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Abstract

Molecular Studies of Alpha-Scorpion Toxins Interactions with Voltage-gated Sodium
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Chair of the Supervisory Committee

Professor William A. Catterall

Department of Pharmacology

Voltage-gated sodium channels are responsible for initiation and propagation of the
action potential in vertebrate nerve and muscle. They are also the molecular targets for a

large number of paralytic neurotoxins.

a-Scorpion toxins, including LghlIl (Leiurus quinquestriatus hebraeus, type Il), bind
to the extracellular domain on the sodium channel and inhibit channel fast inactivation.

Their binding prolongs sodium channel opening, leading to repetitive firing,



depolarization and conduction block. As a consequence, these toxins can kill organisms

by inducing paralysis and cardiac arrhythmia.

Using site-directed mutagenesis, we have identified residues that constitute the
functional interaction surfaces of a-scorpion toxin and its receptor site on the
voltage-gated sodium channel. Mutants T1560A, F1610A, and E1613A in domain IV had
lower affinities for Lghll, and mutant E1613R had ~73-fold lower affinity. Toxin
dissociation was accelerated by depolarization and increased by these mutations, whereas
association rates at negative membrane potentials were not changed. These results
indicate that Thr1560 in the S1-S2 loop, Phe1610 in the S3 segment, and Glul613 in the
S3-S4 loop in domain IV participate in toxin binding. T393A in the SS2-S6 loop in
domain I also had lower affinity for Lqghll, indicating that this extracellular loop may

form a secondary component of the receptor site.

Analysis with the Rosetta-Membrane algorithm resulted in a model of Lghll binding
to the voltage sensor in a resting state, in which amino acid residues in an extracellular
cleft formed by the S1-S2 and S3-S4 loops in domain IV interact with two faces of the
wedge-shaped LghIl molecule. The conserved gating charges in the S4 segment are in an
inward position and form ion pairs with negatively charged amino acid residues in the S2
and S3 segments of the voltage sensor. This model defines the structure of the resting
state of a voltage sensor of sodium channels and reveals its mode of interaction with a

gating modifier toxin.

The bioactive surface of Lqghll has recently been shown to be made of a conserved

core domain (Phe-15, Arg-18, Trp-38, and Asn-44) and a variable NC domain (Lys-2,



Thr-57, Lys-58). In this work, possible interactions on surfaces of a-scorpion toxin and
its receptor site on the voltage-gated sodium channel were tested by thermodynamic
mutant cycle analysis. Single mutations at key amino acid residues important for activity
on toxin and sodium channel were constructed by mutagenesis. We have identified an
intermolecular interaction between extracellular loop of sodium channel and a-scorpion
toxins. We demonstrated a specific aromatic-aromatic interaction between amino acid
residue Phe1610 and Trp38 of Lqhll (XAAG = 2.45 kcal/mol), a residue that is conserved
among many co-scorpion toxins. Toxin dissociation was accelerated by depolarization and
increased by mutations at both sites, whereas association rates at negative membrane
potentials were not changed for mutation at Phe1610, but slightly increased for mutation
at Trp38. These results constrain the possible orientation of a-scorpion toxin with respect
to the gating-module of DIV in sodium channel and suggest that upon interaction, the

core-domain of LghlI is in close proximity to the sodium channel.

We found that an antianginal and anti-ischemic drug, ranolazine, attenuated sustained
Na' current induced by a-scorpion toxin, with a 50% inhibitory concentration (ICso) of
102 + 10.7 uM. It also attenuated the peak Na' currents, with an ICsy of 334 + 2.6 uM.
The results demonstrate that ranolazine has antagonist effect against o-scorpion toxin.

Consistent with this effect on sodium channels, ranolazine reduces the lethal paralytic

effects of Lghll in mice.
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Chapter I: Introduction

Functional properties of voltage-gated sodium channels

Sodium channel function

Voltage-gated sodium channels are transmembrane proteins responsible for the rising
phase of action potentials in neurons, muscle cells and other excitable cell types. They are
rapidly activated when the cell membrane is depolarized, leading to a transient sodium
influx, and then inactivated within milliseconds (1, 2). The importance of their function is
demonstrated by the effects of sodium channel neurotoxins that bind to 6 receptor sites
and disrupt its normal behavior (3, 4). Due to their high affinity and specificity, these

toxins are powerful tools to study the structure and function of sodium channels (5-8).

Sodium channel proteins

Voltage-gated sodium channels are heteromeric integral membrane proteins made of a
pore-forming o subunit of ~260-kDa and auxiliary B-subunits of 30-40 kDa (1, 9, 10).
The o subunit is a complex membrane glycoprotein with 24 membrane-spanning
segments arranged in four homologous domains. The o subunit is independently
functional when expressed in Xenopus oocytes or mammalian cells, and contains the ion
pore and neurotoxin binding sites 1-6 (1), but the kinetics, expression level and voltage
dependence of channel gating can be modified by the B subunits (11-13). The 3 subunits
are single membrane-spanning glycoproteins (14, 15). The B2 subunit is covalently
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linked to the o subunit by disulfide bonds, and the B1 and B3 subunits are noncovalently
attached. The a subunit consists of four homologous domains, referred to as DI to DIV,
that surround a central ion pore, and each domain contains six transmembrane segments
(S1-S6) and a membrane-reentrant loop (SS1-SS2) between segments S5 and S6. The S4
segments in each domain serve as the voltage sensors, the S5 and S6 segments and the
re-entrant loop between them form the lining of the pore, and the short intracellular loop

between domains III and IV form the inactivation gate.

To date, nine sodium channel o subunits, designed Nayl.1-Nay1.9, have been
identified and functionally expressed (16). They are at least 50% identical in amino acid
sequence in the transmembrane and extracellular domains (16). Nay1.1, Nay1.2, Nay1.3
and Nay1.6 expressed in brain neurons, and Nayl.7, Nay1.8 and Nay1.9 expressed in
dorsal root ganglion cells. The isoform Nay1.4 is expressed primarily in skeletal muscle

and Nay1.5 is expressed primarily in cardiac myocytes (16).

Sodium channel activation

The ion conductance activity of sodium channels is regulated on the millisecond time
scale by intrinsic activation and inactivation gating processes (17, 18). In response to
depolarization, the S4 segments of sodium channels move outward across the membrane
electric field due to electrostatic forces and initiate a conformational change which opens
the pore (18). The S4 segments in each domain contain repeated motifs of a positively
charged amino acid residue followed by two hydrophobic residues and act as voltage
sensors (17-19). The “sliding helix” model proposed that the gating charges in the S4

segments were paired with negative charges and move outward along a spiral pathway,
2



exchanging ion pair partners, during activation of the channel (20-22). The gating charges
are proposed to be stabilized in the transmembrane environment by ion pair formation,
and their outward movement is proposed to be catalyzed by sequential, isoenergetic
exchange of ion pair partners. This mode of S4 function is consistent with a wide range

of structure-function data (20-23).

Sodium channel inactivation

Within less than 1 msec after activation, sodium channels inactivate (17, 18). In
excitable cells, rapid and complete inactivation of sodium channels is very important.
Mutations that impair fast inactivation cause inherited periodic paralysis of skeletal
muscle, arrhythmias in the heart, and epilepsy in the brain (24). Fast inactivation involves
the closure of an inactivation gate formed by the cytoplasmic loop connecting domain II1
and IV of the sodium channel o subunit (2). Cutting the loop between domains III and IV
by expression of the sodium channel in two pieces greatly slows inactivation (25).
Mutating a short sequence of a highly conserved hydrophobic motif IFM sequence
(Ile1488-Phe1489-Met1490), to Gln slows fast inactivation (26). Peptides containing this
motif can serve as pore blockers and can restore inactivation to sodium channels having a
mutated inactivation gate (27). These results support a model in which the I[FM motif
serves as a tethered pore blocker that binds to a receptor in the intracellular mouth of the

pore.

Scanning mutagenesis experiments have revealed multiple amino acid residues that
form the inactivation gate receptor site within and near the intracellular mouth of the pore

(28-32). These amino acid residues are located at the intracellular end of transmembrane
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segment IVS6 (28) and amino acid residues in intracellular loops I1IS4-S5 (29) and
IVS4-S5 (30, 31, 33). Mutations of residues in these positions destabilize the inactivated

state.

Sodium channelopathies

The first sodium channelopathies to be discovered were the familial periodic paralysis
syndromes hyperkalemic periodic paralysis (34, 35) and paramyotonia congentia (36, 37),
which are caused by numerous dominant mutations in the skeletal muscle sodium channel.
These mutations cause hyperactive sodium channels by impairing the inactivation

mechanism or slowing the coupling of activation to inactivation.

Mutations which impair inactivation of cardiac sodium channels lead to a disease of
hyperexcitability called inherited long QT syndrome type 3 (32). Only a small percent of
noninactivating sodium current is sufficient to prolong the action potential. In the
electrocardiogram, the interval between the QRS complex and the T wave is prolonged
(32). Patients with long QT syndrome are at greatly increased risk of life-threatening
ventricular arrhythmias. Mutations have been found in the inactivation gate itself and in
regions serve as the inactivation gate receptor site and thereby impair channel

inactivation (38, 39).

Molecular pharmacology of sodium channels

Sodium channels are the molecular targets for a large number of paralytic neurotoxins
which bind at six receptor sites (40) (Fig. 1). Receptor site 1 is occupied by two different

groups of toxins: the water soluble heteocyclic guanidines tetrodotoxin (TTX) and
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saxitoxin (STX) and the peptide toxin, p-contoxins. These toxins block sodium channel
conductance by binding to this site. Site 1 is formed by two rings of amino acid residues
localized on the N-terminal side of S6 segment in each of four domains of sodium
channels (41, 42). The first ring is formed by E387, E945, D1426 and D1717 (41, 42).
The second ring is formed by D384, E942, K1422 and A1714 (41, 42). u-Contoxins
share an overlapping but not identical receptor site with TTX/STX (43). Additional
amino acid residues involved in binding to p-contoxins have been identified outside of

the pore region (43).

Receptor site 2 is bound by a family of lipid-soluble toxins including batrachotoxin,
veratridine, aconitine, and grayanotoxin, which enhance channel activation (44).
Photoaffinity labeling and mutagenesis studies implicated transmembrane segments [S6

and IVS6 in the receptor site for batrachotoxin (4).

Receptor site 3 is shared by several groups of polypeptide toxins, including a-scorpion
toxins and structurally unrelated toxins from sea-anemone and spider venoms (45-47).
These toxins slow channel fast inactivation. Site-directed mutagenesis has been used to
identify the amino acid residues involved in binding to the toxin. Acidic amino acids of
the extracellular loops in domains I and IV of rNay1.2a were converted to neutral or basic
amino acids (8). E1613 in the S3-S4 loop in domain IV was identified as a major
determinant for both a-scorpion toxin and sea anemone toxin binding (8). Subsequent
studies indicated that the interaction of a-scorpion toxin and sea-anemone toxin required
different molecular determinants on the channel (8), even though toxins share

overlapping receptor sites.



Receptor site 4 is occupied by another group of scorpion toxins: the B-scorpion toxins,
which enhance channel activation (48-50). They shift the voltage dependence of channel
activation in the hyperpolarizing direction for the brain isoforms, but they have no effect
on the voltage dependence of activation of the cardiac isoform Nayl.5 (51, 52). Using
chimera constructed between brain and cardiac sodium channels has shown that the
difference in binding affinity is due to differences in four extracellular loops: S5-SS1 in

domain I, S1-S2 in domain II, S3-S4 in domain II and S5-S6 in domain III (52).

The lipid-soluble toxins brevetoxin and ciguatoxin isolated from the dinoflagellates
Karenia brevis and Gambierdicus toxicus, respectively, bind to receptor site 5. They
cause a hyperpolarized shift of the voltage dependence of channel activation and a block
of inactivation (53). Photoaffinity labeling experiments have shown that the S6 segment
in domain I and S5 segment in domain IV participate in the formation of receptor site 5

(54, 55).

d-conotoxins bind at receptor site 6 and slow sodium channel inactivation. They bind
to S4 segment in domain IV, near receptor site 3. Their binding and action is synergistic

with a-scorpion toxins (56). Both toxins can cause a prolongation of the action potentials.

Scorpion toxins acting on sodium channels

Among the wide range of sodium channel modifiers, those derived from scorpion
venoms play an important role. Scorpion venoms are highly complex mixtures of
enzymes, peptides, nucleotides, lipids and other unknown substances. Polypeptide
neurotoxins are the most abundant group in scorpion venoms and so far the best studied
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components. The toxin acting on sodium channel can be divided into two classes,
according to their mode of action and binding properties to distinct sites: o- and
B-scorpion toxins (51, 57). a-scorpion toxins and [-scorpion toxins bind to the
neurotoxin receptor site 3 and 4, to inhibit channel fast inactivation and enhance channel
activation, respectively (3). Toxin binding on the channels can increase channel mean
open time, cause inappropriate repetitive firing and disrupt electrical signaling through
depolarization. As a consequence, these toxins can kill organisms by inducing paralysis

and arrhythmia.

Subtype specificity of a-scorpion toxins

a-Scorpion toxins are divided into three pharmacological groups according to their
toxicity in insects and mice and their ability to compete for binding at insect and
mammalian sodium channels (58, 59): classic a-scorpion toxins, which are highly active
in mammalian brain [e.g., AaHII (androctonus australis), LqhlI (Leiurus quinquestriatus
hebraeus)]; insect a-scorpion toxins which are highly active in insects (e.g., LqhalT);
and a-like scorpion toxins which are very active in both the mammalian and insect

central nervous system (e.g., Lgh-3) (58, 59).

The active sites of a-scorpion toxins

The crystal structure of a mammalian-specific toxin from Androctonus australis
AaHII has been solved at 1.3A (Fig. 2) (60, 61). The three-dimensional structures of
other a-scorpion toxins, such as LghalT, Lqgh3, BmK MI, and Aahll, are very similar

although they share less than 60% sequence identity. a-scorpion toxins are single chain
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polypeptides cross-linked by four disulfide bridges which possess a highly conserved,
dense core formed by an oa-helix and three strands of B-sheet motifs. These toxins are 61-
to 76-residue long. The functional surface is composed of two distinct domains: a
conserved “core domain” formed by residues of the loops connecting the secondary
structure elements of the molecule core and a variable “NC-domain ” formed by a
five-residue turn (residues 8-12) and a C-terminal segment (residues 56-64) (Fig. 2) (62,
63). Transferring these two distinct domains of insect-selective LghalT into
mammalian-selective AaHII can result in an insect-selective chimera toxin (62, 63). It
seems that o-scorpion toxins bind their receptor site on sodium channels by interaction
via their two functional domains. Substitutions at each functional domain hamper toxin
binding, suggesting that toxin activity requires a cooperative interaction obtained upon

binding of the two functional domains to their channels sites.

Insights into the structural basis of the preferential interactions of a-scorpion toxins
with insect or mammalian sodium channels were obtained from mutagenesis and crystal
structures of toxin mutants (62-64). The NC-domain for a-scorpion toxins active on
insects protrudes to the solvent (64). The NC-domain in anti-mammalian o-scorpion
toxins has a flat shape (64). The difference in geometry of the NC-domain is due to
variations in the backbone conformations. A cis peptide bond was observed between
amino acid residues 9 and 10 of all a-scorpion toxins active on insects (Lgh3, PDB 1FH3;
BmK-M1, PDB 1SNI; BmK-M4, PDB 1SN4), the same bond forms a trans
conformation in the classic anti-mammalian a-scorpion toxins AaHII and BmK-M8 (64).

The crystal structure of a toxin chimera, AahlILghalT(face), in which the NC-domain of



LghalT was constructed on the background of the anti-mammalian Aahll toxin, revealed
a protruding conformation of the NC-domain (Fig. 3), accompanied by a Ccis
conformation of the Asn9—Tyr10 peptide bond (63). Since this chimera was highly active
on insect sodium channels, but was poorly active on the rat brain Navl.2a channel, the
protruding conformation of the NC-domain seemed critical for the insecticidal potency

(63).

Structure-function studies only became possible after development of methods for
expression and purification of toxins on a large scale. Our collaborators, Dr. M. Gurevitz,
Dr. D. Gordon and their coworkers, have established an efficient bacterial expression
system to produce large amounts of these polypeptide neurotoxins (65). Their methods
allow production of these toxins in recombinant form with specific mutations in large

quantities to study their function in laboratory.

Mechanism of action of a-scorpion toxins

o-scorpion toxin and sea anemone toxins uncouple activation from inactivation by
binding to a receptor site at the extracellular end of the IVS4 segment and preventing its
normal gating movement, evidently trapping it in a position that is permissive for
activation but not for fast inactivation (8). Available data indicates that a-scorpion toxins
bind with highest affinity when the channel is closed (8). The binding affinity of
a-scorpion toxin is decreased by depolarization on sodium channels when S4 voltage
sensors are deployed towards the outside (8). To alter channel gating, a.-scorpion toxins
bind to the extracellular S3-S4 loop of domain IV. Toxin binding prevents the

conformational change required for fast inactivation. In particular, o-scorpion toxins
9



block channel fast inactivation by holding the transmembrane segment in domain IV in
its inward position. Prolonged depolarization overcomes the effect of toxin binding and

drives dissociation as the S4 voltage sensor of domain IV moves outward.

Questions addressed in this research

Based on the background information, research presented in this dissertation aims

addressed three central questions:

1. What amino acid residues of sodium channels form the receptor sites for

a-scorpion toxin? (Chapter II)

2. What are the specific amino acid interactions of the sodium channel with bound

a-scorpion toxins? (Chapter IIT)

3. Is there an antagonist that can block the a-scorpion toxin function? (Chapter IV)

10
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Figure 1 Neurotoxin receptor sites on voltage-gated sodium channels.

Site 1 (TTX, STX)
Site 1 (y-conotoxin)
Site 2
Site 3
Site 4
Site 5

Locations of the neurotoxin receptor sites on mammalian sodium channels are

illustrated by colors, as indicated in the figure. Adapted from ref (4).
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Aah2

Figure 2 Three-dimensional structure of AaHII (PDB: 1ptx) and its “functional
surfaces”.

Left panel: Crystal structure of a-scorpion toxin, AaHII. Right panel: The bioactive
surface of a-scorpion toxin, AaHII. Adapted from ref (55).
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Scorpion a-toxins active on insects

LghalT  BmK-M1 BmK-M2 BmK-M4 Lgh3  Aah2lahaTiace)

fr G S G & P

Scorpion a-toxins active on mammals

Aah2 BmK-M8

@ O

Figure 3 Different conformations of NC-domain in alpha-scorpion toxins active on
insects versus mammals.

Adapted from ref (55). There is a protruding conformation of the NC-domain of insect
selective o-scorpion toxins and a flat conformation of the NC-domain of mammalian
selective a-scorpion toxins.
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Chapter I1: Mapping the Receptor Site for alpha-Scorpion Toxins on a Sodium
Channel Voltage Sensor

Summary

Voltage-gated sodium channels are responsible for initiation and propagation of the
action potential in vertebrate nerve and muscle. a-Scorpion toxins, including Lghll
(Leiurus quinquestriatus hebraeus toxin II), bind to the extracellular surface of resting
state of the sodium channel and inhibit fast inactivation. Previous studies with
photoaffinity labeling and antibody mapping implicated domains I and IV in toxin
binding. Constructs containing mutations of extracellular amino acid residues in domains
I and IV of the a subunit of the rat Nay1.2 channel were expressed and tested for receptor
function by whole-cell voltage clamp. Most mutant channels had similar toxin binding
affinity as wild-type. However, mutants T1560A, F1610A, and E1613A in domain IV
had ~5.9-, ~10.7-, and ~3.9-fold lower affinities for Lghll, respectively, and mutant
E1613R had ~73-fold lower affinity. Toxin dissociation was accelerated by
depolarization for both WT and mutants, and the rates of dissociation were also increased
by mutations T1560A, F1610A and E1613A. In contrast, association rates for these three
mutant channels at negative membrane potentials were not significantly changed and
were not voltage-dependent. These results indicate that Thr1560 in the S1-S2 loop,
Phel610 in the S3 segment, and Glul613 in the S3-S4 loop in domain IV participate in
toxin binding. T393A in the SS2-S6 loop in domain I also showed a ~3.4-fold lower

affinity for Lghll, indicating that this extracellular loop may form a secondary component
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of the toxin binding site. Analysis with the Rosetta-Membrane algorithm revealed a
three-dimensional model of LqghllI binding to the voltage sensor in a resting state. In this
model, amino acid residues in an extracellular cleft formed by the S1-S2 and S3-S4 loops
in domain IV that are important for toxin binding interact with amino acid residues on
two faces of the wedge-shaped Lghll molecule that are important for toxin action. The
conserved gating charges in the S4 transmembrane segment are in an inward position and
form ion pairs with negatively charged amino acid residues in the S2 and S3 segments.
This model further defines the structure of the resting state of the voltage sensor in
domain IV of sodium channels and reveals its mode of interaction with a gating modifier

toxin.

Introduction

Voltage-gated sodium channels are responsible for initiation and propagation of the
action potential in vertebrate nerve, muscle, and other excitable cells (1, 17). They
activate rapidly when the cell membrane is depolarized, leading to rapid sodium influx,
and then inactivate within milliseconds (1, 17). Several families of neurotoxins bind to
six distinct receptor sites on sodium channels and alter their function (4). a-Scorpion
toxins and P-scorpion toxins bind to neurotoxin receptor sites 3 or 4 and inhibit fast
inactivation or enhance activation, respectively (3). Their combined effects activate
sodium channels at more negative membrane potentials than normal and prolong their
opening, leading to repetitive firing, depolarization, and conduction block. As a
consequence, these toxins can kill organisms by inducing paralysis and causing cardiac
arrhythmia. Due to their high affinity and specificity, these toxins are powerful tools to
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study the structure and function of sodium channels (3, 7, 8, 63, 66). Identification of the
molecular determinants for binding of toxins that modify activation or inactivation will
provide important information about structural mechanisms of channel gating and give

insight into design of therapeutic agents that could prevent toxin action.

Voltage-gated sodium channels in eukaryotes are heteromeric integral membrane
proteins composed of a pore-forming o subunit of 220-260 kDa and auxiliary 3-subunits
of 30-40 kDa (1). The o subunit is functional when expressed by itself in Xenopus
oocytes or mammalian cells, and contains the ion pore, voltage sensors, and neurotoxin
binding sites 1-6 (1). It consists of four homologous domains (I to IV) that each contains
six transmembrane segments (S1-S6) and a short membrane-penetrating segment
(SS1-SS2) between segments S5 and S6. The S5 and S6 segments form the central pore
and the SS1-SS2 segments form the ion selectivity filter at its extracellular end. The
S1-S4 segments form the voltage sensor. The S4 segment in each domain contains
repeated motifs of a positively charged amino acid residue followed by two hydrophobic
residues. These positive charges in the S4 segments serve as gating charges and move
across the membrane electric field in response to changes in membrane potential,
initiating conformational changes that the open and close the pore (1, 18). The
cytoplasmic linker connecting domains III and IV forms the fast inactivation gate, which

folds in and blocks the pore during fast inactivation (1, 25, 26, 67).

a-Scorpion toxins are single polypeptides crosslinked by four disulfide bridges, which
form a highly conserved, tightly-folded core consisting of an a-helix and three strands of

B-sheet (60). Neurotoxin receptor site 3 is formed by amino acid residues in the S5-S6
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extracellular linker in domain I and the extracellular linker connecting segments S3 and
S4 in domain IV, which also contributes to the receptor sites for structurally unrelated
toxins from sea anemone and spider venoms (8, 66, 68-73). a-Scorpion toxins bind in a
state-dependent manner, with high affinity for the resting state (74). The voltage sensor
trapping model of toxin action posits that binding of a-scorpion toxins prevents the
normal outward movement of the IVS4 segment in response to depolarization, thereby
trapping it in an inward position and uncoupling activation from fast inactivation (3).
Prolonged depolarization overcomes the effect of toxin binding and drives dissociation as

the IVS4 segment moves outward (3, 74).

In order to identify the residues involved in toxin binding and generate a
high-resolution molecular model for toxin action, we have constructed mutations in the
extracellular loops in domains I and IV. Previous work showed that the conserved acidic
amino acid residue E1613 in IVS3-S4 is involved in binding of a-scorpion toxins (8), and
subsequent studies showed that analogous amino acid residues are important for binding
of other toxins to voltage gated K™ and Ca®" channels (70). In this study, we extended
molecular mapping of the receptor site for a.-scorpion toxins. New amino acid residues in
the 1SS2-S6 loop, IVS1-S2 loop, and IVS3 segment were identified as components of
neurotoxin receptor site 3, and this information was used to generate a molecular model

of the toxin-receptor complex in the resting state using the Rosetta Membrane program.

Materials and Methods

LghlI Synthesis.
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Production of Lqhll, expression in Escherichia coli, in-vitro folding, and purification

of toxin were performed as described previously (62, 63).

Site-Directed Mutagenesis.

Mutations were introduced using a PCR-based site-directed mutagenesis strategy as
described (8). All the WT and mutant channel cDNAs encoding the rat Nay1.2 o subunit

were subcloned into the pCDMS vector.

c¢DNA Transfection.

tsA-201 cells were transiently transfected with ¢cDNA encoding WT or mutant
channels and pEBO-pCD8-leu2, a vector encoding the CDS8 receptor, by the calcium
phosphate method and plated in a 35-mm dish for electrophysiological analysis.
Transfected cells were split 10-20 fold on the day following transfection, and
electrophysiological recordings were performed 12-24 hours after transfection. Cells
coexpressing sodium channel and CDS8 antigen were identified by incubation with

polystyrene microspheres coated with anti-CD8 antibody (Invitrogen).

Electrophysiological Recording.

Whole cell voltage clamp experiments were performed using solutions that contained
90 mM CsF, 50 mM CsCl, 10 mM CsEGTA, 10 mM NaF, 2 mM MgCl,, 10 mM Hepes
(pH 7.4) in the pipette and 70 mM NaCl, 70 mM N-methyl-D-glucamine, 5 mM CsCl,
1.8 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM Hepes (pH 7.4) in the bath (8).
Toxin was dissolved in the extracellular solution containing 1 mg/mL bovine serum

albumin (BSA) to minimize non-specific toxin binding to plasticware. Data collection
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was initiated 6 min after breaking the cell membrane to obtain the whole cell voltage

clamp configuration.

Data Analysis.

The dose-response for toxin induced removal of inactivation was measured by plotting
the ratio of the current at 4 ms after depolarization to 0 mV over the peak current (I4 1/
Icax) as a function of toxin concentration. Kg was calculated by fitting the dose-response

relation to the Hill equation:
Lo ms/ Tpea (0 mV) = 1/ 1+(K/[toxin]") Eq.1

where h is the Hill coefficient, [toxin] is the LghIl concentration, and Ky is the toxin

affinity to the sodium channel at -100 mV. All data are reported as mean + S.E.

Structural Modeling of the LqhlI-Nayl.2 Complex.

Homology and de novo modeling of the voltage-sensing domain IV of rat Nay1.2
channel was performed using the Rosetta-Membrane method (75, 76). Nay1.2 sequence
(residues K1530-G1645) was aligned with Kv1.2 channel sequence (residues A162-H310)
using ClustalX software (77) (Fig. 10). The Ky1.2 channel resting state model (78) was
used as a template. Five thousand models of the voltage-sensing domain were generated
and the lowest scoring model was chosen as the best model. Modeling of a-scorpion
toxin was performed using the Rosetta method for modeling of soluble proteins (79).
a-Scorpion toxin was modeled based on x-ray structure of the scorpion Androctonus
australis Hector toxin II ((60), pdb code: 1PTX) that has ~97% sequence identity with

LghIl. 5,000 models of the toxin were generated and the lowest scoring model was
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chosen as the best model. Docking simulations of a-scorpion Lghll toxin binding to the
Nayl.2 channel domain IV voltage-sensing domain were performed using Rosetta
docking method (80, 81). Five thousand models were generated and the best model was
chosen among 20 lowest scoring models as the model that fit majority of available
experimental data on key residues contributing to interaction of the a-scorpion Lghll

toxin with the voltage-sensing domain IV of rat Nay1.2 channel (62).

Results

Inhibition of Sodium Channel Inactivation by Recombinant a-Scorpion Toxins.

To determine the electrophysiological effects of binding of a-scorpion toxins,
wild-type (WT) rat Nay1.2 channels were transiently expressed in the embryonic kidney
cell line tsA-201 and analyzed by whole-cell voltage clamp. To determine the Ky, cells
were voltage clamped to -100 mV, depolarized to 0 mV to measure the Na current, and
tested for modification of fast inactivation by toxin LghIl (Leiurus quinquestriatus
hebraeus, toxin II), a classic a-toxin that is highly active in mammals (58). LghIl was
synthesized by recombinant expression in E. coli, purified, and renatured. Fig. 4A
illustrates superimposed normalized sodium current traces in response to depolarization
for WT channels in the absence and presence of 1 nM and 100 nM Lqghll. In the absence
of toxin, sodium currents activated and inactivated completely within a few ms (Fig. 4A).
Addition of 1 nM LqhlI slowed the inactivation of a fraction of WT channels, and 100
nM slowed inactivation of most WT channels (Fig. 4A). The fraction of conductance

remaining at 4 ms after the peak is proportional to the number of channels modified by
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a-scorpion toxin (Fig. 4A). This fraction was measured in the presence of varying
concentrations of Lqhll and plotted as the ratio I4m¢Ipeak at 0 mV versus toxin
concentration (Fig. 4B). These data were fit with a Hill equation (Eq.1) using a fixed Hill
coefficient of 1.0. From this analysis, the K4 for Lqghll binding was estimated to be
0.4710.05 nM for WT (n= 3-8), consistent with previous studies of other related scorpion
toxins (8, 74, 82, 83). The voltage dependence of channel activation was very similar for

WT channels in the absence and the presence of Lghll (Table 1).

Molecular Mapping of Amino Acid Residues in the a-Scorpion Toxin Receptor Site in

Domain IV of Sodium Channels

Previous work with site-directed antibodies has shown that a-scorpion toxins bind on
or near the extracellular loops between transmembrane segments S5 and S6 in domains |
and IV (68, 69), and more focused site-directed mutagenesis studies showed that the
IVS3-S4 loop contains several amino acid residues that have a significant role in toxin
binding, with Glul613 as a primary binding determinant (8, 69). We re-evaluated the
effects of mutation of Glul613 in the IVS3-S4 loop using a recombinant a-scorpion toxin,
LghIl. Mutant Nay1.2 channels were transiently expressed in tsA-201 cells and analyzed
by whole-cell voltage clamp (Fig. 4). The voltage dependence of activation was not
significantly changed by either mutation (Table 1), however, the voltage dependence of
fast inactivation was shifted to more hyperpolarized potentials by E1613A, but not
E1613R (Table 2). The Na" currents elicited by depolarization of cells expressing WT,
E1613A, or E1613R appeared identical in the absence of toxin. However, a concentration
of 1 nM Lqghll was less effective in slowing inactivation of E1613A than WT toxin, and
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even 10 nM Lqhll was less effective in impairing inactivation of E1613R than 1 nM
LghIl was on WT (Fig. 4A, C and D). Maximal modification was reached at 100 nM
LghlI for both E1613A and E1613R mutants. Averaged results indicated a K4 value at
-100 mV of 1.8+0.4 nM for E1613A (n= 3-5), and 34.34+5.7 nM for E1613R (n= 3-4, Fig.
4B, G). Thus, the E1613A mutation reduced the affinity for Lghll ~3.9-fold, and E1613R
reduced the affinity for Lghll ~73-fold. These results are consistent with the previous
conclusion that E1613 is an important component of the receptor site for a-scorpion

toxins.

To develop an accurate molecular model of the toxin receptor site, it is necessary to
identify all of the amino acid residues in different extracellular loops that are required for
toxin binding. To complete mapping of the receptor site, we analyzed the effects of
mutations in the remaining amino acid residues in the IVS1-S2 and IVS3-S4 loops.
Hydrophobic amino acids were converted individually to alanine to remove side chain
interactions with minimum perturbation of the secondary structure. Charged amino acids
were replaced with amides of similar size: glutamine for glutamate, lysine, and arginine,
and asparagine for aspartate. Additional residues in the S1, S2, S3 and S4 segments in
domain IV were also screened by alanine-scanning mutagenesis. The resulting mutants
were tested for binding and action of Lghll by electrophysiology. Mutant F1610A in the
IVS3 segment had reduced affinity for Lqhll (Fig. 4E). At 1 nM, LghllI was less effective
in slowing inactivation of F1610A than WT. The K4 for Lghll was 5.0+1.8 nM for
F1610A (n= 3-6, Fig. 4H), ~ a 10.7-fold increase in K4 compared to WT. The voltage
dependence of activation was similar for WT and F1610A (Table 1). Phe1610 is located

three amino acids residues on the N-terminal side of the E1613 in the IVS3-S4 loop. The
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decrease in affinity with alanine mutation at both sites suggests that the side chains of

these two amino acids form an essential part of the toxin-binding site.

The results for mutant TI560A in IVS1-S2 also revealed a significant reduction in
affinity for Lqghll (Fig. 4F) with no significant change in the voltage dependence of
channel activation (Table 1). A concentration of 1 nM was less effective in slowing
inactivation of this mutant channel than WT, and the concentration-response curve was
shifted to higher concentration, with a K4 of 2.8+0.8 nM (n= 4-8, Fig. 4H), ~5.9-fold
higher than WT. The decrease in affinity with this individual mutation suggests that the

side chain of this amino acid residue may also interact with the toxin directly.

Kinetics of Dissociation of Lqhll.

Binding of a-scorpion toxins is reversed by strong depolarizations that activate the
voltage sensor (8, 74). We investigated the dissociation kinetics of 30 nM or 100 nM
LghlI from WT, E1613A, F1610A and T1560A channels using the protocol illustrated in
Fig. 5A. Cells expressing each channel type were voltage clamped to -100 mV to allow
maximum toxin binding, and then depolarized to +100 mV for an interval varying from 1
to 1024 ms to induce toxin dissociation, hyperpolarized to -100 mV for 20 ms to reverse
channel inactivation, and depolarized to 0 mV for measurement of Na" current. For WT
channels in the presence of 100 nM Lghll, progressively longer durations of
depolarization caused progressively faster and more complete Na channel inactivation,
which is indicative of Lqhll dissociation (Fig. 5A). Dissociation of toxin and loss of toxin
action was virtually complete after a 256 ms depolarization to +100 mV (Fig. 5B). The

time course of toxin dissociation was determined for the WT channel at three depolarized
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potentials, +100 mV, +80 mV and +60 mV, in the presence of 100 nM toxin using the
same protocol. The loss of toxin binding with increasing time of depolarization was
determined by plotting the fraction of conductance remaining 4 ms after the peak as a
function of dissociation time and fitting with a single exponential equation. For WT in
the presence of 100 nM Lqghll, the dissociation time constant was 94.8+3.3 ms at +100
mV, 135.0£16.9 ms at +80 mV, and 288.3£52.6 ms at +60 mV (n= 3, Fig. 5B).
Comparison of these three time constants at different potentials showed that the rate of
toxin dissociation was voltage-dependent, with more rapid dissociation during stronger

depolarization (Fig. 5C).

The same protocol was then used to measure the dissociation rate for the three mutant
channels (Fig. 5C). The WT channel had the slowest dissociation at all membrane
potentials. E1613A and F1610A mutations both significantly decreased the time constant
by ~4.3- and ~6.7-fold (n= 3), respectively, when measured at +100 mV. The effect was
less dramatic for TI1560A (n= 3), with ~1.9 fold decrease in time constant at +100 mV.
The dissociation time constants were also decreased ~5.8-, ~3.2- and ~1.5-fold,
respectively, for E1613A, F1610A and T1560A compared with corresponding values for
WT at +80 mV. Similar reduction of the dissociation time constant was also observed at
+60 mV. The dissociation time constants for all three mutant channels were
voltage-dependent (Fig. 5C), demonstrating that the reduced affinity for these mutants

occurs primarily through an increase in the toxin dissociation rate.

The time course of toxin dissociation was also determined for WT and mutant

channels in the presence of 30 nM toxin using the same protocol. The dissociation time
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constants were 98.3+2.9 ms at +100 mV, 179.6+8.3 ms at +80 mV, and 392.3+20.6 ms at
+60 mV for WT (n= 10, Fig. 5D), which again showed strong voltage dependence but
little or no concentration dependence indicating that the dissociation step is a
unimolecular reaction as expected. The effect of the reduction in time constant of
dissociation for all three mutant channels was similar to the results when measured under
100 nM toxin, with E1613A (n= 3) and F1610A (n= 2) giving a dramatic decrease and

T1560A (n=4) giving a modest decrease (Fig. 5D).

Kinetics of Re-association of Lqhll.

The rates of toxin association were assessed for WT and mutant channels using a
200-ms prepulse to +100 mV to cause toxin dissociation followed by progressively
longer hyperpolarizing pulses to follow the time course of toxin re-binding, and a final
test depolarization to 0 mV to assess Lghll action. Fig. 6A shows the stimulus protocol
and the superimposed current traces. For WT channels, toxin was dissociated by the
depolarizing prepulse as indicated by the rapid inactivation and lack of toxin effect when
only 50 ms was allowed for rebinding. Toxin gradually re-bound after longer
repolarizations with complete re-association at 12.8 s (Fig. 6B). The time course of
toxin re-association was independent of membrane potential at -120 mV, -100 mV and
-80 mV in the presence of 100 nM Lghll. Fitting with a single exponential function
yielded association time constants of 1.6+0.01 s at -120 mV, 1.2+0.2 s at -100 mV and
1.240.3 s at -80 mV for WT channels (n= 3, Fig. 6B and C). In contrast to toxin

dissociation, the rate of toxin association was voltage-independent.
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The same protocol was used to measure the association rate for three mutant channels,
E1613A, F1610A and T1560A, in the presence of 100 nM toxin (Fig. 6C). The rate of
toxin association for mutant channels was similar to WT and was voltage-independent.
Therefore, these individual mutations did not significantly affect toxin association with
the receptor site at hyperpolarized potentials. The time course of toxin association was
also determined for WT and mutant channels in the presence of 30 nM toxin using the
same protocol. The association time constant was 5.2+0.1 s at -120 mV, 5.4+0.2 s at -100
mV, and 6.8+0.6 s at -80 mV for WT (n= 10, Fig. 6D), which showed ~3.3-, ~4.5-, and
~5.7-fold decrease compared to corresponding values measured at each potentials using
100 nM toxin. Thus, the time constant for association showed strong concentration
dependence but little or no voltage dependence, indicating that the association step is a
bimolecular reaction with the resting state of the channel. There was no significant
change in time constant of association for all three mutant channels measured using 30

nM toxin compared to WT channel (Fig. 6D).

Amino Acid Residues Required for Toxin Binding in Domain 1

Antibodies directed against the extracellular SS2-S6 loop of the sodium channel in
domain I were effective in immunoprecipitating peptides covalently labeled by a
photoreactive a-scorpion toxin and in reducing binding of the a-scorpion toxin LqTxV
(Leiurus quinguestriatus toxin V) (68, 69). Moreover, recent structural studies of Ky1.2
channels show that the equivalent of the SS2-S6 loop of those channels interacts with the
voltage sensor of the neighboring subunit, implying interaction of the ISS2-S6 loop of

sodium channels with the voltage sensor of domain IV (84). To identify possible sites of
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interaction of Lghll in the ISS2-S6 loop, we tested the amino acid residues from F385 to
Y401 by alanine-scanning mutagenesis. Mutant channels were evaluated for toxin action
by electrophysiology. Substitution of alanine for most of the residues had insignificant
effects, producing changes in K4 of 2-fold or less. However, a ~3.4-fold increase in K4
was observed for mutant T393A (n= 2-5, Fig. 7A and B), resulting in a rightward shift in
concentration-response curve. Overall, mutations of T393 and other amino acid residues
in the ISS2-S6 loop had less effect on toxin binding, so these residues may form a

secondary component of the toxin-binding site.

We also investigated the dissociation kinetics of Lghll from T393A channels. The
kinetics of dissociation were measured in the presence of 30 nM or 100 nM toxin using
the same protocol illustrated in Fig. 5A. The rate of toxin dissociation was
voltage-dependent and generally similar to WT for T393A channels; a slightly increased
time constant for T393A was observed at +60 mV for both toxin concentrations (n= 3,

Fig. 7C).

The rates of toxin association were assessed for T393A channels using the same
protocol as in Fig. 6A in the presence of 30 nM or 100 nM toxin. The association time
constant was voltage-independent and showed ~1.2-, ~1.7-, and ~2.2-fold increase
compared to corresponding values for WT measured at -120 mV, -100 mV and -80 mV
using 100 nM toxin (n= 3, Fig. 7D). The time course of toxin association also showed a
similar increase compared to WT when measured under 30 nM toxin at each potential.

Thus, this mutation has modest effects on toxin association at hyperpolarized potentials.

Molecular Map of Neurotoxin Receptor Site 3.
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The K4 values for all sodium channel mutants that we have studied are summarized in
Fig. 8, together with data from our previous work (8). Most channels with mutations in
domain IV, including those with mutations in the S1 segment, S1-S2 loop, S2 segment,
S3 segment, and S4 segment in domain IV, appeared identical to WT with the exception
of mutations of three amino acid residues--T1560 in the S1-S2 loop, F1610 near the
extracellular end of the S3 segment, and E1613 in S3-S4 loop. These results suggest that
the side chains of all three of these amino acids in the extracellular loops in domain IV

form a major part of the binding pocket for a-scorpion toxins.

For the SS2-S6 loop in domain I, only T393A gave a substantial ~3.4-fold increase in
Kq4. All other mutations gave Ky values similar to WT. The structure of Kv1.2 channels
reveals that the voltage sensor domain from one subunit interacts closely with the pore
domain of the adjacent subunit in a clockwise direction (84). These structural results
imply that the ISS2-S6 loop is located adjacent to the IVS3-S4 loop in sodium channels.
Therefore, it is likely that the amino acid residues in IVS1-S2 and IVS3-S4 form the
primary receptor site for a-scorpion toxins, whereas T393 and perhaps other amino acid

residues in the ISS2-S6 loop provide a secondary site of interaction.

Structural Model of the a-Scorpion Toxin/Nayl.2 Channel Complex.

We have developed a structural model of the LghIl-Nay1.2 complex using the Rosetta
docking method (80) and resting state models of the Ky1.2 channel (75, 76, 85) as a
template for the Nay1.2 domain IV voltage sensor (Fig. 9). Our structural model shows
that the LqhlIl toxin has an extensive interface of interaction with the extracellular

water-accessible cavity of the Nayl.2 domain IV voltage sensor (Fig. 9). The overall
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orientation of the a-scorpion toxin Lghll relative to the voltage sensor in our new model
(Fig. 9) is very similar to the orientation of the structurally homologous Centruroides
suffusus suffusus toxin IV (CssIV) relative to the voltage sensor in domain II (86). The
wedge-shaped Lghll molecule sits in the cleft between the IVS1-S2 and IVS3-S4 loops
and makes intimate contact on two sides of the wedge through interactions with amino
acid side chains. The majority of residues in the voltage sensor that have significant
effects on Lghll toxin binding are at the interface with the toxin in our model (Fig. 9).
LqghlI residues Phel5, Trp38, and Asn44 in the core domain of Lqhll are buried deeply in
the cleft between IVS1-S2 and IVS3-S4 (Fig. 9B, D). Evidently, interactions of the core
domain of Lghll with amino acid residues in this cleft in the voltage sensor contribute the
majority of the binding energy that drives formation of the toxin-receptor complex. The
key amino acid residues in the sodium channel are also positioned to interact with the
bound toxin (Fig. 9A, C). Thr1560 in IVS1-S2 interacts with one face of the
wedge-shaped toxin while Glul613 interacts with the other face. In the most stable
channel conformation shown in Fig. 9A-D, the side chain of Phel610 points away from
the bound Lqghll. However, a slightly different conformation in which the IVS3 helix is
unwound beginning at Phel610 allows its interaction with Phel5 and/or Trp38 in the
core domain of Lghll and retains potential interactions of Thr1560 and E1613 with bound
LqghlIl. It is conceivable that toxin binding induces unwinding of the outermost turn of the
IVS3 helix and that voltage-dependent outward movement of the S4 segment induces
re-winding of the outer end of the S3 segment into helical conformation and consequent
dissociation of the bound toxin. Alternatively, it is possible that this unwound

conformation of the outer end of S3 is found in the resting state of the channel, even
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though it appears to be less stable in Rosetta modeling. New structural details will be

required to resolve the precise conformation of the IVS3 segment with Lghll bound.

Discussion

Amino Acid Residues in S1-S2, S3, and S3-S4 Segments in Domain IV Form the

Primary Site of Interaction for a-Scorpion Toxins

In previous studies, we found that the acidic amino acid residue Glul613 in the S3-S4
extracellular loop in domain IV contributes significantly to a-scorpion toxin binding (8).
In this work, we found two additional nearby mutations that caused substantial reduction
in binding affinity for Lqhll from ~5.9- to ~10.7-fold: T1560A in IVS1-S2 and F1610A
near the extracellular end of IVS3. It is likely that these three amino acid residues form
the primary component of the receptor site for a-scorpion toxinS. Amino acid residues
aligned with Phel610 and Glul613 contribute to the m-agatoxin receptor site in Cay2.1
channels (73) and the hanatoxin and grammotoxin receptor sites in Ky channels (70, 71).
Thus, these studies reveal a common motif of FXXE that may contribute to the actions of

all of these gating modifier toxins (3).

Amino Acid Residues in Domain I Form a Secondary Site of Interaction for

a-Scorpion Toxins.

Anti-peptide antibody experiments suggested that neurotoxin receptor site 3 is formed
by amino acid residues in the segment between amino acids 382 and 400 in the
extracellular S5-S6 loop in domain I as well as by the S3-S4 loop in domain IV (68, 69).

Our experiments identify Thr393 as a primary point of interaction in this segment of the
30



channel. The structure of Ky1.2 channels revealed that the voltage-sensing module from
one subunit interacts closely with the pore-forming module of the adjacent subunit in a
clockwise direction when the Ky1.2 channel structure is viewed from the extracellular
side of the membrane (84). This organization would place the IS5-S6 segment adjacent to
the TVS1-S2 and IVS3-S4 segments in Nay channels. B-scorpion toxins, which are
similar to a-scorpion toxins in structure but enhance activation by binding to the S3-S4
loop on domain II, have been found to interact with amino acid residues in the SS2-S6
loop in the adjacent pore-forming module in domain III as well as with amino acid
residues in I[IS3-S4 (87). Consistent with these previous studies, we found one amino acid
residue (Thr393) in the ISS2-S6 loop that contributes significantly to a-scorpion toxin
binding, although its contribution was substantially less than the residues in IVS1-S2 and
IVS3-S4. These results indicate that a-scorpion toxins have a secondary site of
interaction with this segment of domain 1. The conformation of Lghll bound to domain
IV (Fig. 9) places it in position for the essential amino acid residues in its NC domain to

interact with amino acid residues in the S6-SS2 segment of domain I.

Voltage Dependence of a-Scorpion Toxin Binding.

a-Scorpion toxins bind with high affinity to the resting state of sodium channels, and
their binding is reversed by depolarizations that activate sodium channels (74, 88). By
comparing the time constants for toxin dissociation for WT channels at +100 mV, +80
mV and +60 mV, we found that recombinant Lghll dissociates more rapidly at more
depolarized potentials, as previously observed for other a-scorpion toxins (8, 74, 83).

These results indicate that the conformation of the toxin-receptor complex changes
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during depolarization from a high affinity conformation in the resting state at negative
potentials to a low affinity conformation in the activated state at positive potentials.
Evidently, high-affinity toxin binding to the resting state of the voltage sensor opposes
the outward movement of the S4 segment in domain IV in response to depolarization,
thereby uncoupling channel opening from fast inactivation. However, prolonged
depolarization can drive toxin to dissociate from the channel and lead to
voltage-dependent dissociation of bound o-scorpion toxin (74, 88). Three mutations,
(T1560A, F1610A and E1613A) significantly decreased the dissociation time constant
~1.9-, ~6.7- and ~4.3-fold, respectively, when measured at +100 mV, demonstrating that
alanine mutations at these three sites reduced the stability of the toxin-channel interaction,

making dissociation of the toxin more favorable.

By comparing the time constants for Lghll binding to WT channels at -120 mV, -100
mV and -80 mV, we found that toxin binding to the resting state of sodium channels is
voltage-independent. These results indicate that the charged amino acid residues of the
toxin do not enter the transmembrane voltage field during binding. Furthermore, the three
mutations T1560A, F1610A and E1613A did not change the association time constant
significantly at these hyperpolarized potentials in the presence of 30 nM or 100 nM toxin
compared to WT. Therefore, the changes in toxin binding affinity to the resting state
measured at negative membrane potentials caused by these mutations in domain IV must
result from changes in the rate of dissociation. However, the T393 A mutation in domain [
increased the association time constant from ~1.2- to ~2.1-fold at hyperpolarized

potentials, indicating this mutation may affect toxin binding by a different mechanism.
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Structure of the Complex of a-Scorpion Toxins with the Resting State of the Voltage

Sensor in Domain IV

The structures of voltage-gated ion channels that have been determined to date have
had activated voltage sensors (84, 89-91), which is expected because the activated state is
favored at a membrane potential of 0 mV as in a protein crystal. We have developed a
molecular model of the resting state of the voltage sensor of Ky1.2 channels using the
Rosetta Membrane modeling system (75, 85) and the crystal structure of the open state
(90, 91), and we have used the Rosetta Membrane Docking algorithm (81) to construct a
model of the a-scorpion toxin-receptor complex. Our structural model (Fig. 9) reveals a
close fit of the toxin in the groove between the S1-S2 and S3-S4 extracellular loops of the
voltage sensor in domain IV. This docking position of the bound toxin in the voltage
sensor closely resembles the position of the B-scorpion toxin CssIV when bound to its

receptor site in the voltage sensor of domain II of sodium channels (86).

It is noteworthy that our structural model does not reveal interactions of amino acid
residues in the N-and C-terminal domains of Lqhll with the voltage sensor, even though
these amino acid residues are important for toxin binding and action (58, 63, 92, 93). We
speculate that these amino acid residues may interact with the SS2-S6 loop in domain I,
which may form a secondary site for toxin interaction based on our mutagenesis studies.
Our current models for the structure of the voltage sensor do not define its spatial
relationship with the SS2-S6 extracellular loop in the complete structure. Therefore, a
model of this part of the toxin-receptor complex must await determination of the

three-dimensional structure of the resting state of a voltage sensor in a complete
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voltage-gated ion channel or development of models for the entire four-domain sodium

channel structure.

Implications of Voltage Sensor Structure for its Mechanism of Action.

Our model of the resting state of the voltage sensor in domain IV of Nay1.2 channels
provides an initial view of the resting state conformation of a sodium channel. As
expected from our model of the resting state of Ky 1.2 channels (75, 85), the S4 segment
is in a transmembrane orientation in the resting state, and its gating-charge-carrying
arginine residues are in an inward position, poised to move outward upon depolarization
of the membrane. The R2 gating charge interacts with Asn1567 on the extracellular side
of the S2 segment. The R3 side chain is on the intracellular side of the gating pore in
position to interact with the conserved negatively charged residues Glul578 in S2 and
Aspl598 in S3. The R4 and RS gating charges are exposed on the intracellular side of
the membrane. These molecular interactions illustrate how the voltage sensor structure
stabilizes the gating charges in their inward position in the resting state of the sodium

channel and how binding of LghlI traps the voltage sensor in its resting conformation.
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Figure 4 Electrophysiological effect of Lghll on WT and mutant Nay1.2a channels
transiently expressed in tsA-201 cells.

(A, C-F). Normalized voltage-clamp current traces from tsA-201 cells expressing WT
and mutant channels in the absence (Control, black) and in the presence of 1 nM (red), 10
nM (green) or 100 nM LghlI (blue). Cells expressing Nay1.2a channel were held at -100
mV and Na currents were elicited with a 30 ms step to 0 mV. (A)WT. (C) E1613A. (D)
E1613R. (E) F1610A. (F) T1560A. (B, G-H). Concentration-response relations for Lghll
block of fast inactivation from cells expressing WT and mutant channels. (B) WT (K4 =
0.47+£0.05 nM). (G) E1613A (K4 = 1.840.4 nM) and E1613R (K4 = 34.3+5.7 nM). (H)
F1610A (Kq=5.0=1.8 nM) and T1560A (K4 = 2.8+0.8 nM).
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Figure 5 Voltage-dependent dissociation rates of Lghll.

(A) Traces demonstrating time-dependent dissociation of Lghll at +100 mV. Cells
expressing WT Nay1.2 channels were incubated in 30 nM or 100 nM LghlII for 6 min at a
holding potential of -100 mV to allow binding. The rate of toxin dissociation was
determined with the illustrated pulse paradigm by stepping to a depolarizing pulse of
+100 mV, +80 mV, or +60 mV, for 1 to 1024 ms, returning to -100 mV for 20 ms to
allow recovery from fast inactivation and then assessing the effect of the depolarizing
pulse with a 10 ms test pulse to 0 mV (test). Traces show the acceleration of inactivation
due to toxin dissociation with longer depolarizing pulses for WT channels measured at
+100 mV. (B) Time course of dissociation of 100 nM LghlI from cells expressing WT
channels at +100 mV (1=94.843.3 ms), +80 mV (t=135.0£16.9 ms) and +60
mV(1=288.3452.6 ms). Time constants were determined by fits of mono-exponential
functions to the data. (C and D) Time constants of dissociation as a function of potential
for WT, E1613A, F1610A and T1560A channels. (C 100 nM Lqhll. (D) 30 nM LghlII.
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Figure 6 Rates of Lghll association after repolarization.

(A) Current traces demonstrating time-dependent reassociation of LghlIl at -100 mV.
Cells expressing WT channels were incubated in 100 nM Lghll. Toxin was dissociated
from the channel using a 200-ms depolarization to +100 mV. The rate of toxin
association was measured by hyperpolarizing to -120 mV, -100 mV, or -80 mV for
intervals of increasing duration. The effect of repolarization on toxin action was assessed
with a 10 ms test pulse to 0 mV (test). Traces show the deceleration of inactivation due to
toxin association during longer hyperpolarizations. (B) The time course of association of
100 nM LqhlI from cells expressing WT channel was determined at -120 mV(t=1.6+0.01
s), -100 mV(1=1.2+0.2 s) and -80 mV(t=1.2+0.3 s). (C and D) Time constants of
association as a function of voltage for WT, E1613A, F1610A and T1560A channels. (C)
100 nM LqhlI. (D) 30 nM LqghlII.
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Figure 7 Characterization of mutation T393A in domain ISSII-S6.

(A) Normalized current traces during steps to 0 mV from cells expressing T393A
channels in the absence (control) and in the presence of 1 nM and 100 nM Lqghll. (B)
Concentration-response relations for Lghll removal of fast inactivation in cells
expressing T393A channels (K4 = 1.6+0.5 nM). (C) Time constants for LqhlI dissociation
for T393A and WT channels as a function of potential in the presence of 30 nM and 100
nM Lghll. (D) Time constants of association for T393A and WT channels in the presence

of 30 nM or 100 nM LqghlI.
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Figure 8 Summary of effects of mutations in domains | and IV on Lghll affinity.

Fold changes in Ky measured either by displacement of bound '*I-LqTxV with
unlabeled LqTxV adapted from our previous work (open bars’, 8) or fold changes in Kq4
as determined using electrophysiology experiments described here in Results (n= 2-13,
filled bars). Different substitutions for E1613 are shown as stacked bars of different
colors. Ala and Gly residues (A396, A397, G398, G1608 and A1612) were not studied.
R395Q and R395H gave no Na' current.
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Figure 9 Full atom and molecular surface representation of alpha-scorpion Lghll
binding to the voltage-sensing domain IV of Nay1.2.

Segments S1 through S4 of the voltage-sensing domain colored individually and
labeled. A and B, side view of the structural model with the voltage-sensing domain
segments S1 and S4 on the front. C and D, side view of the structural model with the
voltage-sensing domain segments and with S2 and S3 on the front (rotated 180° when
viewed from the extracellular side of the membrane compared to orientation shown in
panels A and B). Side chains of key residues for Lghll-Nay1.2 interaction are shown in
spacefilling representation and all other side chains shown in stick representation. A
probe radius of 1.4 A was used to scan the molecular surface of each structural model.
This figure was generated using Chimera (94).
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Figure 10 Sequence alignment for voltage-sensing domain IV of Nay1.2 and
alpha-scorpion toxins.

A, Sequence alignment between the voltage-sensing domain IV of Nayl.2 and
voltage-sensing domain of Ky1.2 channel. B, Sequence alignment between a-scorpion
LqhlI toxin and toxin II (pdb code: 1PTX). Residues were colored with Jalview program
(95) using the Zappo color scheme, where hydrophobic residues (I, L, V, A, and M) are
colored pink, aromatic residues (F, W, and Y) are colored orange, positively charged
residues (K, R, and H) are colored blue, negatively charged residues (D and E) are
colored red, hydrophilic residues (S, T, N, and Q) are colored green, P and G colored
magenta, and C is colored yellow.
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Table 1. Voltage-dependence of channel activation for WT and mutant channels,

before and after treatment with LqghlI.

Vo5 Activation (mV)

Lghll
([111\(}1) ] 0° | 10 100

WT® -29.543.6 31.442.3 -29.6+3.8 313443
T393A° 227.942.9 -33.842.8 -36.841.0 37.543.4
T1560A° 24.442.0 27.8432 31.542.5 25.5+1.5
F1610A° -33.6+2.7 -25.143.1 -36.145.7 -30.843.4
E1613A° -33.147.8 27.343.8 31.7+1.7 -30.0+1.1
E1613R° -31.045.1 24,9433 272455 -23.840.8

*No mutant value in the column as significantly different from WT (Student’s T Test,
p>0.05; n=2-7)

®No value in the column as significantly different from WT or corresponding mutants
in the absence of LghlI (Student’s T Test, p>0.05; n=2-13)
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Table 2. Voltage-dependence of channel fast inactivation for WT and mutant channels,

before and after treatment with LqhlI.

Vo5 Fast Inactivation (mV)

([nLl\‘/lll)lH] 0 | 10 100
WT -70.3+1.3 -61.7+3.8° -54.842.0° 63.1+6.5
T393A -67.9+1.6° -66.3+5.4% -70.6+5.4% -68.7£11.3°
T1560A -70.9+7.6 -68.3+4.3 -58.4+4.4° -59.5+9.6
F1610A -83.5+2.07° -80.9+5.0° 73.342.9° -73.8+7.1°
E1613A -85.3+4.5° -78.3+4.6 -79.9+0.9° -60.3+4.7°
E1613R -76.0+5.3 -71.5+14.3° -70.8+0.3 -59.242.0°
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Fast inactivation was measured from a holding potential of -100 mV, prepulsed to 0
mV for 100 ms, and then depolarized to potentials from -100 to 0 mV for 10 ms before
returning to -100 mV.

*No mutant value in the absence of Lqhll as significantly different from WT in the
absence of LghlI or no value in the presence of 1, 10, or 100 nM LqghlI as significantly
different from corresponding WT or mutants in the absence of Lghll (Student’s T Test,
p>0.05; n=2-6)

"Mutant value in the absence of Lqhll as significantly different from WT in the
absence of LghlI or value in the presence of 1, 10, or 100 nM LghlI as significantly
different from corresponding WT or mutants in the absence of Lghll (Student’s T Test,
p<0.05; n=2-7)
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Chapter I11: A Specific Interaction between the Gating-Module of Sodium Channels
and alpha-Scorpion Toxins

Summary

a-Scorpion toxins, including Lghll (Leiurus quinquestriatus hebraeus toxin Il), bind
to the extracellular surface of resting state of the sodium channel and inhibit fast
inactivation. Using site-directed mutagenesis, we have identified residues that constitute
the functional interaction surfaces of a-scorpion toxin and its receptor site on the
voltage-gated sodium channel. a-Scorpion toxin interacts mainly with channel amino
acid residues at Thr1560, Phe1610 and Glul613 of DIV. The bioactive surface of Lqghll
has recently been shown to be made of a conserved core domain (Phe-15, Arg-18, Trp-38,
and Asn-44) and a variable NC domain (Lys-2, Thr-57, Lys-58). In this work, possible
interactions were tested by thermodynamic mutant cycle analysis. Single mutations at key
amino acid residues important for activity on toxin and sodium channel were constructed
by mutagenesis. We have identified an energetic coupling between amino acid residue
Phel610 and Trp38 of Lghll (XAAG = 2.45 kcal/mol), a residue that is conserved among
many o-scorpion toxins. Toxin dissociation was accelerated by depolarization and
increased by mutations at both sites, whereas association rates at negative membrane
potentials were not changed for mutation at Phe1610, but slightly increased for mutation
at Trp38. We also found that T1560 is coupled with R18 and F1610 is coupled with Y47

with ~lkcal/mol on coupling energy. These results constrain the possible orientation of
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a-scorpion toxin with respect to the gating-module of DIV in sodium channel and
suggest that upon interaction, the core-domain of Lghll is in close proximity to the
sodium channel. This further supports the three-dimensional models of the a-scorpion

toxin receptor sites.

Introduction

o-Scorpion toxins are single polypeptides crosslinked by four disulfide bridges, which
form a highly conserved, tightly-folded core consisting of an a-helix and three strands of
B-sheet (60). The functional surface on toxin is composed of two distinct domains: a
conserved “core domain” formed by residues of the loops connecting the secondary
structure elements of the molecule core and a variable “NC-domain ” formed by a
five-residue turn (residues 8-12) and a C-terminal segment (residues 56-64) (62, 63, 96).
Substitutions at each functional domain hamper toxin binding, suggesting that toxin
activity requires a cooperative interaction obtained upon binding of the two functional
domains to their channels sites. However, the detailed interaction between amino acid
residues on toxin and voltage sensor is still unsolved at molecular level. Identification of
the molecular determinants for binding of toxins that modify activation or inactivation
will provide important information about structural mechanisms of channel gating and
give insight into design of therapeutic agents that could prevent toxin action. However,
our knowledge on how the channel is regulated by toxin binding is not yet detailed

enough for a complete structural model of toxin action.
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In order to identify pairwise interactions between residues at the toxin-channel
interface, we have constructed mutations in the extracellular loops in domains IV on
sodium channels and mutations at residues on the core domain of a-scorpion toxin. In
this study, we used the formalism of thermodynamic mutant cycle analysis to assess the
degree to which these channel mutations interacted with the mutation on the toxin. New
amino acid residue interactions were identified between sodium channel and a-scorpion
toxins. This information was used to reevaluate the molecular model of the toxin-receptor

complex in the resting state generated using the Rosetta Membrane program.

Materials and Methods

LqhllI Synthesis.

Production of Lghll, expression in Escherichia coli, in-vitro folding, and purification

of toxin were performed as described previously (62, 63).

Site-Directed Mutagenesis.

cDNA encoding the rat Nay1.2 o subunit domain IV and C-terminus was expressed in
the JB2 vector. Mutations in the cDNA were made using the Quick-Change mutagenesis
kit (Stratagene). Polymerase chain reaction (PCR) reactions were carried out using a Pfu
DNA polymerase. DpN1 digestion was used to eliminate methylated template DNA from
the PCR products. After PCR purification (Qiagen standard protocol), amplification of
the PCR product was conducted by transformation with Super Competent Top 10 E. coli
followed by 12 h of growth on agar/Luria broth/ampicillin plates. Single colonies were

picked and amplified in liquid Luria broth/ampicillin culture. The DNA was isolated
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from the bacteria using the Miniprep purification kit (Qiagen). Mutations were verified
by DNA sequencing. Mutant cDNAs was subcloned into the pPCDMS vector encoding the
entire rat Nayl.2 o subunit. Plasmid DNA was isolated from E. coli using the

Maxi-plasmid purification kit (Qiagen).

cDNA Transfection.

tsA-201 cells were transiently transfected with cDNA encoding WT or mutant
channels and pEBO-pCDS8-leu2, a vector encoding the CDS8 receptor, by the calcium
phosphate method and plated in a 35-mm dish for electrophysiological analysis.
Transfected cells were split 10-20 fold on the day following transfection, and
electrophysiological recordings were performed 12-24 hours after transfection. Cells
coexpressing sodium channel and CDS8 antigen were identified by incubation with

polystyrene microspheres coated with anti-CD8 antibody (Invitrogen).

Electrophysiological Recording.

Whole cell voltage clamp experiments was performed using solutions that contained
90 mM CsF, 50 mM CsCl, 10 mM CsEGTA, 10 mM NaF, 2 mM MgCl,, 10 mM Hepes
(pH 7.4) in the pipette and 70 mM NaCl, 70 mM N-methyl-D-glucamine, 5 mM CsCl,
1.8 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM Hepes (pH 7.4) in the bath (8).
WT and mutant toxins were dissolved in the extracellular solution containing 1mg/mL
bovine serum albumin (BSA) to minimize non-specific toxin binding to plasticware, and
diluted to the desired concentration. Data collection was initiated 6 min after breaking the

cell membrane to obtain the whole cell voltage clamp configuration.
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Data Analysis.

Cells were voltage clamped to —100 mV, depolarized to 0 mV to measure the Na"

current. The dose-response for toxin induced removal of inactivation was measured by
plotting the ratio of the current at 4 ms after depolarization to 0 mV over the peak current
(Is m¢/ Ipeax) as a function of toxin concentration. K4 and Hill coefficients were calculated
by fitting the dose-response relation to the Hill equation:

L4 ms/ Tpear (0 mV) = 1/ 1+(Kg/[toxin]")

Where h is the Hill coefficient, [toxin] is the Lghll concentration, and Ky is the toxin
affinity to the sodium channel at -100 mV. Maximal toxin concentration used in the
experiment is 1uM. For mutations that toxin doesn’t reach saturation under the maximal
concentration, K4 was estimated by fixing the maximal effect to 0.6 (WT toxin maximal
effect) and fit the data by Hill equation. All K4 that are greater than 250 nM are

calculated by estimation. All data is reported as mean = S.E.

The coupling factor (Q2) between the two residues will be calculated as follows.

Q= [Kq (WT,WT)* Kq (Mut, Mut)]/[ Kq (WT, Mut) *Kq (Mut, WT)]

For ease of comparison, we have reported the value of Q' when Q<I.

The coupling energy (XAAG) value was calculated for each residue pair using the formula:

2AAG=RTInQ
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Results

Functionally important amino acid residues on the sodium channel and a-scorpion

toxins.

The strategy for determining the architecture of the channel-toxin complex relies on
identifying pairwise interactions between residues across the interaction surface. The first
step in this analysis is the identification of the set of functionally important residues on
the sodium channel and toxin. Figure 11A shows the results of mutagenic scans of
residues at the putative interaction surfaces of voltage-gates sodium channels from
previous work (8, 97). It showed that on the sodium channel the conserved acidic amino
acid residues Thr1560 in IVS1-S2, Phel610 in IVS3 and Glul613 in IVS3-S4 are
involved in binding of a-scorpion toxins (97), and subsequent studies showed that
analogous amino acid residues are important for binding of other toxins to voltage-gated
K™ and Ca®" channels (70). To identify specific interactions between amino acid residues
on the sodium channel with a-scorpion toxins, single mutations at key amino acid
residues important for activity on rat Nay1.2a were constructed. WT or mutant Nay1.2a
channels transiently expressed in the embryonic kidney cell line tsA-201 and analyzed by
whole-cell voltage clamp. Cells were voltage clamped to —100 mV, depolarized to 0 mV
to measure the Na' current. K4 was determined by plotting the fraction of conductance
remaining at 4 ms after the peak versus toxin concentration (Fig. 11B). Mutants T1560A,
F1610A, E1613A and E1613H all had reduced affinity for LqhlI (Leiurus quinquestriatus
hebraeus toxin I1) (Fig. 11C), with ~5.4-, ~10-, ~3.6- and ~8-fold increase in Ky
compared with WT, respectively. The triple mutant TIS60A/F1610A/E1613R caused a
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more dramatic rightward shift for the dose-response curve, with a ~240-fold increase in

Kq (Fig. 11C).

On the toxin side, a similar mutagenic scan of the surface amino acids of the toxin
identified amino acid residues in the core domain, Phe-15, Arg-18, Trp-38, and Asn-44,
which are important for binding (Fig. 12A) (62). Single mutants F15A, R18A, W38A and
N44A in the core domain of Lghll were expressed in recombinant form as described
previously (62). In this work, we also studied Y47 near the core domain in the 33 sheet
by mutating it to Phe. Mutations at these sites cause little structural perturbation of the
toxin (62, 63), as inferred from the unchanged CD spectra, so the change in Ky likely
reflects the change in toxin binding affinity on the channel. We evaluated the effects of

mutations in the embryonic kidney cell line tsA-201 by whole-cell voltage clamp.

Fig 12B shows that in the absence of toxin, Na' currents activated and inactivated
completely within a few milliseconds. LghII/R18A 30 nM was as effective in slowing
inactivation of wild-type channel as 1 nM WT Lqghll (Fig. 12A, B), and 300 nM slowed
inactivation of most WT channels. RI8A reduced the binding affinity on WT sodium
channels ~79-fold (Fig. 12D). LqhIl/W38A 300 nM was less effective in slowing
inactivation than 100 nM WT LqhlI (Fig. 12A, C). Even 1 uM W38A Lqghll did not reach
maximal modification. The W38A mutation reduced the affinity at least 1870-fold (Fig.
12D). Similarly, the results for mutants FI5A, N44A and Y47F also revealed a
significant reduction in affinity for wild-type channels. The concentration-response
curves were shifted to higher concentration, with a K4 ~162-, ~1820-, and ~5-fold,

respectively, higher than WT toxin (Fig. 12D). These results are consistent with the
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previous conclusion that residues at core domain are an important component for

a-scorpion toxins (62, 96).

Specific pair interactions on the sodium channel with a-scorpion toxins.

A method to characterize the interaction between sodium channel and toxin involves
the application of thermodynamic mutant cycle analysis (98-100). For mutations whose
effects on the energetics of binding are independent, the free-energy changes caused by
the two single mutations will be additive; their sum will equal the free-energy change
caused by the double mutation; and the coupling energy, calculated as the difference
between these two values, will be near 0 kcal/mol. In contrast, if the mutated amino acid
residues interact, the effects of their mutations will not be independent; the free energy
changes will not be additive; and the resulting coupling energy will be equal or greater
than 1 kcal/mol. An example is shown in Fig 13A and B, where mutations are made at
F1610 on the channel and at position R18 on the toxin. We measured the K4 of WT,
single mutant F1610A, R1I8A and double mutant F1610A/R18A. The dose-response
curves of F1610A and R18A were both shifted to the right compared with WT (Fig. 13A).
Double mutation F1610A/ R18A further shifted the dose-response to the right, with a
~254-fold increase in Ky (Fig. 13A). Calculation of the coupling free energy (XAAQG)
from the four K4 values yields a value of 0.66 kcal/mol (Fig. 13A and B). The coupling
energy for this mutant pair is significantly less than 1 kcal/mol, indicating two residues

function independently.

Another example is shown in Fig 13C and D, where mutations are made at F1610 on

the channel and at position W38 on the toxin. The W38A mutation reduced the affinity
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~1870-fold. The rightward shift of the dose response curve of W38A on wild-type
channel was rescued by also mutating F1610A on the channel (Fig. 13C). The double
mutant W38A/F1610A shows only a ~280-fold decrease in K4 (Fig. 13C). Calculation of
the coupling free energy from the four Ky values yields a value of 2.45 kcal/mol (Fig.

13C and D). These results indicate F1610 and W38 are energetically coupled.

The K4 values for double mutants at F1610 are summarized in Fig. 13E and its
corresponding coupling energy is summarized in Fig. 13F. Of the tested toxin mutations,
W38A and Y47 interacted with channel mutation F1610A with an energy equal or
significantly greater than one kcal/mol. The coupling energies between F1610A and
F15A, R1I8A, or N44A are all less than 1 kcal/mol. We conclude that channel residue
F1610 couples with toxin residues W38 and Y47, but is not significantly coupled to other
residues tested. These results show for the first time that one amino acid residue at the
core domain of a-scorpion toxin is in close proximity to the voltage sensor of sodium
channel. W38 is highly conserved across all the a-scorpion toxin family (63). These
results may reflect a general aromatic-aromatic interaction between sodium channel and

toxin and may enable recognition of receptor site 3 by all a.-scorpion toxins.

Figure 14 shows the collection of Ky for double mutants and its corresponding
coupling energy for T1560 and E1613 studied in this work. The coupling energy (XAAG)
was less than 1 kcal/mol for all these mutant cycles except for T1560A/R18A. These
results indicate T1560 is energetically coupled with R18 and E1613 is not energetically
coupled with residues we studied on the toxin. The pair interactions with Glul613 in
S3-S4 loop need further experiments to be identified.
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Kinetics of Dissociation of Lqhll.

Binding of a-scorpion toxins is reversed by strong depolarizations that activate the
voltage sensor (8, 74, 97). Cells expressing WT and F1610A channel were voltage
clamped to —100 mV to allow maximum binding, and then depolarized to 100 mV for 0.1
to 1,024 ms to induce dissociation, hyperpolarized to —100 mV for 20 ms to reverse
inactivation, and depolarized to 0 mV for measurement of Na' current (Fig. 15A). For
WT channels in the presence of 100 nM Lqhll, progressively longer depolarizations
caused faster and more complete Na™ channel inactivation, indicating LghlII dissociation
(Fig. 15A). Dissociation of toxin and loss of toxin action were virtually complete after a
256-ms depolarization to 100 mV (Fig. 15B). For WT in the presence of 100 nM LghlI,

the dissociation rate constant was 10.5 + 0.4 s at 100 mV.

The same protocol was used to measure the dissociation rate for single mutant F1610A,
W38A and double mutant F1610A/W38A (Fig. 15B and C) at 100 nM or 1uM toxin. 1
uM W38A toxin was used because the mutant toxin effect at 100 nM is too low to
measure the rate accurately. The WT had the slowest dissociation. Channel mutation
F1610A and toxin mutation W38A increased the rate constant by ~6.7- and ~5.0-fold,
respectively (Fig. 15B and C). The effect was even greater for F1610A/W38A, with
~21.5-fold increase in rate constant. The time course of toxin dissociation was also
determined in the presence of 30 nM WT or 300 nM W38A toxin (Fig. 15D). The
dissociation rate constants showed little or no concentration-dependence (Fig. 15D),
indicating that the dissociation step is a state-dependent, unimolecular reaction.

Consistent with previous data (8, 97), the dissociation rate constants for WT and all three
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mutant combinations were voltage-dependent (Fig. 17A), with more rapid dissociation

during stronger depolarization.
Kinetics of Reassociation of Lqhll.

The rates of toxin association were assessed for WT and mutants using a 200-ms
prepulse to 100 mV to cause toxin dissociation, followed by progressively longer
hyperpolarizing pulses to -100 mV to allow toxin rebinding, and a final test
depolarization to 0 mV to assess Lghll action (Fig. 16A). For WT channels, toxin
dissociated during the prepulse, as indicated by the rapid inactivation when only 50 ms
were allowed for rebinding (Fig. 16B). Toxin gradually rebound after longer
repolarizations with complete reassociation at 12.8 s (Fig. 16B). For WT in the presence

of 100 nM LqhlI, the reassociation rate constant was 0.83 + 0.12 s at -100 mV.

The same protocol was used to measure the association rate for single mutant F1610A,
W38A and double mutant F1610A/W38A at 100 nM or 1 uM toxin (Fig. 16B and C).
The rate constants for toxin binding to F1610A were similar to WT (Fig. 16B). The rate
constant for W38A was measured using 1 uM, a 10-fold higher toxin concentration than
WT toxin, however, the rate constant for W38A showed ~20.7-fold increase compared to
corresponding values for 100 nM WT toxin (Fig. 16C). It means that the mutation W38A
increased the toxin association rate at hyperpolarized potentials. The rate constant of
toxin association showed a similar increase, about ~22.6-fold, for double mutation
F1610A/W38A (Fig. 16C) at 1 uM toxin. Thus, there is no effect of F1610A but
substantially increased rate of W38A association at hyperpolarized potentials. The time

course of toxin reassociation was also determined in the presence of 30 nM WT or 300
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nM W38A toxin (Fig. 16D). The association rate constants showed strong
concentration-dependence (Fig. 16D), indicating that the association step is a bimolecular
reaction. Consistent with previous data (8, 97), there was little or no voltage-dependence

for toxin reassociation (Fig. 17B).

Discussion

Previous work shows that a-scorpion toxins bind mainly on the S1-S2 and S3-S4
loops in domain IV with a secondary binding site on S5-S6 loop in domain I (97). In this
work, we found that removing the primarily binding site in domain IV by triple mutants
T1560A/F1610A/E1613R caused a ~240-fold decrease in binding affinity. Mutation on
any of these residues diminish the interaction and thereby the activity. The overall effect
is additive with the triple mutant, indicating that the primary binding site is removed by

the triple mutant.

Mutant cycle analysis was first introduced to analyze interactions of substrates and
regulators with enzymes (101) and has been extensively used subsequently to study
mutagenesis and structure-function relationships of many proteins (98-100). This method
was used to identify a specific ion pair interaction between site 3 sea anemone toxin
anthopleurin B (ApB) and cardiac sodium channel (100). We use this technique to
explore the interactions of wild-type toxin with wild-type channels, and combinations of
toxin mutated at the putative interaction residue with the channels mutated at the
putative-interacting residue. Channel residue F1610 and toxin residue W38 display a
coupling energy of XAAG = 2.45 kcal/mol. This coupling energy is within the range

predicted for aromatic-aromatic interactions (1-2 kcal/mol) (102) and contributes to
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channel-toxin stability. It also indicates two amino acid residues are separated by 4A or
less. Since W38 is highly conserved across all the a-scorpion toxin family (63) and
F1610 is conserved in most of sodium channel subtypes (Nayl.l, Nayl.2, Nayl.3,
Nayl.6 and Nayl.7), these results may reflect a general aromatic-aromatic interaction
between sodium channel and toxin and may enable recognition of receptor site 3 by all

o.-scorpion toxins.

Our molecular model, generated in the most stable channel conformation with LqhlI,
also suggested that the toxin core domain interacts with the gating module of DIV (96,
97). However, in the model, the side chain of Phel610 points away from the bound LghlII.
A slightly unwound in the IVS3 helix beginning at Phe1610 allows its interaction with
Trp38 in the core domain of Lqghll. This unwound conformation may be favorable for

DIV voltage sensor in the resting state of the channel.
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Figure 11 Amino acid residues mutated for mutant cycle analysis on sodium
channel.

(A) Image showing the positions of T1560, F1610 and E1613 (space-filling models) in
the voltage-sensing domain IV of Nay1.2a at resting state. This model is generated using
Rosetta docking method as previous described (97). (B). Normalized voltage-clamp
current traces from tsA-201 cells expressing WT channels in the absence (Control, black)
and in the presence of 1 nM (red) and 100 nM (blue) LghlIl. Cells expressing Nay1.2a
channel were held at =100 mV and Na" currents were elicited with a 30-ms step to 0 mV.
(C) Concentration-response relations for Lghll removal of fast inactivation in cells
expressing WT and mutant channels. WT (K4 = 0.5 £ 0.05 nM, n = 3-8), T1560A (K4 =
2.7+ 0.8 nM, n = 3-5), F1610A (K4 = 5.0 + 1.8 nM, n = 3-6), E1613A (Kq=1.8 £ 0.4
nM, n=3-5), E1613H (K4 =4.0 + 0.5 nM, n = 2-4) and T1560A/F1610A/E1613R (K4 =
120 + 22 nM, n =2-3).
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Figure 12 Amino acid residues mutated for mutant cycle analysis on Lghll.

(A) Modeling of the Lghll structure based on the known structure of Aah2 (PDB code
laho). Residues studied in this work, F15, R18, W38, N44 and Y47 are space-filled. (B
and C). Normalized voltage-clamp current traces from tsA-201 cells expressing WT
channels in the absence (Control, black) and in the presence of 30 nM (orange), 300 nM
(green), or 1 uM LghlI (pink). Cells expressing Nay1.2a channel were held at =100 mV
and Na' currents were elicited with a 30-ms step to 0 mV. (D) Concentration-response
relations for WT and mutant Lghll removal of fast inactivation in cells expressing WT
channels. F15A (K4 = 131 £ 25 nM, n = 3-5), R18A (K4 = 39.3 + 6.8 nM, n = 3-6),
W38A (K4 =937 + 79 nM, n = 2-3), N44A (Kq=912 + 381 nM, n=2) and Y47F (K4 =
2.5+ 0.3 nM, n=3-4).
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Figure 13 Mutant cycle analysis at F1610.

(A and C). Concentration-response relations for Lghll removal of fast inactivation in
cells expressing WT and F1610A channels. FI610A/R18A (Kq =127 + 37 nM, n = 3-7),
F1610A/W38A (Kq= 140 £+ 38 nM, n = 3-6). (B and D) The calculated coupling energies
(ZAAG) for F1610, R18 and F1610, W38 residue pair. (C) K4 for double mutants
measured as determined using electrophysiology experiments described in Results (n =
3-6). (D) Coupling energy (XAAG) for each residue pair as described in Methods. Mean
+ SEM.
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Figure 14 Mutant cycle analysis at T1560 and E1613.

(A) K4 for double mutants measured as determined using electrophysiology experiments
described in Results (n = 3-6). (B) Coupling energy (XAAG) for each residue pair as

described in Methods. Mean = SEM.
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Figure 15 Dissociation rates of Lghll.

(A) Traces demonstrating time-dependent dissociation of Lghll at 100 mV. Cells
expressing WT and mutant Nay1.2 channels were incubated in 100 nM LqghlI for 6 min at
a holding potential of =100 mV to allow binding. The rate of toxin dissociation was
determined with the illustrated pulse paradigm by stepping to a depolarizing pulse of 100
mV, for 0.1 to 1,024 ms, returning to —100 mV for 20 ms to allow recovery from fast
inactivation and then assessing the effect of the depolarizing pulse with a 10-ms test pulse
to 0 mV (test). (B) Time course of dissociation of 100 nM WT Lqhll from cells
expressing WT and F1610A channels. WT (k = 10.5 = 0.4 s™', n = 3) and F1610A (k =
69.7 + 4.1 s, n = 4). (C) Time course of dissociation of 1uM W38A LqhlI from cells
expressing WT and F1610A channels. W38A (k = 52.7 + 3.6 s', n = 5) and
F1610A/W38A (k = 255 + 3 s, n = 3). Rate constants were determined by fits of
monoexponential functions to the data. (D) Rate constants of dissociation as a function of
concentration for WT and F1610A.
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Figure 16 Association rates of Lghll.

(A) Traces demonstrating time-dependent dissociation of Lghll at -100 mV. Cells
expressing WT and mutant Nay1.2 channels were incubated in 100 nM Lqghll. Toxin was
dissociated from the channel using a 200-ms depolarization to 100 mV. The rate of toxin
association was measured by hyperpolarizing to =100 mV for increasing times. The
effect of repolarization on toxin action was assessed with a 10-ms test pulse to 0 mV
(test). (B) Time course of asssociation of 100 nM WT LqhlI from cells expressing WT
and F1610A channels. WT (k=0.83 £ 0.12s, n=3) and F1610A (k=0.56+0.07 s, n
= 3). (C) Time course of asssociation of 1 uM W38A Lqghll from cells expressing WT
and F1610A channels. W38A (k=17.2+ 1.7 s™', n = 4) and F1610A/W38A (k = 18.8 +
0.5 s, n = 3). (D) Rate constants of association as a function of concentration for WT
and F1610A.
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Figure 17 Rate constants of dissociation and association.

(A) Rate constants of dissociation as a function of voltage for WT, F1610A, W38A and
F1610A/W38A channels. (B) Rate constants of association as a function of voltage for
WT, F1610A, W38A and F1610A/W38A channels.



Chapter 1V: Block of alpha-Scorpion Toxins Action on Sodium Channels by
Ranolazine

Summary

a-Scorpion toxins, including Lghll (Leiurus quinquestriatus hebraeus toxin Il), bind
to the extracellular surface of resting state of the sodium channel and inhibit fast
inactivation. These toxins can increase the late Na" current. We hypothesized that the
antianginal and anti-ischemic drug, ranolazine will inhibit the late Na" current induced by
a-scorpion. Whole cell Na® current was recorded from CHO cells expressing the rat
Nayl.2 WT channels. Ranolazine attenuated both peak and late Na' current in the
presence of 100 nM a-scorpion toxin, with a 50% inhibitory concentration (ICsp) 334 +
2.6 uM and 102 £ 10.7 puM, respectively. The results demonstrate that ranolazine reduces
late Na" current induced by a-scorpion toxin and has antagonist effect against o.-scorpion
toxin. Consistent with this effect on sodium channels, ranolazine reduces the lethal

paralytic effects of Lghll in mice.

Introduction

a-Scorpion toxins are single polypeptides crosslinked by four disulfide bridges, which
form a highly conserved, tightly-folded core consisting of an a-helix and three strands of
B-sheet (60). These toxins bind to the extracellular domain on the sodium channel and

inhibit channel fast inactivation. a-Scorpion toxins bind in a state-dependent manner,
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with high affinity for the resting state. Once bound, these toxins impair channel fast
inactivation, which can cause an increase of late Na® current. This small current increase

may cause a prolongation of action potential duration (APD).

Ranolazine is an antianginal and anti-ischemic drug that is used in patients with
chronic angina (103, 104). It blocks sodium channel activity in a manner that resembles
local anesthetic block of sodium channels: block is use-dependent (105). It has been
suggested that the drug might interact with the local anesthetic receptor site, which lines
the inner mouth of the channel pore (103). This drug is particular interest because it has
been shown to reduce late Na" channel current, attenuate the prolongation of APD and
suppress the development of arrhythmogenic early after depolarization in a model of
LQT-3 (long QT syndrome type 3) in which sustained Na" channel activity is induced by
sea anemone toxin (106). This observations led us to hypothesize that ranolazine can
block late Na" current induced by a-scorpion toxins. Using CHO cells stably expressing
rat Nayl.2a WT channels, we show that ranolazine can block a-scorpion toxin action on

sodium channels and stabilize the fast inactivation state..

Materials and Methods

Lqhll Synthesis.

Production of Lqghll, expression in Escherichia coli, in-vitro folding, and purification

of toxin were performed as described previously (62, 63).

Cell line.
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Stable CHO cell lines expressing rat brain Nayl.2a channels were made previously
(107). To prepare cells for electrophysiological recording, we incubated cells in the 100
mm cuvette dishes until 90% confluence. We aspirated media from cell culture plates and
washed them twice with 15 mL PBS and then added 2 ml Trypsin-EDTA solution. We
incubated at 37 °C for 2 minutes until cells began to dislodge the plate. The
trypsinization reaction was stopped by adding 2 mL of media to each plate. The cells
were sedimented at 2000 rpm for 2 min at room temperature. The supernatant was

aspirated and cells were resuspended in 1 mL extracellular solution.

Electrophysiological Recording.

Electrophysiological recordings were performed in whole-cell voltage clamp mode
using the automated patch clamp workstation Patchliner (Nanion Instruments).
Intracellular solutions contained 50 mM CsCl, 10 mM NaCl, 60 mM CsF, 20 mM EGTA,
10 mM Hepes (pH 7.2) and extracellular solutions contained 140 mM NaCl, 4 mM KClI,
1 mM MgCl,, 2 mM CaCl,, 5 mM D-Glucose monohydrate, and 10 mM Hepes (pH 7.4).
WT toxins were dissolved in the extracellular solution containing 1mg/mL bovine serum
albumin (BSA) to minimize non-specific toxin binding to plasticware. Ranolazine was
purchased from Sigma-Aldrich and diluted to the desired concentration in the

extracellular solution.
Data Analysis.

Cells were voltage clamped to —100 mV, depolarized to 0 mV to measure the Na'
current. The dose-response was measured by plotting the peak current after

depolarization to 0 mV or late current at 30 ms after depolarization as a function of
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ranolazine concentration. ICsyp and Hill coefficients were calculated by fitting the
dose-response relation to the Hill equation:

Tpeak or 1ate/ Tpeak or 1ate (100 nM LqhlIl) = 1/ [1+([Ranolazine]/ICsp)"]

Where h is the Hill coefficient, [Ranolazine] is the ranolazine concentration, and ICs is

the ranolazine concentration that causes 50% block. All data is reported as mean = S.E.
Results

Ranolazine block of a-scorpion toxin action on rNayl.2a channels

Stable CHO cell lines expressing rat brain Nay1.2a channels were made previously
(107) and analyzed by whole-cell voltage clamp. Cells were voltage clamped to =100 mV,
depolarized to 0 mV to measure the Na' current, and tested for modification by LqhIl
(Leiurus quinquestriatus hebraeus, toxin 1) and ranolazine by perfusion. In the absence
of toxin, Na' currents activated and inactivated completely within a few milliseconds
(Fig. 18A). Perfusion of 100 nM Lghll slowed inactivation of WT channels as well as
increased the peak current by 17%. Perfusion of 100 uM ranolazine in the presence of
100 nM Lqghll, reduced both the peak and late current. Both currents are reduced more

significantly after perfusion 300 uM or 1 mM ranolazine.

o-Scorpion toxin affected channel function mainly by removing channel fast
inactivation. To compare the level of ranolazine block of the late current caused by Lghll
specifically, we normalized the current traces in Fig. 18A to the peak current (Fig 18B).

Ranolazine blocks the late current caused by Lghll in a concentration-dependent manner.

70



This result shows that ranolazine can block of a-scorpion toxin action on Nayl.2

channels selectively.

To determine the ICsy, both the peak current and the fraction of conductance
remaining at 30 ms after the peak were plotted versus ranolazine concentration (Fig. 18C).
These data were fit with a Hill equation. From this analysis, the ICs for ranolazine block
was estimated to be 334 + 2.6 uM with a Hill coefficient of 1.13 + 0.01 for the peak
current and 102 + 10.7 uM with a Hill coefficient of 1.84 + 0.34 for the late current. The
leftward shift of the dose-response curve for the late current means that ranolazine is
more effective in blocking the late current than the peak current. The ICsy of ranolazine
block was also determined in the presence of 10 nM, 30 nM and 300 nM LqghlII (Fig.
18D). The ICsy for both peak and late current showed little concentration-dependence,

indicating that the ranolazine is a non-competitive antagonist against LqhlI.

There was no significant shift for the voltage-dependence of channel activation and
fast inactivation before and after perfusion of 100 uM ranolazine in the presence of 100
nM Lqghll (Fig 19), except that the peak currents were reduced at all depolarized

potentials measured after addition of ranolazine.

Discussion

o-Scorpion toxins mainly affect channel function by slowing the channel fast
inactivation. An antagonist against a-scorpion toxins action should restore the channel
fast inactivation partially or completely. Ranolazine reduces both the peak and late Na"

current in the presence of o-scorpion toxins, but preferentially it inhibits late Na* current
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with 102 + 10.7 uM in ICsy. These data further suggest that ranolazine might be useful to

recover the neuromuscular paralysis induced by a-scorpion toxins.
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Figure 18 Block of alpha-scorpion toxin Lghll function by ranolazine.

(A) Voltage-clamp current traces from CHO cells expressing rat Nay1.2a channels in the
absence (Control, black) and in the presence of 100 nM Lqghll before (red) and after
perfusion 100 pM (purple), 300 uM (green) or 1 mM (yellow) ranolazine. Cells
expressing Nay1.2a channel were held at —100 mV and Na" currents were elicited with a
30-ms step to 0 mV. (B) Normalized voltage-clamp current traces in (A). (C)
Concentration-response relations for ranolazine block of peak and late current in the
presence of 100 nM LqhlI in cells expressing WT channels. ICsy (Peak current) = 334 +
2.6 uM and ICsg (Late current) = 102 £ 10.7 uM, n = 3. (D) 1Cs of peak current and ICs
of late current as a function of LghlI concentration.
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Figure 19 Voltage-dependence of channel activation and fast inactivation before and
after perfusion ranolazine.

(A) Representative current traces in the presence of 100 nM Lghll before (upper panel)
and after perfusion (lower panel) of 100 uM ranolazine. The voltage-dependence of
channel activation was measured from a holding potential of -100 mV depolarized to
potentials from -100 mV to +50 mV in 10-mV increments. (B) Voltage-dependence of
channel activation in the presence of 100 nM Lqhll before and after perfusion 100 uM
ranolazine. Currents from individual cells are normalized to the current measured at -30
mV before perfusion 100 uM ranolazine. Vs (Before) =-43.4 + 0.3 mV and Vs (After)
= -42.5 + 0.4 mV, n = 3. (C) Representative current traces in the presence of 100 nM
LqhlI before (upper panel) and after perfusion (lower panel) of 100 uM ranolazine. The
voltage-dependence of fast inactivation was measured from a holding potential of —100
mV. A test pulse to 0 mV was applied for 10 ms following a prepulse for 100 ms to
potentials from —100 to 0 mV in 10-mV increments. (D) Voltage-dependence of channel
fast inactivation in the presence of 100 nM Lghll before and after perfusion 100 uM
ranolazine. Currents from individual cells are normalized to the current measured at -100
mV before perfusion 100 uM ranolazine. Vs (Before) = -41.0 +£ 0.3 mV and Vs (After)
=-46.1+£0.8 mV,n=3.
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