examined by investigating the
effect of addition of a fluorescent label, non-native disulphide pairings, and disruption
of the B-turn on the toxin’s affinity for its receptor on rat brain membranes.
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1.1 Significance of Natural Toxins

Plant extracts have been used medicinally for thousands of years and are the origin of
many well-known drugs, e.g. cardiac glycosides (from Digitalis species) and quinine
(from Cichona species). Approximately 50% of the world’s best selling pharmaceuticals
were originally derived from natural sources (for reviews on the use of natural products
in the pharmaceutical and agrochemical industry see Harvey 1993; Clark, 1996; Tulp
and Bohlin, 2004). Research has generally focussed in two areas, the study of plant
compounds and the study of natural toxins, including bacterial and fungal toxins and
animal venoms. In particular, natural toxins make attractive targets for bioprospecting.
There are three key features of natural toxins that make them ideal for drug screening.
Natural toxins are very diverse and are evolved to recognise specific pharmacological
targets. In general, they recognise these targets with high specificity and affinity
(Rappuoli and Montecucco, 1997).

Many drugs derived from, or modelled on, natural toxins are in clinical trials or already
in use. These include Clostridium botulinum toxin (for which novel clinical uses are
constantly being proposed), derivatives of epibatidine (an alkaloid from frog skin,
which causes analgesia via its action on nicotinic receptors) and a large number of
snake-derived compounds, which include the ACE (angiotenéin—converting enzyme)

inhibitors and anticoagulants such as tirofiban.

These toxins are also important tools in the study of a number of physiological
processes and disease states, allowing the study of their receptors at the molecular,
biochemical and behavioural level, and providing a means of receptor purification (for a

review of the use of toxins in cell biology see Rappuoli and Montecucco, 1997).

This study will focus on a group of naturally derived toxins, specifically ion channel

toxins from bee and scorpion venoms. -
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1.2 Ton Channels

An ion-impermeable extracellular membrane allows cells to maintain differential intra-
and extra-cellular ion concentrations. Ions can pass across this membrane by virtue of
ATP-driven active transport systems, or passively through ion channels, driven by their
electrochemical gradient. Most cells at rest maintain an increased concentration of
potassium and organic anions in their cytoplasm, whilst [Na'] and [CI] are higher
extracellularly. When open, ion channels provide an aqueous environment through
which ions can rapidly cross hydrophobic membranes. This rapid transfer of charged
molecules generates membrane currents and also enables rapid changes in

concentrations of key ions important for cellular signalling.

Ton channels are ubiquitous and vital for normal cellular function. In animals they form
the basis of excitability of nerve and muscle and are also involved in non-neuronal
processes. In plants, like animals, ion channels are required for control of membrane
potential, cell volume and signal transduction, and play an additional role in large scale
transport systems such as in the phloem (Zimmermann and Sentenac, 1999,
Schachtman, 2000). Ton channels are also present in viruses (Fischer and Sansom, 2002)
and in prokaryotic organisms. Ion channels of bacteria have proved especially important
in recent years, providing structural data from which properties of their eukaryotic

counterparts can be inferred (Booth et al., 2003).

The importance of ion channels is best demonstrated by the role they play in the
nervous system, where they are'involved in the entire neuronal process, i.e. maintaining
resting potential, sensory signal transduction, synaptic transmission, and muscle
contraction. v_;I_‘hey are crucial to the propagation of impulses via action and inhibitory
potentials. Hodgkin and Huxley, 1952, first demonstrated that the action potential (AP)
was produced by coordinated opening of K and Na® channels (see fig 1.1). Ion
channels have numerous roles in non-neuronal systems, for instance cellular regulation

and signalling, endocrine, secretory and absorptive processes.

Structurally, ion channels are oligomers containing pore forming a-subunits and
accessory modulatory subunits (which have many functions including altering gating
kinetics and regulation of channel expression, Trimmer, 1998). Generally, a single pore

spans the membrane and often shows selectivity for different ions (for reviews on
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selectivity and permeation of ion channels see Imoto, 1993; Sather et al., 1994). The
first channel structure to be determined was that of KcsA, a K channel from
Streptomyces lividans, fig 1.2 (Doyle et al., 1998; Zhou et al., 2001). The data from bthis
and subsequent bacterial channel structures (e.g. Chang et al., 1998; Jiang et al., 2002;
Bass et al., 2002; Dutzler et al., 2002) have been used to model the pore-forming

regions of a number of voltage-gated channels (Giorgetti and Carloni, 2003).

Opening and closing of a channel is an all or nothing event with spontaneous switching
between tﬁe states, the overall conductance being determined by the number of channels
open at any time. However, in order for a channel to be capable of passing ions, it must
first be activated. In a phenomenon known as gating, an electrical, chemical or
mechanical stimulus causes a conformational change in the ion channel, allowing the
passage of ions through the pore (for a discussion of models for structural changes
during gating by different stimuli see Beckstein et al., 2003; Doyle, 2004; Ahern and
Horn, 2004). In many channels, after a period of activatiori, a second structurally-

distinct conformational change occurs-(deactivation), restricting ion-flow.

o-Subunits of voltage-gated channels contain a region sensitive to membrane potential
and responsible for channel gating. The pore forming subunits of most voltage-gated
channels form a superfamily of evolutionary related proteins, with similar sequence,
structural and functional properties. In sodium and calcium channels the pore region is
contained within a single polypeptide, whereas the potassium channel (regarded as the
ancestral voltage-gated ion channel) is a tetramer of similar, but not necessarily
identical, subunits (see fig 1.3). Voltage-sensitive ion channels have been reviewed by
Catterall, 1988; Catterall, 1995; and Conley and Brammer, 1999, and their accessory
subunits- reviewed by Adelman, 1995. Excitation and signalling in excitable tissues is”
almost exclusively determined by voltage-gated channels with Na*, K*, Ca** or CI
permeability and these same channels are the target of a large number of venom

neurotoxins.

The ligand- or transmitter-gated channel groups contain a large number of important
channels, responsible for coupling chemical and electrical signalling. The ligands
themselves may 'be intracellular, e.g. cAMP, cGMP, G-proteins, or extracellular, e.g.
neurotransmitters. In vertebrate skeletal muscle and the peripheral nervous system,

nicotinic acetylcholine receptors (AChRs) (Lindstrom, 1995) are the major exditatory
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ligand-gated channel. In the CNS, glutamate receptors (Sprengel and Seeburg, 1995)
dominate, a distribution that is reversed in insects. The anion selective glycine
(Langosch, 1995) and GABA (y-aminobutyréte) receptors (Tyndale et al., 1995) are the
primary channels responsible for receptor-mediated hyperpolarisation, increasing the
threshold required to trigger an action potential. Glycine predominates in the brain stem
and spine, GABA being utilized in the cerebellum and cortex. For a review on the
permeation and selectivity of ligand-gated ion channels, see Sather et al., 1994. The
torpedo electric organ AChR was one of the first ion channels studied, due both to the
availability of specific toxins (i.e. a-bungarotoxin and cobratoxin) and its high tissue
abundance. Ligand-gated ion channels are thought to be the sites of action of a number
of drugs, including nicotine (AChRs), barbiturates (GABA receptor type A, GABA,)
and ethanol (GABA,).

Relatively little is known about mechano-gated channels, which convert membrane
deformation into an electrical signal, either directly or via secondary messengers
controlled by mechanosensitive enzymes. They have a variety of ion permedbilities and
may be selective for K*, CI" or cations, or be non-selective. The mechanical signal may
prompt channel activation or inactivation, and sensitivities vary from those found in the
hair cells of the inner ear, to those that respond to stimulation above the threshold for
cellular damage. See Garcia-Anoveros and Corey, 1997; Patel et al., 2001; Pivetti et al.,

2003 for reviews on mechano-gated channels.

Ton channels include a large number of proteins, with approx. 140 members in the
voltage-gated family alone. Only those on which apamin, or scorpion venom toxins are
active will be discussed further. Data on the genetic, molecular and functional properties

of known receptor- and voltage-gated channels can be found on the International Union

of Pharmacology website (www.iuphar-db.org/iuphar-rd and www.iuphar-

db.org/iuphar-ic respectively).
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Fig 1.1 The Action Potential

In a resting neuron, the ionic gradients maintained by the Na’/K* ATPase pump ensure
that the interior of the cell has a high potassium ion concentration and a low sodium ion
concentration relative to the cell exterior. In this resting state the membrane is more
permeable to potassium ions than to sodium ions. The resting membrane potential is
therefore largely determined by the electrochemical gradient of K*. The generation of a
nerve impulse in a neuron is predominantly the result of large changes in the

permeability of the axon membrane to sodium and potassium ions.

A)  Initiation of the action potential. Localised depolarisation of the membrane leads
to opening of voltage-gated Na* channels. Since the action potential is an all-or-nothing
response, a depolarisation threshold of —55mV must be reached before. the action
potential is propagated. Below this value, the outward flow of K* channels prevents
further depolarisation. Above the threshold, sufficient Na" channels are open that the
inward Na" flow exceeds the outward K flow. The resulting depolarisation in turn

opens more Na" channels and the depolarisation becomes self-propagating.

B)  Towards the peak of the action potential, Na" channels are beginning to
inactivate and the Na* conductance starts to fall. At the same time, K™ channels (also
gated by the membrane depolarisation, but which activate more slowly than the sodium

channels (delayed rectifiers)) begin to open and K* flows out of the cell.

0) At the peak of the action potential, outward K* flow begins to exceed inward

Na' flow and the membrane begins to repolarise.

D)  Inmany cells, elevated K" conductance through both voltage- and calcium-gated
K" channels leads to the after-hyperpolarisation (AHP). This AHP, in conjunction with
residual inactivation of the Na" channels, accounts for the refractory period. During this
time a greater than usual depolarisation is required to reach threshold value, alloWing

for the spacing of neuronal signals and accounting for desensitisation.

Only a small proportion of the total potassium and sodium ions in the cell participate in

action potential generation.
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Fig 1.1 The Action Potential (From Aidley, 1989)
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Fig 1.3 Membrane Topology of Voltage-Gated Na’, Ca’* and K' channel o-

Subunits

A)

B)

C-F)

0

D)

E)

F)

Subunit structure of the voltage-gated sodium channels (see 1.2.1). The
extracellular domains of the B1 and B2 subunits are shown as immunoglobulin-

like folds. Picture taken from Catterall et al., 2003a.

Subunit structure of Ca,1 voltage-gated calcium channels (see 1.2.2) purified

from skeletal muscle. Picture taken from Catterall et al 2003.

The subunit structure of the four main classes of potassium channel o-subunits.

Refer to 1.2.4 for details. Picture taken from Choe, 2002.

2TM/P channels e.g. inward rectifiers and KcsA (see 1.2.4). Subunits assemble

as tetramers.

6TM/P channels e.g. Ky (see 1.2.4.1) and Kca (see 1.2.4.2) channels. Subunits

assemble as tetramers.
8TM/2P channels. Found in yeast. Subunits assemble as dimers.

4TM/2P channels. E.g. TWIK and TREK (see 1.2.4). Subunits assemble as

dimers.

In all cases a-helical segments are represented by cylinders. In A and B, P indicates

sites of demonstrated phosphorylation by protein kinase.
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Fig 1.3 Membrane Topology of Voltage-Gated Na*, Ca®* and K' channel a- -
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1.2.1 Voltage-Gated Sodium Channels (VGSC)

Voltage-gated Na* channels (VGSC) (Goldin, 2001) are present in the membranes of
most excitable cells and are responsible for the depolarising phase of action potentials in
these tissues (see fig 1.1). They are highly selective for sodium ions and show rapid

voltage-dependent activation and inactivation.

Much of the early work on channel structure was carried out on sodium channels (for
comprehensive reviews see Catterall, 1992, Cétterall, 1995). One of the reasons for the
ease of their study was the availability of speciﬁé blockers (e.g. tetrodotoxin (TTX)
isolated from the puffer fish).

VGSCs were traditionally classified based on tissue and species (e.g. eel electroplax
sodium channel [eNal], Noda et al., 1984), the channels from different tissues having
distinct physiological and pharmacological properties. The subunit composition of
voltage-gated sodium channels differs from tissue to tissue, e.g. mammalian heart (one
o-subunit), skeletal muscle (one a- and one B1-like subunit) and brain (one o-subunit,

one P1-subunit and one f32-subunit).

The a-subunit (see fig 1.3) forms the pore itself and is composed of four doméins, each
with a similar primary sequence and containing six transmembrane (TM) domains. One
of these TM domains (S4) is highly charged and has been identified as the voltage
sensor. Another important feature of this subunit is the intracellular ioop between
domains III and IV, which is thought to act as the inactivation gate and produces the
refractory period of the channel. The actual pore is lined by the residues between the S5
and S6 segments. The selectivity filter is located at a narrowing of the channel and is
thought to contain negatively charged ion binding sites (Imoto, 1993). To date nine
mammalian o-subunit genes have been identified and are classified Nay1.1-Nay1.9
(Catterall et al., 2003a). Expression of an a-subunit alone is sufficient to produce
sodium currents (Noda et al., 1986), but the B-subunits are required for native gating
and kinetics (Patton et al., 1994). These B-subunits may also play a role in localising the

channels at specific cellular locations (Srinivasan et al., 1998).

A number of sodium channel modulators have been identified. Briefly, these fall into

six classes grouped according to their binding site on the channel. Tetrodotoxin and p-
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conotoxins bind to site 1, causing channel block. Toxins binding to site 2 (e.g.
veratridine, batrachotoxin) alter the kinetics of activation and inhibit inactivation; site 3
toxins (e.g. sea anemone toxins, a-scorpion toxins) also block inactivation. Other
scorpion toxins (B-toxins) bind to site 4, altering either voltage-dependence of activation
and inactivation, or that of activation alone. Site 5 toxins (e.g. brevotoxins) and site 6
modulators (e.g. pyrethroid insecticides) also affect kinetics of activation and

inactivation, but by interaction with different binding sites.

‘Some voltage-gated sodium channels play a role in nociception and it is speculated that
they play a role in neuropathy, inflammation and acute and chronic pain. Classic local
anaesthetics such as lidocaine are sodium channel blockers, and the channels represent

viable targets for novel analgesics.

1.2.2 Calcium Channels

Intracellular calcium concentration plays a major role in cellular signalling; therefore
calcium channels have a direct effect on membrane excitability and are also involved in
signalling pathways. Influx of Ca>* through these channels, together with the release of
stored intracellular calcium acts as an important secondary messenger involved in
processes such as activation of other ion channels, neurotransmission, synapse
formation, exocytosis, cell division and gene activation and a number of Ca**-dependent

~ enzyme mediated effects.

Voltage-gated Ca?* channels (Brammar, 1999; Yamakage and Naniki, 2002; Catterall et
al,, 2003) are ubiquitous in excitable membranes. VGCCs open in response to
membrane depolarisation and, in general, produce long depolarising pulses since they
do not show fast inactivation. This property is important in sustained contractions of
heart and smooth muscle, and in maintaining secretion. At high [Ca?'] they are highly
selective (Ca*": Na* 1000:1), but at low [Ca?'], this selectivity is lost (McKlesky 1994).

Like voltage gated Na* channels, native VGCCs consist of a single pore-forming o-
subunit (o) in complex with auxiliary subunits (one isoform each of: - o8, B, and 7).
As with VGSCs, the a-subunits contain four homologous domains, each with 6TM

regions (including an S4 voltage sensor, and a pore forming loop) (see fig 1.3). The o
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and d-subunits are expressed as a single polypeptide, the mature forms resulting from
posttranslational processing (Dejongh et al., 1990). The mature transmembrane &-
subunit anchors the extracellular o;-subunit to the membrane via a disulphide bond
(Campbell et al., 1988, Catterall, 1988). The &/a2-subunit influences activation and
inactivation. The B-subunits are intracellular and direct membrane trafficking of the a;-
subunits to specific cellular compartments. They also affect open time, activation and
inactivation, and modulation by other proteins. The y-subunit, initially thought to be
specific to skeletal muscle, has four TM segments and seems to have a general role in
the regulation of surface expression of a number of receptors and ion channels
(Chetkovich et al., 2000). Ten a-subunit genes have been identified and each auxiliary
subunit has several gene variants. A number of these subunit genes provide several
splice variants, further increasing channel and current diversity. For a discussion of

VGCC auxiliary subunits see Adelman, 1995.

There are at least six classes of voltage-gated calcium channels, distinguished by their
differential location, pharmacology, structure and electrophysiology. T- type (transient)
channels (important in pacemaker activity of cardiac muscle) are the most distinctive,
needing only small depolarisations for activation, and showing rapid voltage-dependent
deactivation. By lowering the action potential threshold in neurons and cardiac cells
during periods of hyperpolarized resting potential, they stimulate repetitive firing. In
contrast, much higher depolarising voltages are required for activation of the other

channel types (L, N, P, Q and R-types).

Voltage-gated calcium channels are sensitive to a number of venom toxins, N-, P-, and
'Q-type channels showihg sensitivity to spider and/ or molluscian venom peptides. These
toxins are being investigated for their neuroprotectant properties, since a high
intracellular free calcium concentration is toxic and a primary cause of ischemic brain

damage.

Intracellular calcium concentration in a resting eukaryotic cell is maintained at a low
concentration by active Ca®* transport both out of the cell and into intracellular stores.
Various stimuli provoke release of calcium from the intracellular stores, causing a rapid
increase in intracellular free calcium ion concentration ([Ca®*];). This stored calcium

release is largely modulated by the InsP; and the ryanodine receptor (RyR) families.
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The ryanodiné receptors (Fill and Copello, 2002) are multimeric proteins comprised of
four large (approx. 5000 amino acids) and four small (100 amino acids) subunits and are
localised on the sarcoplasmic reticulum. They are gated by voltage-induced
conformational changes in the dihydropyridine receptors of the T-tubule plasma
membrane. RyRs are regulated by a wide variety of intracellular signals, one of the most
important of which is Ca®" itself (Ca®-induced Ca®' release). They show far less Ca**
selectivity than do plasma membrane Ca®* channels. This is permitted by the fact that
selective passage of Ca* into the intracellular stores is provided by the Ca** pump,
making selective release superfluous. Ryanodine, the ligand after which the ryanodine
receptor was named, is a plant alkaloid from Ryania speciosa that binds with high

affinity to the open state of the channel.

1.2.3 Chloride Channels

The CI' channels form a large and very diverse group, but we have limited knowledge of
their specific functions compared to that of Na*, K™ and Ca®* channels. Although in
most cases, intracellular [CI] is less than extracellular [CI]; intracellular [CI] is
maintained at levels close to electrochemical equilibrium. CI" fluxes are rarely involved
in electrical excitation; instead, they generally suppress it. Opening of these channels
holds the membrane potential at its resting value, or at a hyperpolarized value, making it
more difficult to depolarise the membrane and hence excite the cell. They are therefore
important in neurons and in muscle, where they contribute to resting conductance and
dampen down electrical excitability. Probably present in the plasma membrane of all
eukaryotic cells, chloride channels also have roles in cell volume regulation, secretion,

and sensory signal transduction.

A large number of genes for functional chloride channels have been cloned (Jentsch et
al., 1995; Jentsch, 1996; Frings et al., 2000), but the structure and functional properties
of most of these are unclear. There are many different types of chloride channel, these
include those gated by extracellular ligands, intracellular calcium, voltage and cell

volume.

The first voltage gated Cl" channel to be cloned was CIC-0 from the electric organ of
Torpedo (Jentsch et al., 1990). Since then, nine human CIC channels have been
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identified (Jentsch et al., 2002; Dutzler, 2004; Dutzler, 2004a). CIC-1 modulates resting
potential in skeletal muscle, CIC-2 has a similar function in some neurons, and CIC 3, 4,
6 and 7 are involved in acidification, as is kidney-localised CIC-5. CICKa and CICKb
are also localised in the kidney and are responsible for trans-epithelial CI transport in
the renal 'inner medulla (Matsumara et al., 1999). CIC channels have two pores; one

located on each of two homodimeric subunits (see fig 1.4 a-d).

The calcium-activated chloride channels (CaCC, Frings et al., 2000) may be localised to
specific regions of the cell where their activity depends upon local CI" equilibrium
potential and Ca®* concentratiohs. Neuronal CaCCs participate in sensory signal
processing of some somatic senses, as well as vision, olfaction and taste, and are also
present in non-sensory neurons in the CNS (central nervous system) and PNS
(peripheral nervous system). They have a wide non-neuronal distribution including
epithelia, muscle, blood and endocrine cells, and a wide range of functions. In striated
muscle, for example, they contribute to the initial phase of repolarisation during the

action potential.

GABA and glycine are responsible for fast inhibitory transmission in the mammalian
central nervous system. GABA,s, GABA(, and glycine receptors (see Chebib and
Johnston, 2000; Whiting, 2003; Colquhoun and Sivilotti, 2004) mediate these inhibitory
CI currents. One such example is the production of the inhibitory postsynaptic potential
(IPSP) in the direct inhibitory pathway of muscles. These channels are members of the
ligand-gated ion channel superfamily (see fig 1.4 f).

Expressed in the epithelium and the heart, and of great clinical importance, the cystic
fibrosis transmembrane conductance regulator (CFTR, McAuley and Elborn, 2000)
gene was identified and cloned by Riordan et al., 1989. It is expresséd in the apical
membrane in many epithelial tissues e.g. in the airways, pancreas, sweat ducts and the
intestine. A variant is also found in cardiac muscle. Although functionally an ion
channel responsible for the I ¢i camp) current, structurally it belongs to the traffic
ATPase superfamily (see fig 1.4 e for membrane topology). It may have a regulatory as
well as ion channel function, and interacts with the epithelial sodium channel. Inhibitors
of the channel are important in the study of cystic fibrosis and have been proposed as

therapeutics for secretory diarrhoeas e.g. cholera.
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Figure 1.4 Chloride Channel Topology

a-d) CIC channel structure. (Based upon that of the E. coli CI" channel EcCIC. See
Dutzler, 2004, 2004a for a review of CIC structure). (a) The CIC protein is composed of
17 a-helices (A-R) many of which do not fully span the membrane (helix A is not
inserted in the membrane). Each subunit consists of two domains (blue and green
regions). The helices in each of these domains are tilted in opposite directions, with the
pore located between the domains (b). Early electrophysiolbgical data on CIC-0
suggested a ‘double-barrelled’ structure for CIC channels (c). In this model the channels
are dimers, with each subunit contributing a pore. These pores can ‘be gated
individually, or both pores closed by a cbmmon gate. The structure of EcCIC (viewed
from the extracellular side) confirmed this dimeric architecture, both of the identical
subunits contributing a pore (d). Pictures taken from Jentsch et al., 2002 and Dutzler,
2004.

e) Membrane topology of CFTR. The CFTR protein is divided into two 6TM
regions separated by a cytoplasmic region. The regulatory domain (R-domain) and the
first of two nucleotide-binding folds (NBF) are located in this intracellular segment. A
second NBF is located close to the C-terminus. It is currently unclear if CFTR is a

monomer or a dimer. Picture taken from Jentsch et al., 2002.

) Membrane topology of a ligand-gated anion channel subunit. GABA and
Glycine receptors are members of the ligand-gated ion channel superfamily (which also
contains the nicotinic acetylcholine receptors). These receptors share sequence and
structural homology and are believed to have evolved from a common ancestral receptor
subunit. The channels are homo- and hetero-pentamers of 4TM subunits. Picture taken
from Jentsch et al., 2002.
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1.2.4 Potassium Channels

Potassium channels are the largest and most diverse family of ion channels. They have a
range of functions including: setting resting membrane potential; shaping action
potentials and determining their frequency; cell volume control; and secretion of salt,
hormones and transmitters. Although they may be voltage-, ligand-, or mechano-gated,
only those activated by changes in membrane potential, and their relatives (the voltage-
gated potassium channel gene family), are considered in this section. K™ channels have
a near-perfect selectivity for potassium (K™: Na' > 1000:1), which is achieved at
conductance rates approaching the diffusion limit. All of these channels contain a highly
conserved K channel signature sequence (Heginbotham et al., 1994) that forms the
selectivity filter. These channels, their classification and the mechanisms determining
their selectivity have been reviewed by a number of authors (Miller, 2000; Choe, 2002;
MacKinnon, 2003; Gutman et al., 2003). |

Primarily due to lack of specific probes, the early studies of voltage-gated potassium
channels lagged behind that of their sodium channel counterparts and it was not until
the advent of molecular cloning techniques, and discovery of natural ligands, that

detailed study was possible.

A wide variety of functionally and pharmacologically different K* currents have been
recorded in vivo. The last fifteen years have seen a rapidly increasing family of K*
channels emerge, identified via cloning. These K" channels can be classified into four

groups according to the membrane topology of their pore-forming subunits (see fig 1.3).

In the first group, a single pore is surrounded by four subunits with two TM domains
and a pore loop each (2TM/P, a motif that essentially forms the basic unit of the K*
channel family). This group includes the inward rectifiers (Kir) and the bacterial
channel KcsA. The large family of Kirs tend to open at membrane potentials near to, or
more negative than, the resting potential (Reimann and Ashcroft, 1999; Loussouarn et
al,, 2002). They are homo- or heteromeric and are involved in maintenance of the
resting membrane potential and regulation of the action potential. They also have a role
in electrolyte processing in the kidney. The KcsA channel from Streptomyces lividans

is of particular significance as the first ion channel to have its 3D structure determined
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(Doyle et al., 1998), providing important information on the structure and function of

the K* channel pore.

The largest group is comprised of channels containing four 6TM segment subunits

surrounding a single pore (6TM/P). Four TM regions, including an S4 voltage sensor,
| precede the 2TM/P motif. This topology is shared by the Shaker voltage-gatéd
potassium channel family (K,), calcium-activated potassium channels (although the
slopoke subfamily has an extra transmembrane segment close to the extracellular C-
terminus), the eag (ether-a-go-go)-like gene family (including EAG (ether-a-go-go gene
potassium channel), ERG (ether-a-go-gb-related gene potassium channel), and ELK
(ether-a-go-go-like potassium channel); showing inward rectification and of particular
importance in the heart (Cooper and Jan, 1999; Karle and Kiehn, 2002), KCNQ
channels (responsible for the M-Type potassium currents, which activate near the
threshold for action potential generation and regulate neuronal excitability, Jentsch,
2000; Robbins, 2001) and the CNGs (cyclic nucleotide-gated cation channels).

In 1995 a yeast channel was identified containing two tandemly arranged pore-like
domains (Ketchum et al., 1995). The dimeric 8TM/2P subunits have a 6TM/P motif and

a 2TM/P region arranged in tandem.

The last group contains proteins with 2x 4TM subunits and two pore domains (4TM/2P,
consisting of two 2TM/P repeats). These include the TWIKSs (tandem of P domains in
weak inward rectifier K* channels), TREKs (TWIK-related K* channels), TRAAKSs
(TWIK-Related arachidonic acid-stimulated K™ channels), TASKs (TWIK-related acid-
sensitive K channels), THIKs (halothéne-inhibited 2P domain K' channels) and
TALKs (alkaline-activated background K" channels). The two-pore potassium channels
include a number of mechano-gated and lipid sensitive channels. They tend to be
constitutively active, may mediate background K" currents and are the targets of many
anaesthetics (Lesage and Lazdunski, 2000; Patel et al., 2001).

Potassium channels are generally homo- or hetero-multimers of pore-forming o-
subunits. Alternative gene splicing creates further diversity (Pongs 1992) and accessory
B-subunits may also be present, regulating channel targeting or modulating function
(McManus et al., 1995; Fink et al., 1996; Mangubat et al., 2003).
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Drugs that alter K* channel activity are in development for a variety of conditions (e.g.
diabetes, cardiac arrhythmias, hypertension, angina). The great diversity of K™ channels,
however, creates problems in the development of selective drugs. Also, different
physiological channels may be structurally related, so a drug often acts on multiple

channel types.

1.2.4.1 Kv Channels

The first ion channel to be cloned was the Shaker channel o subunit from Drosophila
(Temple et al., 1987), followed by three related genes (Shab, Shaw, and Shal) (Butler,
e{ al.,, 1989). Seventeen mammalian homologues have been found and grouped into
Kv1-4, related to Shaker, Shab, Shaw and Shal respectively. These mammalian
counterparts share 50-82% homology with the Drosophila genes but, unlike the

Drosophila channels, are encoded on separate, intronless genes.

Kv subunits and (associated B subunits) are found in neuronal and non-neuronal cells,
and form delayed rectifiers (which activate a short while after membrane depolarisation,
inactivate slowly, or not at all, and are involved in the falling phase of the action
potential) and A-type channels (which activate and inactivate rapidly on initial
depolarisation producing a brief outward current thus buffering depolarisations below
threshold value and inserting a gap between successive action potentials). Kv o-
subunits form homotetramers, or hetrotetramers within and between Kv subfamilies.
Functional channels are often dependent on co-expression with B- or y-subunits
(Robertson, 1997).

Kv channels are the most characterised of potassium channels and much of what is now
known about K channel structure (from KscA, and more recent structural studies) had
previously been postulated, based upon studies on Kv channels. The channels are the
targets of a number of naturally-derived inhibitors from scorpion, snake and sea
anemone venoms, for example, and from plants (e.g. correolide from Spachea correa)
(see Kaczorowski and Garcia, 1999 for details). Not only do these inhibitors show
potential in the design of therapeutic drugs but they have also been used extensivély in

channel characterisation. As an example, studies using charybdotoxin led to the
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characterisation of the outer vestibule of the Shaker channel as a shallow hole approx.
30A wide (Miller, 1995).

1.2.4.2 Calcium-Activated Potassium Channels (Kc,)

Change in intracellular free calcium concentration is a ubiquitous signalling mechanism.
. This calcium may be released from cytostolic stores or may enter the cell, via voltage-
activated calcium channels, during an action potential. This [Ca®'}; is coupled to
membrane potential by a group of potassium channels that are activated by local
increases in cytostolic calcium concentration. Opening of these calcium-activated

potassium channels leads to potassium ion efflux and membrane hyperpolarisation.

Kc. channels have a number of functions. They generate membrane potential
oscillations and are the predominant channel involved in spike frequency édaptation.
The prolonged afterhyperpolarisation seen after the action potential is due to the slow
inactivation kinetics of a K¢, channel. These channels also play a role in hormone
secretion (Montiel et al., 1995).

An intracellular-calcium linked potassium permeability was first noted by Gardos, 1958
" in human erythrocytes and later a K¢, current was identified in Aplysia neurons (Meech
and Strumwasser, 1970). A number of different calcium activated currents have since
been distinguished on the basis of pharmacology and kinetics, and at the molecular level
several channel proteins have been identified. These have been divided into three
groups according to the rate of conductance and are termed SK, IK and BK (small
conductance, intermediate conductance and large (big) conductance calcium-activated

potassium channels respectively).
Kca channels represent targets for the development of therapeutics for asthma,

hypertension, psychoses, depression, memory disorders, convulsions, ischemic stroke

and traumatic brain injury (Kaczorowski and Garcia, 1999; Faber and Sah, 2003).
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Large Conductance Calcium-Activated Potassium Channels (BK or maxi-K)

BK channels have a single channel conductance of 100-250pS, open rapidly on increase
of [Ca*];, and close rapidly when the calcium is removed. The Kq of the channel for
calcium is voltage-sensitive. The greater affinity for calcium at more positive potentials
translates to a greater open probability under these conditions. The channels are highly
expressed in smooth muscle and are also found in the brain, inner ear, kidney, human T-
cells (Deutsch et al., 1991) and endocrine and exocrine epithelium. They have a number
of functions, including regulation of smooth muscle contraction, the duration of the
action potential and quantity of neurotransmitter release. In the chicken cochlea, they

adjust the oscillation frequency in individual hair cells (Rosenblatt et al., 1997).

BK channels contain a combination of a- and B-subunits. The alpha subunit is unusual
amongst the voltage-activated potassium channel superfamily in having seven
transmembrane domains. The extra transmembrane segment (SO) means that the N-
terminus has an extracellular location. Despite this, the channel retains sensitivity to
TEA" (tetracthylammonium cation, 0.5-1mM) and charybdotoxin, suggesting the pore
structure is similar to that of voltage gated channels and has the distinctive S4 voltage
sensor. The different forms of this subunit are encoded by a single gene (Tseng-Crank et
al.,, 1994; Lagrutta et al.,, 1994). Splice variants -give rise to channels with different

voltage and calcium sensitivities.

For recent general reviews on BK channels, see Gribkoff et al., 2001 and Weigner et al.,
2002.

Intermediate Conductance Calcium-Activated Potassium Channels (IK)

The intermediate conductance (20-80 pS) IK channels are six transmembrane domain
proteins and are often grouped with the SK channels (IK1 is sometimes referred to as
SK4). The IK channels are voltage-insensitive, being gated by [Ca®*]; to which they are
more sensitive than are BK channels. This calcium sensitivity is mediated by
calmodulin (Fanger, 1999). The channels can also be activated by cell swelling and are

pH sensitive.
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The channel is expressed in many non-neuronal tissue types. In red blood cells IK forms
the Gardos channel (Maher and Kuchél, 2003). This channel is sensitive to clotrimazole,
| which is in clinical trials for sickle cell anaemia. By blocking potassium loss through
erythrocyte IK channels, the drug may help prevent water loss and hence cell sickling
(Brugnara et al., 1996). In the colon the IK is essential for acetylcholine-mediated
secretion (Warth and Bleich, 2000). They may be responsible for the effects of
bradykinin in kidney capillary cells. The channels are generally not considered
neuronal, although one group has reported the associated currents in rat supraoptic

nuclear neurons (Greffrath et al., 1998).

Small Conductance Calcium-Activated Potassium Channels (SK)

As their name suggests, the small conductance calcium-activated potassium channels
have only a small single channel conductance (2-20pS) and are activated by an increase
in intracellular calcium, as is seen during an action potential. The potassium current
produced causes membrane aepolaﬁsation. This hyperpolarisation is long-lasting due to
the slow decrease in [Ca*']; after the action potential. The current is the slow
afterhyperpolarisation, and limits the firing frequency of action potentials. This sSAHP
can be divided into two pharmacologically distinct currents, which vary according to

their sensitivity to apamin, and their activation and inactivation properties.

The gene family responsible for the apamin-sensitive current has been identified (SK1-
3, Kohler et al., 1996), although, as discussed by Faber and Sah, 2003, the precise
channel responsible for the apamin insensitive current is unclear. All three subtypes are
sensitive to apamin, though in the case of SK1 the affinity is much lower. Early reports
indicated SK1 was insensitive to the toxin (Kohler et al., 1996), but subsequent studies
in a different expression system revealed that this was not the case (Strobaek et al.,
2000).

These expressed SK channels seem to be able, in themselves, to produce functional
pores, and they are capable of forming functional homo- and heteromers (Kohler et al.,
1996; Ishii et al., 1997a). They are voltage insensitive but respond rapidly to small
changes in free calcium (K4 < 1uM) (Hirschberg et al,, 1998). The channels co-

assemble with calmodulin. Calcium ions do not bind directly to the o-subunit. Instead,

44



gating is regulated by Ca®" binding to the calmodulin moiety, which in turn produces

conformational changes in the channel itself (Xia et al., 1998; Maylie et al., 2004).

SK mRNAs are found throughout the CNS (although the subtypes have differential
distributions, Stocker and Pedarzani et al., 2000) and are also found in many non-
neuronal cell types. The SK1 gene has eight exons, and over 30 predicted transcripts, of

which 20 have been detected in the brain (Shmukler, et al., 2001).

The importance of these channels in the CNS is demonstrated by the effects of apamin
(see 1.4.1) and they play important roles in learning and niemory (Faber and Sah, 2003).
Aside from their neuronal functions, calcium activated potassium channels provide an
important link between metabolism and membrane potential. SK channels appear to
have roles in endocrine mechanisms and have been implicated in regulating the release

of adrenaline from chromaffin cells (Monteil et al., 1995).

1.2.5 Clinical Relevance of Ion Channels

Not surprisingly, disorders of ion channels result in hyper- or hypo-activity of cells. Ion
channel defects underlie a number of clinical disorders, of which the channelopathies
are the most extensively studied. Channelopathy refers to a disorder caused by
mutations in the genes encoding various proteins that together form functional ion
channels. Naturally arising channelopathies, together with knockout gene studies, can
provide valuable information on the role of specific ion channel proteins. The gene
products involved in such genetic disorders and relevant recent reviews are summarised

intable 1.1.

Considering the wide diversity of ion channels, it is perhaps surprising that more
pathological ion channel mutations have not been recognised. It is thought that most
mutations of key ion channels lead to non-viability or early mortality and are, therefore,
not maintained within the gene pool. There is, however, a degree of functional
redundancy provided by the large number of subtypes of the ion channels and many
mutations may produce only mild, or periodic, symptoms. Mutations in a single gene
can give rise to different disorders and a single disorder can arise from mutations in

genes encoding different ion-channel families.
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Several ion channel diseases are caused by defects in trafficking. Spinocerebellar ataxia
(SCA®6) is a polyglutamine disease caused by the expansion of a CAG repeat in a single
'splice variant of Ca a-subunit ot1A. It is postulated that this expansion results in the
protein forming aggregates in the cytoplasm of Purkinje cells (Ishikawa et al., 1999),
although researchers disagree as to whether the pathology seen with this disorder is due
to these aggregates or to loss of channel function (Frontali, 2001). The SK3 gene
[KCNN3] also contains polymorphic CAG repeats. There has been controversy over the
role that this polymorphism may play in schizophrenia (e.g. Bowen et al., 1996; Li et
al., 1998; Cardno et al., 1999). The role of trinucleotide repeats in this disorder is
discussed by Vaswani and Kapur, 2001.

A large number of ion channel defects are acquired. These include ion channel
autoimmune disorders (Vincent et al., 2000), of which myasthenia gravis, affecting the
nicotinic AChR in skeletal muscle (Hoedemaekers et al., 1997), is the most common.
Other ion channel autoimmune diseases include Rasmussen’s encephalitis (affecting the
GluR3 glutamate receptor subunit, Granata, 2003), acquired neuromyotonia (voltage-
gated potassium channels, Vincent et al, 1998) and Lambert-Eaton myasthenic
syndrome (P- and Q-type voltagé-gated calcium channels, Takamori et al., 2000). Ion
channels may also play a role in certain demyelinating autoimmune diseases. For
example, relapses commonly seen in multiple sclerosis have been blamed on

endogenous substances reversibly blocking sodium channels (Brinkmeier et al., 2000).

Recently, transcriptional ion channel disorders have been the subject of investigation
(Waxman, 2001). One of the most studied of these is peripheral nerve injury, which
causes a change in expression levels of sodium channel genes (both up- and down-
regulation) leading to hyperexcitability of spinal sensory neurons and to neuropathic
pain (Dib-Haj; et al., 1996).

Ion channels are the therapeutic térgets for a number of classes of drugs, including local
anaesthetics (Na', Ca®"), neuroprotectants (Na®, Ca?"), antihypertensives (K°),
immunosuppressants (K'), analgesics (Ca®"), anticonvulsants (GABA), antiepileptics
(glutamate); neuromuscular blockers (ACh), antidepressants (GABA), cardioprotectants
(K", antidysrhythmias (Ca®*, K"), hypoglycaemics (K") and drugs for treating
neurodegeneration (ACh, glutamate). For many of these pharmacological agents, the

site of action has only been elucidated relatively recently. Knowledge of the structure
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and function of the ion channels involved is leading to a new generation of specific

drugs.

Action on ion channels has also been shown to underlie some of the unwanted side
effects of many pharmaceuticals. One such example is the production of cataracts by
tamoxifen, a potent blocker of volume-activated outwardly rectifying CI" currents, used
in the treatment of breast cancer. Aside from its cancer cell target, the drug also blocks a
lens CI' channel involved in volume and hydration of the lens, and hence its
transparency (Zhang et al., 1994). The use of a wide range of drugs (inbluding
antihistamines, antimicrobials and antipsychotics) has been associated with increased
risk of torsade de pointes, via interactions with the HERG K* channel (Redfern et al.,
2003). Polymorphisms in ion channel genes may have important effects on
susceptibilities to certain drugs. For example a SCN5A sodium channel variant found in
African races, unproblematic under normal conditions, may provoke a long QT
syndrome in the presence of I, blockers (Splawski et al., 2002). Such unwanted actions
of many existing ion channel drugs, and genetic variation in susceptibility, highlight the
need for increased knowledge regarding the precise therapeutic targets of these

compounds and the development of modulators with a heightened specificity.

Increasing knowledge of the structure and function of ion channels, has highlighted
them as targets for novel therapeutics. In sickle cell anaemia, dehydration of
- erythrocytes leads to polymerisation of Haemoglobin, which produces the sickling
effect. The calcium activated K* efflux (via the Gardos pathway) is accompanied by
further water loss and dehydration, and increased sickling. A number of inhibitors of the
IK channel that carries this current have been identified, of which Clotrimazole has
undergone clinical trails in humans (Brugnara et al., 1995). ‘Research is now focussing
on finding compounds with a higher specificity (Jensen et al., 2001). A number of ion
channels may provide targets for anti cancer drugs. ERG1, for example, is expressed in
several tumour types and is responsible for the inward rectifier current which maintains
the resting potential at a depolarised value necessary for unlimited tumour growth
(Bianchi et al., 1998). The much-publicised discovery of the CatSper ion channels in

sperm may provide a target for contraceptives (Ren et al., 2001).
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Table 1.1 Human Channelopathies

Type of Disorder Channel [gene] Recent reviews
disorder » .
Skeletal Hyperkalemic Periodic Paralysis Na a subunit [SCN4A] Krause and McNamara, 1995; Dworakowska
muscle and Dolowy, 2000; Gargus, 2003
Paramyotonia Na o subunit [SCN4A] Krause and McNamara, 1995; Weinreich and
Jentsch, 2000; Dworakowska and Dolowy,
2000
Hypokalemic Periodic Paralysis L-type Ca channel a1 subunit Weinreich and Jentsch, 2000; Dworakowska
(Dihydropyridine Receptor) [CACNAI1S], | and Dolowy, 2000, Gargus, 2003,
Na channel o subunit .
Potassium sensitive myotonia Na channel o subunit [SCN4A] Cannon, 1997, Dworakowska and Dolowy,
(myotonia fluctuans; myotonia 2000, Gargus, 2003
permanens)
Myotonia (Thomsens; Beckers) Cl] channel [CLCN1] Dworakowska and Dolowy, 2000; Pusch,
2002, Gargus, 2003
Malignant hyperthermia (central Na channel o subunit [SCN4A]; L-type Dworakowska and Dolowy, 2000; Wappler,
core disease; King-Denborough Ca a1 or a2 subunits [CACNA1S] 2001; Gargus, 2003
syndrome) [CACNL2A]J; ryanodine receptor [RYR1]
Congenital myasthenia ACh receptor subunits [CHRNA1] Dworakowska and Dolowy, 2000; Lindstrom,
[CHRNB1] [CHRNE] 2000, Gargus, 2003
Nervous Episodic ataxia type 1 (Myokymia) Potassium a subunit Kv 1.1 Krause and McNamara, 1995; Shieh et al.,
system JKCNA1] 2000, Dworakowska and Dolowy, 2000
Episodic ataxia type 2 Ca a subunit [CACNA1A] Jen, 1999, Weinreich and Jentsch, 2000;
Dworakowska and Dolowy, 2000
Hyperekplexia (familial startle Glycine receptor al subunit [GLRA1] Krause and McNamara, 1995; Rajendra et al.,
disease) 1997, Dworakowska and Dolowy, 2000
Spinocerebellar ataxia type 6 Ca a subunit [CACNA1A] Jen, 1999; Weinreich and Jentsch, 2000;
Pietrobon, 2002
Heart Long QT type 3 syndrome [KCNQ1], cardiac Na channel [SCN5A] Weinreich and Jentsch, 2000; Jentsch, 2000;
Head and Gardiner, 2003,
Long QT type 2 syndrome [HERG] heart K™ channel Weinreich and Jentsch, 2000; Shieh et al.,
2000, Dworakowska and Dolowy, 2000
Long QT type 5 syndrome [KCNE1] K* channel B subunit minK Weinreich and Jentsch, 2000; Shich et al.,
(IsK) 2000, Dworakowska and Dolowy, 2000
Cardiac arrhythmia [KCNE2] MiRP1 which associates with Weinreich and Jentsch, 2000; Dworakowska
HERG channels and Dolowy, 2000, Gargus, 2003
Familial idiopathic ventricular [SCNSA] cardiac Na channel Dworakowska and Dolowy, 2000; Gargus,
fibrillation 2003; Head and Gardiner, 2003
Brain Benign familial neonatal Volt gated K* ot subunits [KCNQ2], Steinlein and Nobel, 2000; Shich et al., 2000,
convulsions [KCNQ3] Steinlein, 2002, ’
Generalised epilepsy with febrile Na channel subunits [SCN1B], [SCN1A], | Weinreich and Jentsch, 2000, Steinlein, 2002,
seizures ‘plus’ [SCN2A}, GABA, receptor subunit | Gargus, 2003
[GABRG2)
Familial hemiplegic migraine Brian P/Q type Ca o subunit Weinreich and Jentsch, 2000, Dworakowska
_[CACNA1A] and Dolowy, 2000, Carrerra et al., 2001,
Familial nocturnal frontal lobe Neuronal nicotinic ACh receptor Weinreich and Jentsch, 2000; Steinlein, 2002;
epilepsy (Autosomal dominant [CHRNA4], [CHRNB], [CHRNB2] Gargus, 2003
nocturnal frontal lobe epilepsy)
Severe myoclonic epilepsy of [SCN1A] sodium channel Head and Gardiner, 2003; Gargus, 2003;
infancy Mulley et al., 2003
Sensory DFNAZ2 (Hereditary hearing loss, [KCNQ4] K' o subunit Weinreich and Jentsch, 2000; Shieh et al.,
nonsyndromic dominant deafness) 2000; Jentsch, 2000
Congenital stationary night Retina-specific Ca channel o subunit Ca Dworakowska and Dolowy, 2000; Celesia,
blindness type 2 1.4 [CACNAIF] 2001; Pietrobon, 2002
Colour blindness Cone photoreceptor CNG channels Dworakowska and Dolowy, 2000; Kaupp and
_[CNGA3) Seifer, 2002
Renal Bartters syndrome Kir 1.1 [KCNJ1] CLC-Kb Shieh et al., 2000; Dworakowska and
Dolowy, 2000, Thakker, 2000
X-linked recessive nephrolithiasis Chloride channel [CLC-5] Dworakowska and Dolowy, 2000; Thakker,
_(Dents disease) 2000; Yu, 2001
Secretory { Cystic fibrosis Epithelial chloride channel [CFTR] * Dworakowska and Dolowy, 2000; Rubin,
2003; Ratjen and Doring, 2003
Metabolic | Familial Persistent Sulfonylurea receptor 1 of ATP-sensitive Shieh et al., 2000; Dworakowska and
Hyperinsulinemic Hypoglycaemia potassium channel. [SUR1] Dolowy, 2000; Fournet and Junien, 2003
of Infancy .

This table shows some of the naturally occurring human channelopathies. A large

number have also been identified in mice.

*It should be noted that although the CFIR is functionally a chloride channel, structurally it forms part of
the ABC (ATP-binding cassette) transporter family and therefore its classification as a true ion channel is

controversial
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1.3 Venoms

There are over 1000 species of venomous animals from a wide variety of phyla,
including arthropods, cniderea, nematodes, echinoderms, molluscs and chordafes, which
use their venoms for prey capture, defence from predators and to deter competitors. The
distinction between poisonous and venomous species is the possession of specialised
delivery apparatus. This distinction becomes blurred when considering some frogs, for
example, which have specialised glands under the skin for venom storage (Terreni et al.,
2003). Delivery, however, is via nothing more than expulsion of the ‘venom’ onto the
skin as a predator deterrent. Frog ‘venom’ is therefore better classified as a toxic

secretion.

A wide variety of venom delivery systems have evolved. In some fish the venom
apparatus is little more than venom secreting cells associated with a modified spine.
Venom release is entirely‘ involuntary (the direct result of mechanical pressure on the
spine) and is therefore used solely for defensive purposes (Church and Hodgson, 2002).
In contrast, scorpions not only control the timing and quantity of venom release, but
may also be able to control its composition. Other organisms use modified teeth, the
most obvious of these being the snakes. In the gila monster (Heloderma suspectum), the
venom is not injected via fangs, but venomous saliva is chewed into the victim using
grooved teeth (Raufman, 1996). One of the most sophisticated of envenomation devices
is that of the cnidaria, and consists of speciﬁc organelles, or nematocysts (Tardent,
1997).

Similarly, there is much variation in the venom itself. In some cases this is synthesised
de novo (e.g. in spiders, Escoubas and Rash, 2004); in other species (e.g. the blue ringed
octopus), the toxins are produced by a symbiotic bacteria contained within the venom
glands. Venom may be a highly complex mixture of proteins, such as in cone snails
(McIntosh and Jones, 2001), or largely comprised of alkaloids, as is the case in some
ant venoms. In some cases, e.g. snakes, the lethal components are largely enzymes,

whilst in scorpions, for example, the lethal components are small neurotoxic peptides.

Many venoms (e.g. those of fire ants and bees) contain histamine or histamine-releasing
factors, producing pain, itching and burning sensations at the site of the sting. Spreading

factors such as hyaluronidase are also common components (e.g. in venoms from lizard
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and snake), catalysing the breakdown of connective tissue and increasing the diffusion
and absorption of the venom. Venoms often contain cytolytic peptides, e.g. lycotoxins
in spider venom (Yan and Adams, 1998) and anoplin in wasp venom (Konno et al.,

2001a), which may have both offensive and immunodefensive uses.

The bee and scorpion envenomation systems discussed in this study share two features
that set them apart from those of snakes. Whereas snakes have an envenomation system
modified from existing salivary glands, both scorpions and bees have developed
independent'highly specialised venom delivery apparatus. Whilst snake venoms contain
large numbers of enzymes, again thought to be adapted from those present in the
digestive system, the scorpion and hymenoptera venoms have a small number of
enzymes, in conjunction with basic, pharmacologically active peptides. It is possible
that scorpion toxins are derived from components of the arthropod innate immune

system.

In summary, animal venoms contain a cocktail of pharmacologically active components,
each highly evolved to a specific target, making them ideal libraries in the screening of
novel therapeutics. The venoms are also of great clinical importance in their own right,

with a significant number of human fatalities arising from various envenomations.

1.3.1 Disulphide Bond Motifs

Multiple paired cystines are common in venom peptides, particularly those active on ion
channels. They are believed to account for the high stability of these molecules and their
resistance to proteolytic digestion, and may have a role in directing the folding process.
Upon analysis of these peptides, several common patterns of cysteine distribution and
disulphide pairing have been noted. Two of these, the cystine- stabilised-a-helix (CSH)

and the cystine knot, will be discussed.

The CSH Motif

In finalising the 3D structure of the scorpion potassium channel toxin charybdotoxin,

Bontems et al., (1991 and 1991a) noted that there were common structural elements
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shared between long- and short-chain scorpion toxins and insect defensins, which
showed identical pairings of three disulphide bonds. A similar observation was made by
Tamaoki et al., (1991), who proposed the cystine stabilised o-helix motif (CSH)
(Kobayashi et al., 1991). The group noted a consensus pattern of Cys-X-X-X-Cys
disulphide-bonded to a second conserved motif, Cys-X-Cys in scorpion- and honeybee-
ion channel toxins, producing a parallel alignment of the peptide backbones in these
regions. These consensus sequences were also conserved in mammalian endothelins and
snake sarafotoxin, with the exception that the cystine pairings were reversed, generating
antiparallel alignment of the backbones. The Cys-X-X-X-Cys motif was contained
within an a-helical segment whilst Cys-X-Cys was located on an extended B-strand. A
search of protein databases (Tamaoki et al., 1998) showed that this cysteine framework
was present in a number of additional proteins, including serine proteinase inhibitors,
insect and plant defensins, and members of the growth factor family. In all proteins
containing this cysteine pattern, and which had known 3D structures, the CSH motif
was preserved, with the exception of the cystine knot growth factor super family (in
which a third disulphide penetrates the cyclic structure formed by the CSH disulphides,
disrupting the orientation of an a-helix). In peptides containing different cysteine
spacing, no conformational preferences linked with the formation of an a-helix were
observed. This disulphide pattern was proposed to be critical for the correct folding of

CSH-containing peptides.

It has been noted that plant y-thionins, human endothelins, snake sarafotoxins, insect
and scorpion defensins, short and long chain scorpion neurotoxins, and the bee venom
toxins apamin and mast cell degranulating (MCD) peptide are all basic peptides which
alter membrane permeability. Despite different mechanisms of action, they share high
affinity of binding to their relative receptors (Froy and Gurevitz, 1998). The authors
speculate as to the evolutionary origins of the CSH motif, which could have arisen
through divergent evolution of a common ancestor, or have arisen independently on one

Or more occasions.
The CSH motif connecting an a-helix to a double or triple stranded B-sheet, as

commonly seen in scorpion toxins, is often referred to as the (cysteine-stabilised) o/
fold.
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_ The Cystine Knot

The conserved cystine framework of the CSH motif is also present in the cystine knot
motif. Members of this family possess an additional disulphide bond, which penetrates
the ring structure formed by’ the other four cystines, forming a ten membered cystine
knot (McDonald and Hendrickson, 1993). This motif occurs in growth factor cystine
knot proteins (Isaacs, 1995 and Sun and Davies 1995), the cycleotides (Craik et al.,
1999), and in the small inhibitor cystine knot proteins (Pallaghy et al., 1994). In a
growth factor cystine knot, the penetrating disulphide is Cys1-Cys4. In the cases of the
inhibitor cystine knot and the cyclic cystine knot, the ring is formed by the first 2 bonds
(1-4 and 2-5) and the third disulphide (3-6) passes through this (Pallaghy et al., 1994).
The inhibitor cystine knot (IKC) is common in toxic and inhibitory peptides including
some conotoxins and spider toxins (Qu et al.,, 1997) and appears to be able to support

various pharmacological activities.
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1.4 Bee Venom

Much of the early work on bee venom has been discussed by Habermann, 1972; for a
more recent review see Strong and Wadsworth, 2000. Of relatively simple composition
when compared to many other venoms, that of the honey bee (4pis mellifera) contains
approx. 70% protein (dry weight), with lesser quantities of carbohydrates, amino acids
(Nelson and O’Connor, 1968) and phospholipids. A number of biogenic amines,
predominately histamine, are present and may contribute to the initial pain felt
following a bee sting. Dopamine and noradrenaline are also present (Owen, 1971), their

concentrations varying according to age and season (Owen and Bridges 1982).

The major enzymatic components are phospholipase A, (PLA;) and hyaluronidase
(Habermann, 1972 and references therein), which act as spreading factors. Acid
phosphomonoesterase, glycosidase and lysophospholipase activities are also present
(Shkenderov and Koburova, 1979) in lower quantities. The PLA, acts as an indirect
Iytic agent, causing the release of lysolecithin from lecithin (Habermann, 1972 and
references therein). Interestingly, the phospholipase is found exclusively in worker bee

venom, and is almost absent in that of queen bees (Kuchler et al., 1989).

PLA; would appear to act in synergy with another cell membrane lytic factor, melittin,
which has a direct cytolyti'c effect. Melittin (Habermann, 1972 and references therein) is
the main constituent of bee venom. Its amphipathic nature gives the peptide detergent-
like properties. As a result of its general lytic action, melittin brings about a wide range
of pharmacological effects. This peptide is an inhibitor of a number protein kinases
(Dudkin et al., 1983; Raynor et al., 1991) and is a potent anti-inflammatory agent. To
protect the bee from the lytic effects of melittin, the peptide is secreted into the venom
sac as a propeptide (Kreil and Bachmayer, 1971; Kindas-Mugge, 1979) before being
cleaved to form the mature peptide (Kreil et al., 1980). Two other forms of the peptide
are present, a N-terminal formylated variant (Lubke et al., 1971) and a smaller quantity

of a partially degraded melittin known as melittin F (Gauldie et al., 1976, 1978).

Aside from melittin, several small, basic, neurotoxic peptides are contained in the
venom. Apamin, mast cell degranulating peptide, tertiapin and secapin are disulphide-
bridged peptides sharing a similar structure of a B-turn covalently linked to an o-helix

by one or two disulphide bonds (Hider and Ragnarsson, 1981). The first of these,
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apamin, is an 18 residue highly basic C-terminally amidated neurotoxin, containing two
disulphide bonds, and is an inhibitor of small conductance calcium-activated potassium

channels. This peptide will be discussed in more detail later.

MCD peptide (mast cell degranulating peptide or peptide 401) (Breithaupt and
Habermann, 1968) is even more basic than apamin and was named for its ability to
release histamine from mast cells, which occurs without cell lysis (Fredholm, 1966;
Jasani et al., 1979). The peptide has also been shown to have potent anti-inflammatory
action (Winter et al., 1962; Hanson et al., 1972; Billingham et al., 1973). Of particular
note was its anti inflammatory effects in a rat model of arthritis, a condition which
apitherapy has long been claimed to alleviate (Newbould, '1963). Like apamin, MCD
peptide is a centrally acting neurotoxin (Habermann, 1977; Bidard et al., 1987
Gandolfo et al, 1989). These neurotoxic effects can be attributed to its ability to
suppress the activity of Kv1.1 channels (Stuhmer, et al., 1988).

Tertiapin was first isolated 30 years ago (Gauldie et al., 1976). It has been shown to
have presynaptic activity (Ovchinnikov et al., 1980), originally suggested to be due to
its binding to calmodulin (Dudkin et al., 1983). More recently, the peptide’s ability to
block inwardly rectifying potassium channels (discriminating between GIRK1/4
/ROMK and IRK1) (Jin and Lu, 1998) and to selectively inhibit muscarinic potassium

channels (K acn) in cardiac monocytes, (Kitamura et al., 2000) have been demonstrated.

Unlike the other bee venom neurotoxins, secapin (Gauldie et al., 1976) contains only a
single disulphide bridge and little is known about its pharmacology. Interestingly, the
peptide is far more abundant in the venom of queen bees than in that of the workers

(Vlasak and Kreil, 1984), raising intriguing questions as to secapin’s functional role.

Adolapin, a larger (approx 11100-11500 Da) basic polypeptide with anti-inflammatory
and analgesic properties has also been isolated from honey bee venom (Shkenderov and
Koburova, 1982; Koburova et al, 1985). Although other peptides, procamine A,
procamine B and minimine (named for its ability to produce minjaturé flies from
| Drosophila larvae) have been reported (Nelson and O’Connor, 1968; Lowy et al,
1971), subsequent studies have failed to repeat these findings (Gauldie et al., 1976).
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In humans, the pharmacological effects of envenomation are generally local ones.
Histamine acts upon nerve endings and small blood vessels, causing pain and swelling;
hyaluronidase permeabilises connective tissue, acting as a spreading fador; MCD
peptide releases more histamine; phospholipase increases capillary permeability and
produces lytic agents, which in conjunction with melittin, cause general tissue damage

and liberate further active substances, e.g. potassium, histamine and serotonin.

Hymenoptera are, however, responsible for more deaths than any other venomous
creature (Gueron et al., 2000). This is not a direct effect of the venoms, but due to
hyperimmunity leading to anaphylactic shock in hypersensitive individuals. Multiple
allergens would appear to be present, IgE from hypersensitive patients recognising
several venom proteins. Opinions vary as to which is the major allergen, with patients
showing varying reactivity, although PLA,, hyaluronidase, acid phosphatase and
melittin would all appear to play a significant role (Shkenderov, 1974; Hoffman and
Shipman, 1976; Light et al., 1976; Sobotka et al., 1976; Hoffman et al., 1977; Paull et
“al., 1977; Kemney et al., 1984; Kettner et al., 1999). Further components, e.g. Api m 6,
allergen B and allergen C (Hoffinan, 1977; Kettner et al., 2001), have been isolated on
the basis of their immunogenic properties. It has been postulated that some of these
allergens are not components of the venom per se, but are proteolytic fragments from

larger structural and membrane proteins.

Research into bee venom thus has three main foci. As demonstrated by recent progress
in identifying ion channel targets of tertiapin, despite 30 years of research the venom is
still yielding novel pharmacological tools. Continuing progress is being made in the
identification and synthesis of bee venom antigens required for effective venom
immunotherapy. Finally, apitherapy has long been associated with alleviation of
éymptoms of a number of autoimmune conditions. More research is required into the
“validity of such treatment, and into the components responsible for its effects, in order
to provide synthetic and recombinant alternatives, and to reduce the risk of anaphylactic

side effects.
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1.4.1 Apamin

Apamin is an 18 amino acid toxin and a minor active component of 4. mellifera venom.
Apamin intoxication seems to produce symptoms specific to the central nervous system.
When purified apamin was injected into mice, it led to convulsions, followed by
respiratory distress and death (mouse LDsy = 2.05 mg/Kg i.p.) within 2-4 hours
(Shipolini et al, 1967, Lallement et al, 1995). Sub-lethal doses gave rise to
hyperexcitable mice over a 24hr period. Direct injection into the spinal cord gave
similar, but local effects. In general, the toxin has an excitatory effect on the CNS and is

the only toxin known to be able to pass through the blood-brain barrier.

Nanomolar concentrations of apamin specifically block a potassium current, activated

by an increase in free intracellular calcium concentration, in a variety of cell types. This
| includes currents in neuronal and in non-neuronal cells (Cook et al., 1983). The toxin
acts on the external side of the channel carrying these currents, disassociating when
internal potassium concentration is high, suggesting the block is via a simple plugging

mechanism.

Apamin was successfully radiolabelled by Habermann and Fischer, 1979 and purified

]apamin was characterised by Hugues et al., 1982c. The radiolabelled toxin

mono [
was initially used to look at the distribution of acceptors in whole organisms, showing a
concentration. of acceptors in the spinal cord (Vincent et al., 1975). Later,
autoradiographic studies using the toxin showed the acceptor to be heterogeneously
distributed in the brain. Areas containing a large proportion of glial cells showed low
levels of labelling (Mourre et al., 1986), suggesting that, in the brain, receptors are

located primarily on neurons within the cerebellum.

A specific binding site for radiolabelled apamin was identified on rat skeletal muscle
cells (Hugues et al., 1982a; Hugues et al., 1982c); and apamin binding sites were
identified on membranes, whole cells and cultured cell lines prepared from a wide range
of both neuronal and non-neuronal tissues (refer to table 4.1). These studies strongly
implied that the apamin acceptor was a component of the SK channel, since binding

occurred at a single class of binding sites on tissues expressing these channels.
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Apamin was the first specific probf_ﬁ for a potassium channel. It binds specifically to
SK1, SK2 and SK3 (although it has far lesser affinity for SK1: - K4 hSK1 = 390pM; Kq4
hSK2 = 4pM; K4rSK3 = 11pM, Grunnet et al., 2001; Finlayson et al., 2001) and has no
effect on BK or IK. The identification of apamin as a ligand of the SK channel has
provided valuable information on the quantity and distribution of these channels and
pfovided a ligand to aid in their purification (Schmid-Antomarchi et al., 1984;
Lazdunski et al., 1985; Seagar et al., 1987; Sokol et al., 1994).

Studies using apamin have also provided structural information on the channel. For
example, apamin cross-linking studies proved the channel to be a heteroligomer and
suggested the presence of SK channel B-subunits. Apamin binding assays, and
radioimmunoassays using anti-apamin antibodies were used to suggest the presence of
an endogenous apamin-like factor in mammalian (porcine) brain (Fosset et al., 1984).
They have helped to identify additional SK channel ligands, e.g. P05 (Sabatier et al,,
1993), scyllatoxin (Sabatier et al., 1994), Tsk (Legros et al., 1996), BmP05 (Romi-
Lebrun et al., 1997), maurotoxin (Kharrat et al., 1997), Pil (Fajloun et al., 2000c) and
tamapin (Pedarzani et al., 2002). Strong and Evans, 1987, used internalisation of
radiolabelled apamin into liver endosomal membranes to provide evidence for receptor-
mediated endocytosis of toxins. Apamin has notable effects on behaviour. It improves
cognition, memory and learning in mice (Messier et al., 1991; Deschaux et al., 1997,
Deschaux and Bizot, 1997; Ikonen et al., 1998; Van der Staay et al., 1999; Fournier et
al., 2001) and decreases their appetite (Ghelardini et al., 1997). The toxin is therefore
used as tool in the study of these behaviours and in the understanding of, and

development of treatment for, various behavioural, psychiatric and memory disorders.

The sequence of apamin was determined by two independent groups (Shiponlini et al.,
1967, Callewaert, 1968 and also Haux et al., 1967). The peptide is highly basic, with
only one hydrophobic amino acid and a net charge of three, and the C-terminal carboxyl
group is amidated (Gauldie et al., 1976).

H-Cys-Asn-Cys-Lys-Ala-Pro-Glu-Thr-Ala-Leu-Cys-Ala-Arg-Arg-Cys-Gln-Gln-His-NH,
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Analysis of the primary sequence, circular dichroism (CD) conformational studies and
nuclear magnetic resona‘nce (NMR) studies (Busetta, 1980; Bystrov et al., 1980;
Freeman et al., 1986; Pease and Wemmer, 1988) predicted a tertiary structure (fig 1.5)
containing a CSH motif. This structure, an o-helical core and two f-turn regions linked
by Cysl- Cysll and Cys3 - Cys15 disulphide bonds, is very resistant to changes in
solvent polarity, pH, addition of denaturants and even chemical modiﬁéation of side
chains. The compactness and thermodynamic stability of the peptide have led to its use
as a model, e.g. to examine structure-antigenicity relationships (Defendini et al., 1990),
for analysis of disulphide linkages (Gray, 1993) and in the testing of structural
algorithms (Sun 1995).

Two residues, Argl3 and Argl4, seem crucial for activity (Vincent et al, 1975;
Albericio et al., 1984). Substitution of one of these residues by lysine maintains 80% of
~ biological activity (Granier et al., 1978). Activity is lost, however, on substitution by
ornithine or homoarginine (Cosland and Merrifield, 1977), the distance between the
positive charges being critical (Granier et al,, 1978). Bisquaternary neuromuscular
blocking agents, e.g. tubocurarine, gallamine and decamethonium compete for apamin
binding sites. All of these molecules contain two positively charged nitrogens separated
by approx 11A, comparable to Argl3 and Argl4 in apamin (Cook and Haylett, 1985).
This motif has been proposed as the SK-channel pharmacophore (Cook and Haylett,
1985; Galanakis et al., 1995, 1996, 2004). These positive residues are thought to
interact with complementary negative residues on the apamin receptor, the binding
augmented by hydrophobic interactions between the receptor and the side chains of
these residues (Demonchaux et al., 1991; Labbe-Jullie et al., 1991). The single
negatively charged residue of apamin (Glu7) is located on the opposite side of the
molecule. This produces a high dipole moment, which may contribute to the precise
positioning of the toxin in the receptor (Ciechanowicz-Rutkowska et al., 2003). The
differences in sensitivity; of the SK channels to apamin have been shown to be

influenced by residues in the pore region (Ishii et al., 1997a).

The apamin cDNA precursor has been identified (Gmachl and Kreil 1995). This
precursor (preproapamin) has both a signal peptide (19 amino acids) and a propeptide (8
amino acids) preceding the mature peptide sequence. As would be expected from the
amidation of the C-terminal His, an additional Gly is present at the C-terminus of the

precursor. This signal peptide and propeptide region is identical to that of MCD peptide,
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and the cDNA sequences of this region and the 5’untranslated region (UTR) show 85%
identity. The 3’ ends are completely identical. This is because the two toxins reside in
tandem on a single gene. This gene has six exons in the following order: three exons of
the MCD precursor, two exons of the apamin precursor and a final exon common to the
mRNA for both toxins. This final exon represents the final six residues of apamin and
3’UTRs for both toxins (see fig 1.6).

For reviews on apamin and its relationship with SK channels, see Habermann, 1984;
Lazdunski et al., 1985; Castle et al., 1989 and Strong, 1990.
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Fig 1.5 Structure of Apamin
A)

B)

A) Ribbon structure (Freeman et al., 1986).

B) Stereoview of apamin, showing positions of the two arginines critical for
binding. Image was created, using the coordinates of Pease and Wemmer, 1988,

in Protein Explorer (http://molvis.sdsc.edu/protexpl/frntdoor.htm).
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1.5 Scorpion Venom

Scorpions (class arachnida) are the oldest living arthropods, evolved over 400 million
years. The largest scorpion species (e.g. genus Pandinus) may be 20cm in length,
although the majority of scorpions are much smaller. Their bodies are composed of 18
segments terminating in a teardrop shaped telson that contains the venom glands, which
produce potent pharmacologically active peptides. Scorpions also possess two anterior
pincer-like pedipalps. In general terms, the bigger the pedipalps, the less dangerous the

sting.

Scorpions are very robust. They can withstand desert or freezing conditions for weeks
and months of starvation. Generally, scorpions are nocturnal opportunistic predators.
Their diet is mostly comprised of insects and other arthropods, although they also eat
isopods and gastropods, and the larger species may feed on small reptiles and mammals
(Keegan, 1998). Cannibalism has been noted in scorpions kept in close confinement

under laboratory conditions.

All known scorpion species possess venom, which is used both defensively and to
attack and immobilise prey. Of approximately 1500 scorpion species only about 25
(mostly in the Buthidae family) are capable of causing human fatalities. Those
“scorpions considered to be of medical importance have been described by Keegan,
1998, and include Androctonus australis in North Africa, Leiurus quinquestriatus in
North Africa and West Asia, Parabuthus spp in South Africa, Tityus bahiensis and
Tityus serrulatus in South America, Centruroides limpidus and Centruroides suffuses in
Central America, Centruroides sculpturatus in North America and Mesobuthus tamulus

in Asia.

1.5.1 Scorpion Sting

The scorpion telson consists of two portions, the swollen ampulla and the slightly
upturned sharp hollow spine or sting. When the scorpion is in defensive/offensive pose,
the abdomen is curved back over body, so that the sting points forward. Towards the tip
of the spine are two oval openings (aculeus) for venom release. Each opening has its

own venom duct leading from one of a pair of venom glands located, either side of the
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mid-line, in the ampulla. Each gland is covered in a sheet of muscle (the compressor
muscle) on its dorsal and medial sides, which squeezes the venom through the ducts and
out of the aculeus. This contraction, and the extent of the contraction, is entirely under
the voluntary control of the scorpion. The structure of the venom glands of
Heterometrus longimans has been studied in detail by Gopalakrishnakone, 1995 (see ﬁg
1.7).
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1.5.1.1 Symptoms of Scorpion Sting

Scorpion venoms can be toxic to insects, amphibians, crustaceans and mammals.
Scorpion envenomation is a common and life threatening public health problem in
many parts of the world, particularly Africa, Asia and South and Central America. In
Mexico there are over 200,000 cases of scorpionism annually, and approximately 700
deaths (Dehesa-Davila and Possani, 1994). Brazil records 10,000 cases per annum
(Alvarenga et al, 2002) and, in Tunisia, 30,000 to 45,000 incidents are reported
annually, of which 1000 are severe and 35-105 fatal (Krifi et al., 1996). Indeed, in some

regions more deaths are caused by scorpion sting than by snakebite.

Symptoms of scorpion envenomation vary widely depending on offending species, but
can broadly be divided into two categories. The sting of most scorpions is harmless and
less painful than a bee sting. In the severest of cases in this category, discolouration,
severe pain, oedema and sweating may last for several days. These symptoms remain
localised to the site of the sting, however, and severe pain is often an indicator of a good
clinical prognosis. Envenomations in the second category also produce initial pain at the
site of the sting. These local symptoms are mild and short lived, however, being rapidly
replaced by the systemic effects characteristic of severe envenomation and possibly
leading to death. There is a broad spectrum of severity within these two categories. The
effects of the sting depend upon scorpion species, season of sting, age of scorpion and

victim, and size of victim. Children are particularly vulnerable to severe prognosis.

The effect of clinical and experimental envenomation by a wide range of scorpions has
been reviewed in detail by Ismail, 1995. The severe symptoms affect many systems and
include both hyper- and hypo-tension, increased activity of the secretory glands
(sweating, hypersalivation, lacrimation), CNS effects (hyperirritability, focal and
generalised seizures, hemiplegia, hyperthermia and hypothermia, shi&ering,
hyperirritability), cardiac arrhythmia, cyanosis and renal failure. Fatality is usually due
to cardiac or respiratory failure complicated by pulmonary oedema. These symptoms
are characteristic of a generalised stimulation of both the sympathetic and
parasympathetic nervous system, with the sympathetic effects dominating. Hassan and
Mohammed, 1940, first proposed that the effects of scorpion envenomation were due to
powerful stimulation of the autonomic nervous system. This is via a massive rise in

circulating catecholamines and acetylcholine in a process termed ‘autonomic storm’.
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Ismail, 1995 also noted that changes in serum electrolyte concentration (hyponatremia,
hyperkalemia, hypocalcaemia and hypomagnesaemia) contributed to the cardiac effects
of the venom. This was concluded to be partly due to catecholamines causing release of
potassium from the liver (and possibly due to high K" levels in prevenom, Inceoglu et

al., 2003), but also associated with opening of Na* channels and block of Kca.

In mild but painful stings, localised pain is caused by liberation of serotonin and kinins
causing continuous stimulation of C-fibres, and also by direct stimulation of nerves by
the venom. The absence of local pain at the site of the sting in severe envenomations is
due to peripheral vasoconstriction and hypoxia due to elevated circulating

catecholamines.

Antivenoms are available for many scorpion venoms, although their effectiveness is
debated. Treatment is often a combination of antivenom therapy and symptomatic

treatments, although the recommended treatments vary according to species.

1.5.2 Scorpion Venom Composition

Scorpion venom is a tasteless, odourless, slightly acidic liquid. The initial drops are
colourless (prevenom), the subsequent ones translucent (venom) (Caius and Mhaskar,
1932). The venoms are typically a mixture of mucus, inorganic salts, oligopeptides,
nucleotides, amino acids, low molecular weight organic molecules and a number of
proteins, but as the symptoms of scorpion sting vary widely between scorpion species,

so does the composition.

The venoms with high toxicities are the most widely studied. Unlike snake venoms, for
example, most of the high-toxicity scorpion venoms lack, or have only low, enzyme
activity. A few enzymes have been isolated, however, e.g. hyaluronidases from T.
serrulatus (Pessini et al., 2001). These scorpion venoms alter neuronal action potentials
and cause release of neurotransmitters from cholinergic and adrenergic neurons. This is
due to the presence of low molecular weight, basic, neurotoxic peptides that act upon
ion channels and have pre-junctional effects on synaptic transmission. Most of the

neurotoxins are selective for voltage-activated sodium channels of excitable cells,
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prolonging action potentials and causing spontaneous neuronal firing. In addition, minor

components act selectively on voltage-gated or calcium-activated potassium channels.

A few studies have been carried out on black scorpions belonging to the scorpionidae.
These scorpions are generally formidable looking, with large pincers, but their sting is
not fatal, instead producing intense localised pain. Of this type of scorpion, the venoms
from Heterometrus scaber (Nair and Kurup, 1975), H. longimans and Heterometrus
spinifer (Gwee et al., 1993, 1996, 2003; Nirthanan et al., 2002) are the most studied.
These venoms have a direct, post-junctional, agonist effect on muscarinic M3
cholinoceptors and a-adrenoceptors. The venoms appear to lack significant sodium or
potassium channel blocking activity. Instead, noradrenaline and/or acetylcholine are the
major venom components, accounting for the direct noradrenergic and cholinergic
agonistic effects of the venoms when applied to rat muscle. It is proposed that the
acetylcholine acts as an algesic, and noradrenaline is responsible for the potent
vasoconstrictive effects of these venoms, helping to localise and intensify the effects of
the algesics. Histamine has been isolated from Heterometrus gravimanus, adding to the
symptoms of pain, burning and itching (Ismail et al., 1995). Unlike in the more toxic
scorpions, these less dangerous species have significant enzyme activities. PLA; is a
major component of the venom from Heterometrus fulvipes (Ramanaiah et al., 1990),
and H. scaber venom contains significant quantities of acid phosphatase, 5°-
nucleotidase, phospholipase A, acetylcholine esterase and the spreading factor

hyaluronidase.

Sometimes identical peptides may be present in venoms from different, but closely
related, species of scorpion, e.g. kurtoxin from Parabuthus granulatus and Parabuthus
transvaalicus (Olamendi-Portugal et al., 2002); butantoxin from 7. serrulatus, T.
bahiensis and Tityus stigmurus (Holaday et al., 2000).

1.5.3 Scorpion Venom Ion Channel Neurotoxins

The main pharmacological components, and hence the majorfty of those identified, are
small peptides acting on ion channels, or peptides with sequence homology to known
ion channel toxins. The venoms contain multiple classes of ion channel toxins specific

for different targets. This specificity is twofold. Most of the toxins are highly specific
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for a particular class of ion channel (e.g. sodium channel selective) and often a
particular channel subtype. Scorpion toxins also show a large degree of host specificity,
with different toxins targeting mammals, insects and crustaceans found in a single

venom.

All known scorpion ion channel toxins are single-chain polypeptides, between 23 and
80 residues in length, and bridged by two to four disulphide bonds. Most known
examples contain the CSH motif (see 1.3.1). Their primary targets are voltage-gated
sodium channels (generally modifying the gating kinetics), and potassium channels, Kv
and Kc, in particular (usually by a direct block of the pore). Although abundant in
spider and cone snail venoms, calcium channel toxins are rare in scorpions and are of
variable size. Toxins affecting chloride currents exist in scorpion venoms, but their

mode of action is poorly characterised.

Scorpion neurotoxins are often divided into two groups based on molecular weight. The
short-chain toxins contain 23-41 amino acids cross-linked by two, three or four
disulphide bridges, and are active on a wide range of channel types (K', CI" and some
Ca®" channel toxins fall into this category). The sodium channel toxins (and a few
recently discovered K™ channel toxins) are contained within the long-chain scorpion
toxins. These peptides are between 60 and 80 residues in length and have four
disulphide bonds.

Together, the neurotoxins act to prolong the action potential and cause repetitive firing.
They are generally of higher toxicity than snake neurotoxins. Scorpion ion channel
toxins have been classified and reviewed by Possani et al., 2000. The authors divided
the scorpion ion channel toxins into 26 families, although for the sake of simplicity a

less complex classification has been adopted in this work.

1.5.3.1 Sodium Channel Toxins

Much of the toxicity of scorpion venoms has been attributed to their action on sodium
channels. For this reason, and due to their often-high abundance in the venom, scorpion
sodium channel toxins are well studied (Gurevitz et al., 1998; Possani et al., 1999; and

Martin-Eauclaire and Rochat, 2000). These toxins are 60-76 amino acid peptides
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containing four disulphide bridges and exert their pharmacological effect by altering the
opening or closing of the voltage-gated sodium channel responsible for the depolarising
phase of the action potential in nerve, muscle and heart. The scorpion Na* channel
toxins have traditionally been grouped according to host specificity: those active on
vertebrates (mammalian Na* channel toxins) and those active on invertebrates (insect
Na* channel toxins). For a more detailed classification, based upon sequence homology,

host specificity and mode of action, refer to Possani et al., 1999.

The ‘mammalian’ toxins all increase Na' influx into cells. Two groups (a-and B) are
distinguished by their site of action on the sodium channel. These toxins share a similar
structure of a short a-helical segment and a three-stranded antiparallel B-sheet. Two
disulphides link the secondary structure, a third bridge links the N-terminus and the C-
terminus, and the final bridge links the loops. It has been proposed that differences in
these loop regions determine the differences in - and B-toxin activities (Fontecilla-
Camps et al., 1980), and a hydrophobic region on one face of the toxin has been
implicated in the high-affinity binding of the toxins to their targets (Fontecilla-Camps et
al., 1980). Although initially characterised as mammalian toxins, some members of the

o~ and B-toxin families show insect activity.

o-Scorpion toxins were the first to be purified and characterised (Miranda et al., 1970).
They are the main toxic components of the venoms of ‘Old World’ scorpions from
Africa and Asia (e.g. Androctonus, Buthus and Leiurus species). Four such toxins
(AaHI-AaHIV) together account for 90% of A. australis venom mammalian toxicity,
but represent only 3% of the composition (Martin and Rochat, 1986). o-Toxins have
also been isolated from New World scorpions, e.g. 7. serrulatus (Barhanin et al., 1982;
Vijerberg et al., 1984), though they are present at far lower abundance and have a lower
affinity i’or their receptors. a-Toxins prolong the action potential by slowing sodium
channel inactivation (Jover et al., 1980; Catterall, 1988; Kirsch et al., 1989). They exert
this action via receptor site 3 of the Na* channel a-subunit, specifically a site formed by
the extracellular S3-S4 loops of domains I and IV (Tejedor and Catterall, 1988;
Thomsen and Catterall, 1989; Rogers et al., 1996), in a voltage dependent manner
(Catterall, 1979; Jover et al., 1980).

Since these early studies, a number of toxins (c-like toxins) have been isolated with o~
toxin-like primary sequence and insect toxicity (Gordon et al., 1996; Possani et al.,
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1999). They-too slow Na" channel inactivation, characterised by a contractile paralysis
in the insect, and bind to similar, but non-identical, sites on Na* channels of insects and
mammals (Eitan et al., 1990; Borchani et al., 1996). The selectivity of o~ (and a-like)
toxins for insect or mammalian receptors, and for distinct mammalian Na* channel

subtypes, have been reviewed by Gordon and Gurevitz, 2003.

The main components responsible for mammalian toxicity in the venoms of ‘New
World scorpions’ (e.g. Centruroides and Tityus species) are also sodium channel toxins,
increasing Na' influx. These B-toxins exert their effect by shifting the voltage-
dependence of activation to more negative potentials (Cahalan, 1975; Couraud et al,,
1982; Yatani, et al, 1988), leading to spontaneous and repetitive firing of action
potentials. They bind to a different sodium channel receptor site from that of o-toxins
(Couraud et al., 1982) in a voltage-independent manner. This binding region (receptor
site 4) is located on the S3-S4 extracellular loop in domain II of the Na* channel o-
subunit (Cestele et al., 1998). Like a-toxins, B-toxins do not act exclusively on
mammalian channels. The main toxic component of 7. serrulatus (Tsy or TsVII,
Possani et al., 1981; Ceard et al., 1992) additionally binds to the insect sodium channel
with high affinity (Pauron et al., 1985; De Lima et al., 1986, 1989), possibly because of
its high structural flexibility (Loret et al., 1990). A toxin that is active against
crustaceans and has a B-like sequence has been isolated from Centruroides noxius
(Garcia et al,, 1997). The differences between this and an archetypal P-toxin are
concentrated on a surface region that is hence proposed to be involved in species

specificity.

The potency of scorpion venoms in insects is largely due to Na' channel toxins, which,
unlike the ‘mammalian’ toxins, are exclusively selective for insects. These toxins are
structurally distinct from their mammalian-active counterparts and can essentially be

classified according to their opposing paralytic effects.

Zlotkin et al., 1972 described the first scorpion insect toxin (AaHIT, A. australis),
reporting an immediate contractile paralysis caused by repetitive firing of insect
motorneurons, and due to a shift in the voltage-dependence of activation and a reduction
in deactivation of the Na' channel (Walther et al., 1976; Lester et al., 1982; Pelhate and
Zlotkin, 1982). The binding of this ‘excitatory insect toxin’ is non-voltage dependent

and shows high selectivity for insect over mammalian sodium channels (Gordon et al.,
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1984). This specificity may be due to the rigid structure of the toxin, imparted by a
different disulphide pairing to that seen in the mammalian toxins (Darbon et al., 1982;
Loret et al., 1990). Structural studies on excitatory insect toxins have led to the proposal
that the C-terminus region forms part of a putative bioactive surface important for insect
specificity (Darbon et al., 1991; Froy et al., 1999a).

The depressant insect toxins (e.g. Bj IT2, Bothotus judaicus, Lester et al., 1982) share
their disulphide pairing with the mammalian Na" channel toxins and are reviewed by
Zlotkin et al., 1993. They are specific for insects and block action potentials, causing a
slow flaccid paralysis (Zlotkin, 1983; Zlotkin et al., 1985). This paralysis is preceded by
a transient contraction, similar to that seen with the excitatory toxins (Zlotkin et al,,
1991; Benkhalifa, 1997). The excitatory and depressant toxins bind to distinct binding
sites, in close proximity to one another on the extracellular loops of domains I, III, and
IV of the insect sodium channel (Goudet et al., 2002).

In 1991, Loret et al., isolated AaHiT4 from A. australis Hector. This toxin competes for
binding sites with both a- and B-type mammalian scorpion toxins and also insect Na*

channel scorpion toxins, and is proposed to be an ancestral scorpion toxin.

1.5.3.2 Scorpion Potassium Channel Toxins (KTx).

The other well-studied group of scorpion venom components is the potassium channel
toxins (KTx) (Garcia et al., 1995; Harvey et al., 1995; Rodriguez de la Vega and
Possani, 2004). They are minor venom components (each having a far lower abundance
than the Na* channel toxins) that increase cell excitability by potassium channel block.
These molecules are basic peptides containing three or four disulphide bridges.
Although most known scorpion KTx are 30-40 amino acids in length, long-chain
scorpion potassium channel toxins (approx 60-65 amino acids) and peptides as small as

22 amino acids (Srinivasan et al., 2002) have been isolated in more recent years.

The first scorpion potassium channel toxin to be purified was noxiustoxin from C.
noxius venom (Carbone et al, 1982; Possani et al., 1982). This toxin inhibited
potassium currents in the squid giant axon, in a voltage-independent manner, without

altering the gating kinetics. In the ensuing years, several homologous scorpion venom
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peptides were isolated that blocked either voltage-gated (Kv) or calcium-activated (Kc,)
potassium channels. Miller, 1995 grouped the known scorpibn KTx peptides in a single
family (a-KTx) divided into three subfamilies based upon sequence similarity (o.-
KTx1-3, containing charybdotoxin-like, noxiustoxin-like and kaliotoxin-like sequences
respectively). The last decade has seen a dramatic increase in the o.-KTx family and the
nomenclature was expanded by Tytgat et al., 1999; Goudet et al., 2002 and Batista et
al., 2002, to include a total of eighteen subfamilies, currently encompassing about 75

peptides active on Kv, or SK, IK, or BK subtypes of K¢, channels.

Since 1995, three further families have been added to the nomenclature. The B-KTx
family consists of the long-chain potassium channel toxins, of which four have been
identified (Legros et al., 1998; Zhu, 1999). They contain 60-64 amino acids but only
three-disulphide bridges.

The y-KTx family contains the ergtoxins, active on the ether-a-go-go-related gene
(ERG) potassium channels (Gurrola, 1999a). Twenty-six such peptides have been
identified to date. It is hoped that, in the same way that a-KTx have been beneficial in
the study of Kv and K¢, channels, the ergtoxins will prove vital tools in the

understanding of their associated channels and in therapeutic drug design.

A potassium channel toxin that became the founding member of the k-KTX family has
recently been identified in H. fulvipes (Srinivasan et al., 2002). k-Hefutoxin differs from
previously identified KTx peptides. It does not share the common CSH motif, but has
two antiparallel a-helixes joined by a loop region and linked by two disulphide bonds.
Regions of B-sheet structure appear to be absent. In common with other KTx, the action
of k-hefutoxin on Kv1.3 and Kv1.2 appears to be via occlusion of the pore. However,
unlike other KTxs, this toxin is also able to alter the gating of Kv1.3 currents, slowing
the kinetics of activation. Since this is the first potassium channel toxin identified in a
Heterometrus species, it is unclear whether this toxin family is present in all scorpions

or if it is characteristic to the venom from this non-lethal scorpion family.

The traditional model of potassium channel toxin binding was based on the interactions
of charybdotoxin, iberiotoxin and noxiustoxin with their targets. It predicted the toxins
fitting snugly in the rim of the pore and physically plugging the mouth of the selectivity

filter. The minimum requirement for functional block of K* channels was proposed to
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be a ‘functional diad’ of a lysine and an aromatic residue 6.6A apart (Dauplais et al.,
1997). Further studies on the interactions of various KTx and their acceptors showed
that this model was not applicable in all cases. For a detailed discussion of these studies,
and recent proposals on the interactions of KTx with their targets, see Rodriguez de la
Vega et al., 2003;‘ Xu et al.,, 2003; and Rodriguez de la Vega and Possani, 2004.
Although all these toxins (aside from x-hefutoxin) appear to produce functional block
by physically occluding the channel pore, the precise nature of this block, and the

toxin’s orientation in the channel outer vestibule appear to vary (see fig 1.8).

See ‘Rodriguez de la Vega and Possani, 2004, for a list of the known and putative

scorpion K" channel scorpion toxins identified to date.
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