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Extrapore Residues of the S5-S6 Loop of Domain 2 of the Voltage-Gated
Skeletal Muscle Sodium Channel (rSkM1) Contribute to the p-Conotoxin
GllIIA Binding Site
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*Laval Hospital, Research Center, Ste.-Foy, Québec, G1V 4G5 Canada, and *Department of Biochemistry and Biophysics and $Mahoney
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ABSTRACT The tetradomain voltage-gated sodium channels from rat skeletal muscle (rSkM1) and from human heart (hH1)
possess different sensitivities to the 22-amino-acid peptide toxin, w-conotoxin GIIIA (u-CTX). rSkM1 is sensitive (IC5, = 51.4
nM) whereas hH1 is relatively resistant (IC5, = 5700 nM) to the action of the toxin, a difference in sensitivity of >100-fold. The
affinity of the u-CTX for a chimera formed from domain 1 (D1), D2, and D3 from rSkM1and D4 from hH1 (SSSH; S indicates
origin of domain is skeletal muscle and H indicates origin of domain is heart) was paradoxically increased approximately
fourfold relative to that of rSkM1. The source of D3 is unimportant regarding the difference in the relative affinity of rSkM1 and
hH1 for u-CTX. Binding of u-CTX to HSSS was substantially decreased (IC5, = 1145 nM). Another chimera with a major
portion of D2 deriving form hH1 showed no detectable binding of u-CTX (IC5, > 10 wM). These data indicate that D1 and,
especially, D2 play crucial roles in forming the u-CTX receptor. Charge-neutralizing mutations in D1 and D2 (Asp®®¢, Asp”®2,
and Glu”®®) had no effect on toxin binding. However, mutations at a neutral and an anionic site (residues 728 and 730) in
S5-S6/D2 of rSkM1, which are not in the putative pore region, were found to decrease significantly the u-CTX affinity with little
effect on tetrodotoxin binding (=1.3-fold increase in affinity). Furthermore, substitution at Asp”3° with cysteine and exposure
to Cd®* or methanethiosulfonate reagents had no significant effect on sodium currents, consistent with this residue not

contributing to the pore.

INTRODUCTION

Different toxins extracted and purified from many animal
species have been useful tools to probe the molecular struc-
ture of voltage-gated ion channels. The binding of toxin to
the extracellular surface of the intrinsic membrane protein
results in changes in channel electrophysiological properties
that interfere with normal cell excitability leading to paral-
ysis (Catterall, 1992; Ellinor et al., 1994; Kallen et al., 1993;
Miller, 1995). Natural toxins were first used to distinguish
between Nat, K, and Ca®" currents recorded under volt-
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Abbreviations: Ch, channel; CMV, cytomegalic virus; u-CTX, w-cono-
toxin; D, domain; ID, interdomain; I,, sodium current; hH1, human heart
voltage-gated sodium channel isoform 1; MTS, methanethiosulfonate; MT-
SET, [2-(trimethylammonium)ethyl]methanethiosulfonate; S, transmem-
brane segment; rSkM 1, rat skeletal muscle sodium channel isoform 1 (also
named w,); T, toxin; TTX, tetrodotoxin; WT, wild-type.

Amino acids are designated by single- or triple-letter codes. The notation
for a mutation is X#B (where X is WT and B is the replacement amino acid
and # is the site in the amino acid sequence). Each of multiple mutations
present in the same protein are separated by forward slashes (i.e., X#B/Z#U
is a double mutation). For clarity, channel sequence numbers are super-
scripted (e.g., Asp>°) whereas toxin residues are not (e.g., Argl3). Chi-
mera domains are designated S or H depending upon whether they origi-
nate from rSkM1 or hH1; the prime notation indicates that a major portion
but not all of the domain is S or H (Fig. 2).
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age clamp conditions and, subsequently, to identify channel
isoforms within a given ion-specific channel family. They
have also proven useful in the purification of voltage-
dependent channels and in probing the tertiary structure of
their binding sites.

The small 22-amino-acid peptide pw-conotoxin GIIIA (net
charge, +6) (Cruz et al., 1985; Sato et al., 1991) isolated
from the piscovorous gastropod marine snail Conus geogra-
phus was shown to reduce the peak current amplitude of rat
skeletal muscle and eel electroplax sodium channel iso-
forms (Chen et al., 1992; Cruz et al., 1985; Ohizumi et al.,
1986; Trimmer et al., 1989; Yanagawa et al., 1987). The
isoform-discriminatory ability of this toxin is high as neither
brain (Moczydlowski et al., 1986) nor heart isoforms show
high-affinity u-conotoxin (u-CTX) binding (Chahine et al.,
1995; Chen et al., 1992; Gellens et al., 1992; White et al.,
1991). u-CTX binding is competitive with that of the gua-
nidinium toxins, tetrodotoxin (TTX) and saxitoxin (STX),
leading to their classification within the same toxin receptor
site grouping, i.e., class 1 (Catterall, 1992).

The three-dimensional structure of u-CTX has been elu-
cidated (Lancelin et al., 1991), and it is a relatively rigid,
compact molecule by virtue of the presence of three disul-
fide bridges (Hidaka et al., 1990). Each of the positively
charged amino acids of u-CTX is located at the periphery of
the molecule. One (Argl3) has been shown to be particu-
larly crucial for binding to sodium channels (Becker et al.,
1992; Chahine et al., 1995; Sato et al., 1991) and extends
toward or into the pore restricting ion flow (French et al.,
1996).
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The rigidity of u-CTX makes this toxin an ideal candi-
date to serve as a molecular caliper to deduce the architec-
ture of the sodium channel outer vestibule, a necessity for
understanding the mechanism of ion channel function and
for rational drug design (Chahine et al., 1995; Goldstein et
al., 1994). The determination of pairwise interactions be-
tween specific channel and toxin residues has been fruitful
in establishing the outer vestibule architecture of voltage-
gated potassium channels (Miller, 1995). For sodium chan-
nels such studies promise, in addition, to reveal the domain
arrangement in three dimensions. This indirect approach to
structure determination is mandated by the fact that there
remain, at present, major difficulties in applying NMR or
crystallographic approaches to large, nonabundant mem-
brane proteins such as sodium channels.

Earlier, we used chimeras between a toxin-sensitive
channel from rSkM1 and a toxin-resistant isoform from rat
skeletal muscle (rSkM2) to demonstrate that more than a
single domain of rSkM1 interacts with u-CTX (Chen et al.,
1992). Efforts to define the toxin (u-CTX, TTX, and STX)
binding regions of sodium channels have also involved
site-specific mutations (Backx et al., 1992; Chen et al.,
1992; Noda et al., 1989; Satin et al., 1992; Stiihmer et al.,
1989; Terlau et al., 1991). Many point mutations in TTX-
sensitive channels helped to establish that the TTX/STX
toxin-binding sites involve two rings of negatively charged
amino acids. Some of these residues probably reside in the
pore (defined as the SS1 and SS2 segments or P-region
located in the S5-S6 loop) by the criterion that these muta-
tions affect ion selectivity and/or single-channel conduc-
tance (Chen et al., 1992; Heinemann et al., 1992; Terlau et
al., 1991). These results are consistent with earlier data
showing that negatively charged amino acid side chains on
the sodium channel are crucial for the binding of the posi-
tively charged TTX molecule as changes in the affinity of
this toxin resulted from treatment of the channel with car-
boxyl-modifying, charge-neutralizing reagents, monovalent
and divalent metal ions, and protons (Worley et al., 1986).
As noted, competitive binding between TTX/STX and
n-CTX for receptor site 1 suggests that these toxins share,
at least in part, the same binding site. However, most
mutations that significantly affect TTX binding only
slightly reduce the affinity of the much larger u-CTX mol-
ecule for the sodium channel (Chahine et al., 1995; Chen et
al., 1992; Stephan et al., 1994), indicating that although
receptor sites for these toxins may overlap, the u-CTX site
must involve other unique interactions. Regarding channel
residues involved with u-CTX binding, the most significant
finding to date is a 48-fold increase of ICZy"“™ICY,-Pe
ratio by replacing glutamate (negatively charged) at position
758 (P-region of D2) by a neutral glutamine, E758Q (Dud-
ley et al., 1995). This mutation also decreases the u-CTX
association rate constant for toxin binding to the channel
without affecting the dissociation rate constant, leading to
the hypothesis that it may be involved in the electrostatic
guidance of the toxin toward its receptor site. These data led
to a structural model of class 1 toxin-binding sites on the

Characterization of u-CTX Binding Site on Sodium Channels 237

external surface of the sodium channel pore (Lipkind et al.,
1994) that has recently been revised (Chang et al., 1997).

In this paper, to obtain a better idea of where the u-CTX
binds to the channel, we applied a chimeric channel strategy
(Chen et al., 1992; Ellinor et al., 1994) in which chimeras
were constructed from portions of two channels, one donor
is u-CTX-sensitive rSkM1 and the other is u-CTX-resistant
hH1. The human skeletal muscle sodium channel isoform
cannot profitably be used for chimera formation as it, un-
expectedly, is relatively resistant to u-CTX (Chahine et al.,
1994). Studies of the chimeras described herein have im-
plicated primarily D2 and to a lesser extent D1 and D4 of
the channel in u-CTX binding interactions. With a higher-
resolution examination of D2 by site-directed single-amino-
acid substitution analysis, we have discovered that the 728 —
730 region of S5-S6/D2 significantly affects w-CTX
binding, whereas mutations at these sites are associated with
only a slight increase in the affinity of TTX (=1.3-fold).
These are the first mutations outside of the conventionally
defined P-regions to affect the affinity of u-CTX for rSkM1
and begin to delineate nonpore regions of the outer vestibule
involved in toxin binding.

MATERIALS AND METHODS
Solutions

The Ringer’s bathing solution contained (mM): 116 NaCl, 2 KCI, 1.8
CaCl,, 2 MgCl,, 5 HEPES; pH was adjusted to 7.6 at 22°C with NaOH.
u-CTX was obtained either from LC Laboratories (Woburn, MA) or from
Sigma (Mississauga, Ontario, Canada), and TTX was purchased from
Research Biochemicals International (Natick, MA). Stock solutions of
toxins were made in water at 10~> M and stored at —20°C.

Mutagenesis of rSkM1

Site-directed mutations were made in single-strand templates with syn-
thetic oligonucleotides as described previously (Chen et al., 1992). pS1S1
(pSelect-1/rfSkM1) has been described (Chahine et al., 1996). pS1S1’ is a
cassetted version of pS1S1with Sall, Sacl, Hpal, and Af 11 sites introduced
as silent mutations at nucleotides 2171, 2843, 3967, and 4568, respectively,
using the following antisense oligonucleotides: Sa/l 5'-TACCCAGGTC-
GACAAAGGGGT-3', Sacl 5'-CACTGAAGGAGCTCAGCAGGA-3',
Hpal 5'-CAAACAAGTTAACCCCCATGA-3', and Af /11 5'-TGTCCAC-
CTTAAGCTGGCTCT-3'. The underlined nucleotides are the mutation
sites.

pSIHI1 (pSelect-1/hH1) has been described (Chahine et al., 1996).
pSIH1' is a cassetted version of pS1HI with Sp/l, Sall, Sacl, Hpal, and
AfllL, introduced as silent mutations at nucleotides 1394, 2305, 2967, 4209,
and 4813, respectively, using the following antisense oligonucleotides: Sp/I
5"-TTTGCTCCTCGTACGCCATTGCGA-3', Sall 5'-TGATGGTGAG-
GTCGACAAACGGGTCCATG-3', Sacl 5'-TGAAGGAGCTCAGCAG-
CAAGG-3', Hpal 5'-CAAAGAGGTTAACGCCCATGA-3', and Af 111 5'-
GGCCAAGATGTTGATCTTAAGAGGACTTTGGTCATC-3".

The construction of a channel chimera was described elsewhere
(Frohnwieser et al., 1997). Site-specific mutation reactions not previously
described (Chahine et al., 1995; Chen et al., 1992) employed the following
mutagenic oligonucleotides: A728L, 5'-TTGCAGTCTGAGAGGATCTT-
GCACAC-3"; D730C, 5'-GGCAGGTTGCAGCATGAGGCGATCTT-
3'; D730Q, 5'-AGGCAGGTTGCATTGTGAGGCGATCTT-3"; D1221Q,
5'-CAGACCCACGTTITGGTAGTTGACCTT-3"; D762Q/E765Q, 5'-
GGCCGGCCACCTGCATGCATTGCCACATGGTCTCGAT-3'". All con-
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structs were confirmed by sequencing the sites of mutations and the newly
created junctions.

Expression in Xenopus oocytes

The preparation of Xenopus oocytes has been published (Chahine et al.,
1994; Chahine et al., 1992; Gellens et al., 1992). Briefly, after being treated
with 2 mg/ml collagenase for 2.5-3 h, stage V or VI oocytes were
microinjected with 25-50 ng cRNA or plasmid DNA (pRcCMV/rSkM1)
encoding either wild-type (WT) or mutant rSkM1. pRecCMV/rSkKMI is
composed of pRcCMV (Invitrogen Corp., San Diego, CA) with HindIII
and Notl ends containing the following fragments: SK+(HindIII to EcoRI
of multiple cloning site (MCS))/rSkM1(EcoRI-bounded ¢cDNA fragment
from 351-6273 (Trimmer et al., 1989))/SK+ MCS (EcoRI to Notl). The
oocytes were maintained at 18°C in a twofold diluted solution of Leibo-
vitz’s L-15 medium (Gibco, Grand Island, NY) enriched with 15 mM
HEPES (pH 7.6, adjusted with NaOH), | mM glutamine, and 50 ug/ul
gentamycin. Oocytes were used for experiments 2—3 days after injection.

Electrical recording

The macroscopic Na currents (/y,) from the cRNA- or DNA-microinjected
oocytes were measured using voltage-clamp techniques with two micro-
electrodes filled with 3 M KCI. Membrane potential was controlled by a
Warner oocyte clamp (Warner Instrument Corp., Hamden, CT). A ground
metal shield was inserted between the two microelectrodes to minimize
electrode coupling and speed the clamp rise time. The total volume of the
bath was 400 wl. Bathing solution exchanges were complete in <5 s.
Voltage commands were generated by computer using pPCLAMP software
version 5.5 (Axon Instruments, Foster City, CA). Currents were filtered at
2 kHz (—3 dB; 4-pole Bessel filter).

In the presence of TTX or wu-CTX, the reduction of current amplitude
from a depolarization to a test voltage of —10 mV from a holding potential
of —120 mV was defined as the fraction of block, Fz. Under the assump-
tion that a single molecule of toxin blocks a single voltage-gated sodium
channel (Cruz et al., 1985; Moczydlowski et al., 1986), the blocking
constant ICs, (toxin concentration at which 50% of the channels are
blocked) is given by [u-CTX](1 — Fpy)/Fg. The kinetics of the sodium
channel blockade by u-CTX and block reversal upon washout are well
described by single-exponential functions (Chahine et al., 1994; Cruz et al.,
1985). The equilibrium between toxin-bound and toxin-unbound channel is
defined by two processes. First, the association rate constant k&, is toxin-
concentration dependent and defined by the formula (1/7,, — l/7.)/
[u-CTX] where 7., and 7.4 are the time constants of toxin binding and
unbinding, respectively, and are obtained from the single-exponential
functions describing the time course of the binding and unbinding reac-
tions. The dissociation rate constant kg is 7,. A confirmation of the ICs,
value is given by the dissociation constant, K, = k,/k,,. Data are ex-
pressed as mean * SEM.

Studies with sulfhydryl reagents

Channels were treated with methanethiolsulfonate (MTS) derivatives con-
taining an ethylsulfonate (MTSET) side chain (Toronto Research Chemical
Co., Toronto, Ontario, Canada) or with Cd** at concentrations of 1 mM.

RESULTS

rSkM1 and hH1 have different sensitivities
to p-CTX

Different channel isoforms show differential sensitivities to
individual members of the guanidinium (class 1) toxin
group, which bind to the outer vestibule of sodium channels
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to block ion flow through the pore. rfSkM1 currents are
sensitive to both TTX and wu-CTX in the nanomolar con-
centration range, whereas those of hH1 are relatively resis-
tant to both toxins with ICs, values > 1 uM. hSkMI, in
contrast, is TTX sensitive but u-CTX resistant; IC5, = 1.2
M (Chahine et al., 1994). In addition to variations between
isoforms, mutations in a single channel protein can also
modify the relative binding affinity of various representa-
tives of this class of toxins. Extensive observations have
been made on the rat heart isoform, rSkM2 (rH1), where
reversal of the homologous amino acids, tyrosine (Y401C)
in rSkM1 (1) and cysteine (C374Y) in rSkM2 caused a
switch in the relative TTX and w-CTX sensitivities of these
two isoforms (Chen et al., 1992; Satin et al., 1992; Backx et
al., 1992). However, the relative change in TTX sensitivity
was ~11-fold greater than that of w-CTX with rSkM1/
Y401C mutation (43.0/3.9 = 11.0):

1500 nMICsoTTX(rSle/Y401C)/34.9 nMICSOTTX (rSkM1) 43 .0

197 anCym»CTX (rSkMI/Y40lC)/51 nMICsuu-CTX(rSle) =39

To illustrate this point, the effects of 300 nM u-CTX and
50 nM TTX on WT hHI expressed in Xenopus oocytes is
that the WT channel is relatively resistant to both TTX and
w-CTX, whereas the hH1/C373Y mutant is sensitive to 50
nM TTX but not to 300 nM u-CTX (Fig. 1). Thus, there
must be some difference in the binding sites for TTX and
w-CTX of sodium channels. Consistent with this conclu-
sion, the reciprocal mutation rSkM2/C374Y, which con-
verted this isoform to a channel that is more TTX and
n-CTX sensitive, also did not completely recover the sen-
sitivity to u-CTX found in native rSkMI in contrast to
regaining fully high TTX affinity (Chen et al., 1992). This
is a further indication that these homologous residues do not
play as important a role in w-CTX binding as they do in

A B

hH1 hH1/C373Y
TTX (50nM)
1 L
(] (o}
Control c .
4 L-CTX (300nM) ontrol
p-CTX (300nM)
TTX (50nM)
IES IES
FIGURE 1 Effect of TTX and w-CTX on wild-type and mutated hH1/

C373Y sodium channels. Sodium currents were evoked by a depolarizing
step from a holding potential of —120 mV to a test voltage of —10 mV
from oocytes expressing (4) wild-type hH1 or (B) hH1/C373Y channels in
the absence and in presence of toxins: 50 nM TTX and 300 nM w-CTX.
Neither 50 nM TTX nor 300 nM p-CTX significantly reduced the ampli-
tude of wild-type hH1 currents. However, TTX at 50 nM reduced dramat-
ically sodium current from hH1/C373Y without any effect of u-CTX at
300 nM.
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TTX binding. These observations encouraged further efforts
to identify the regions involved in u-CTX binding to rSkM1
by using a chimeric channel analysis in which the chimeras
are formed from two channels, one w-CTX sensitive and
one w-CTX resistant. It was intended that this information
would restrict site-specific mutagenesis experiments to por-
tions of the channel directly involved in specifying differ-
ential toxin binding and, thus, increase the efficiency of
determining the sodium channel outer vestibule architecture.

Chimeric analysis: differential u-CTX sensitivity is
determined by D1, D2, and D4

To identify which of the structural variations between hH1
and rSkM1 are responsible for the difference in the u-CTX
sensitivity, cCRNA or plasmid DNA encoding WT, mutant,
or chimeric sodium channels (formed from rSkM1 and hH1
isoforms, Fig. 2) were injected into Xenopus laevis oocytes.
All of the chimeras reported herewith showed expression
levels comparable to that seen with WT rSkM1 and hH1
sodium channels. The concentration dependence of the ex-
tent and rate of u-CTX-induced current decrease (or in-
crease after toxin washout) was measured to provide the
equilibrium and rate constants for toxin association and
dissociation (Fig. 2).

The chimeras are designated by four letters indicating the
parent channel making the major contribution to each of the
four domains. For example, SSHH is constructed with D1
and D2 from rSkM1 and D3 and D4 from hH1 (Frohnwieser
et al., 1997). The origin of the NH, and COOH termini is
the same as the adjacent domain in all cases. The affinity of
p-CTX for SSHH, IC5, = 10.3 = 1.6 nM (n = 3; Fig. 2 ),
was increased approximately fivefold compared with that
for rSkM1 (Fig. 2 4) (IC5, = 51.4 = 2.2 nM) (Chahine et
al., 1995). The association rate constant was augmented
1.4-fold (K55HH = 717 + 44 x 10> M~ ' s7!) for this
chimera, compared with 5™ = 499 x 10° = 10.6 M~!
s~ ! for rSkM1 (Fig. 2 C). The magnitude of the dissociation
rate constant, Koy ' = 0.62 = 0.03 X 107> s, is approx-
imately fourfold smaller for SSHH than that for rSkM1
(240 X 107> * 045 s~ '; Fig. 2 C and Table 1). The
calculated Ky = k. g/k,,, value of 8.7 = 0.8 nM for SSHH
agrees reasonably with the measured ICs, value, as was the
case for all the measurements reported herein for mutant
channels, but is smaller than the K, value for rSkM1 itself
due primarily to the fourfold reduction of k. To explore
the basis for the increased toxin affinity of SSHH further,
we examined SSHS, a chimera in which D3 derives from
hH1 in a rSkM1 background (Fig. 2 D). The affinity and
kinetic values for the u-CTX binding reaction with this
chimera, SSHS (Fig. 2 D), were comparable to those mea-
sured for rSkM1 (Table 1): &35S =453 + 4.6 X 10° M ™!
s (cf. 499 X 10°M ~'sTH S8 =31 05 %x 1077
s (cf. 2.4 X 107257 1); K55S = 70.8 + 13.4 nM. The K,
value for the reaction of SSHS with u-CTX agrees reason-
ably with the ICs, value of 61.5 = 2.1 nM. Comparison of
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the data for SSHH and SSHS suggests that D4 from the
u-CTX-resistant heart channel contributes a greater number
of positive or fewer negative interactions with the toxin than
does D4 of rSkM1, although it is the latter channel that is
high affinity overall. This is corroborated by parallel studies
of SSSH, a chimera also exhibiting higher affinity for
u-CTX than the rSkM1 channel (Fig. 2 £ and Table 1). The
bulk of this effect is again attributable to the approximately
fourfold smaller value of kg for the chimera relative to that
for rSkMI.

From a comparison of toxin binding between the chi-
meric channel SSHS and WT channel rSkM1, we have
obtained evidence that there is no detectable effect of ex-
changing D3 (Table 1). To investigate the roles of D1 and
D2 in the binding of u-CTX, we constructed two chimeras
between rSkM1 and hH1: HSSS contains D1 from hH1 and
SHSS includes most of D2 from hH1 in a largely rSkM1
background (Fig. 2, F and H). The affinity of the u-CTX for
HSSS was decreased almost 22-fold (IC5, = 1145 * 122
nM) compared with rfSkM1 (IC;5, = 51.4 = 2.2 nM). Toxin
association and dissociation rate constants were increased 2-
and 21-fold, respectively: A555 = 109 + 30 X 10° M ™!
s (cf. 49.9 X 10° M1 s7); K855 =497 + 6.7 x 1073
s ' (cf.2.4 X 107* s~ 1) (Fig. 2 E and Table 1); K, = 628 +
118 nM (cf. 48.1 nM). Note that as the affinity for toxin
decreases there is a trade-off between the use of higher
concentrations of the costly toxin and the extent of satura-
tion used to determine the ICs, values. Therefore, the agree-
ment between calculated K; and measured 1C5, values tends
to be less good with the lower-affinity toxins. The bulk of
the decreased affinity, nevertheless, is still ascribable to
much larger kg values for the chimeric channel. The affin-
ity of u-CTX for the SHSS chimera was not measurable
(current block of <3% at 300 nM w-CTX), and a lower
limit for the IC, value was placed at 10 uM (Fig. 2 H and
Table 1).

As the affinity of u-CTX is decreased when D1 derives
from hH1 and is increased when D4 is from hH1, we tested
the w-CTX sensitivity of HSSH (in which D2 and D3
originate from rSkM1 in a hH1 background) (Fig. 2 G).
Study of this construct should enable the assessment of the
relative importance of D1 and D4 in the u-CTX binding.
The u-CTX affinity (IC5, = 683 = 73 nM) for this chimera
is intermediate between that for SSSH and HSSS (Fig. 2).
The kinetic values for HSSH were closer to those for HSSS
than those for SSSH (Fig. 2 G), consistent with a relatively
greater importance of D1 than D4 for differential toxin
binding (Table 1).

Many charge-altering amino acid substitution
mutations in the nonpore regions of S5-S6 loops
of rSkM1 have little effect on u-CTX affinity, with
the one exception of D730

The aligned amino acid sequences of the ID5—6/D2 loop
rSkM1 and hH1 show the putative S5-S6 loops of each of
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FIGURE 2 Kinetics of u-CTX association and dissociation with chimeric sodium channels constructed from hH1 and rSkM1. Sodium currents were
elicited from a holding potential of —120 mV to a test potential of —10 mV. u-CTX was used at 100 nM (for SSHH) or 300 nM (other chimeric channels).
A schematic representation of the chimeras illustrating the origin of rSkM1 (S) or hH1 (H) of the four domains is shown on the top. Below each chimera
are graphs of the equilibrium block (left), kinetics of onset of block (middle), and kinetics of reversal of block (right). The solid lines are best-fit
exponentials with averaged values contained in Table 1. The &, and kg of each experiment is also indicated. (4) WT-rSkM1; (B) WT-hH1; (C) SSHH;

(D) SSHS; (E) SSSH; (F) HSSS; (G) HSSH; (H) SHSS.

the domains in Fig. 3, where single and double underlining
represent SS1 and SS2 segments, respectively, containing
the pore residues (Perez-Garcia et al., 1996; Li et al., 1997;
Tsushima et al., 1997), the double dagger denotes possible
glycosylation sites, and amino acid substitutions are placed
above the site in WT rSkM1 (with replacement by glu-

tamine (Gln or Q) generally constituting charge-neutralizing
and substitution by arginine (Arg or R) being charge-intro-
ducing mutations, respectively), and asterisks indicate sites
involved in multiple mutations (see Table 2 and Chahine et
al.,, 1995). Our attempts to localize the binding site of
u-CTX by site-specific mutation at candidate anionic amino
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TABLE 1 Constants for the reaction of u-CTX with wild-type and chimeric sodium channels
kon kolT

Chimera n (103M's™h) Ratio (1073 s Ratio K4 (nM) Ratio ICs, (nM) Ratio
SSSS/rSkM1* 3 49.9 = 10.6 1.0 24*0.5 1.0 98 + 26 1.0 51422 1.0
SSHH 4 71.7 = 4.4 1.44 0.62 £ 0.03 0.26 8.7+0.8 0.18 103+ 1.6 0.20
SSHS 3 453 4.6 0.91 3.1 %05 1.29 70.8 = 13.4 1.41 61.5 +2.09 1.20
SSSH 4 379 =47 0.76 0.68 = 0.12 0.28 183 2.0 0.37 12.8 2.0 0.25
HSSS 6 109 = 30 2.18 49.7 £ 6.7 20.7 628 = 118 13.1 1145 = 121 223
SHSS 3 >10,000 >195
HSSH 7 97.5 =219 1.95 449 =34 18.7 631 = 152 13.1 683 =73 13.3
HHHH/hH 1" 5700 = 800 111

n = number of oocytes tested; ratio = (chimera or hH1)/WT; Ky = k,q/k,,,. SSHH = LQ19; SSHS = LQ18; HSSS = LQ4; SHSS = LQ28; HSSH =
LQ5 (Frohnwieser et al., 1997).
*Chahine et al., 1995.

#Gellens et al., 1992.

on*

acid positions (Chahine et al., 1995) have been less success-
ful than experiments with TTX (Terlau et al., 1991) perhaps
because the larger u-CTX molecule has more extensive
binding interactions with each rSkM1 residue making a
smaller contribution to the overall stability of the binary
complex (see below). However, the D730Q mutation does
decrease the affinity for u-CTX (ICs5, = 239 = 17 nM;
Table 2). The association and dissociation rate constants

DOMAIN 1

* *

rSkM1 F 290 S G

S A %

were increased 3.3- and 13.2-fold respectively: k., =
164.6 32 X 10°M 's 'and ki = 3172 = 5 X 107
s~ ! (Fig. 4, B and C) and the K value (220.3 = 46.5 nM)
is increased relative to that of rfSkM1, primarily due to the
augmented k¢ value. The failure to date of anionic charge-
neutralizing mutations, other than E758Q (Dudley et al.,
1995) and D730Q or D730C (this work), on the putative
extracellular surface or outer vestibule of rSkM1 (i.e., S5-S6

*  *
HA T L D ]

274 -GNLRQKCVRWPPPMNDTN TTWY GNDTWYSNDTWYGND TWYINDTWNSQESWAGNSTFDWEAYINDEGNFYFLEG-348

274 -GNLRHKCVRNFTALNGTNGSVEADGL VWESLDL YLSDPENYLL KN

hH1 300

rSkM1 $360 Q T 380 Q

GTS-321

400 ¢

349-SNDALLCGNSSDAGHCPEGYECIKAGRNPNYGYTSYDTFSWAFLALFRLMTQDYWENLFQLTLRAAG-411

322~
hH1 330 360
DOMAIN 2

*
rSkM1 R L730 R R

LEVEEETDELEE 111 T

DVLLCGNSSDAGTCPEGYRCLKAGENPDHGYTSFDSFAWAFLALFRLMTQDCWERLYQQTLRSAG-386

*

Q760QR Q R

718-KSYKECVCKIA SD CNLPRWHMNDFFHSFLIVFRILCGEWIETMWDCMEVAGQAMC-772

[0 T T 1

863 -KNYSELR

hH1 870 900
DOMAIN 3
rSkM1 If E $£1200 H L

RS RNRNR NN

DSDSGLLPRWHMMDFFHAFLITIFRILCGEWIETMWDCMEVSGQSLC-915

1240Q Q

1180~-YYCVNTTTSERFDISV VNN KSESESLMYTGQVRWMNVKVNYDNVGLGYLSLLQVATFKGWMDIMYAAVDSREKEEQPHYEVNLYM-1264

N

1361-GRCINQTEGDLPLNYTIVNN KSQCESLNLTGELYWTKVKVNFDNVGAGYLALLOVATFKGWMDIMYAAVDSRGYEEQPQWEYNLYM-1446

rHl 1400
DOMAIN 4
rSkM1 1520 1540

1440
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FIGURE 3 Alignment of amino acid sequences of S5-S6 loops of rSkM1 and hH1 D1-D4. Single and double underlining represent SS1 and SS2
segments, respectively, *Possible glycosylation sites; amino acid substitutions are placed above the mutated areas (Q generally being a charge-neutralizing
and R a charge-introducing mutation). *Site of multiple mutations (see Table 2 and Chahine et al., 1995).
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TABLE 2 Constants for the reaction of u-CTX with rSkM1 site-specifically mutated sodium channels

kon koff

Mutant n (10°M~1s7h Ratio (107357 Ratio K4 (nM) Ratio ICs, (nM) Ratio
WT* 3 49.9 = 10.6 1.0 240 £ 0.45 1.0 98 = 26 1.0 514 %22 1.0
D384Q 3 63.8 +7.3 1.24
A728L 3 325+ 62 6.5 853 *3 355 245.6 = 98.3 2.5 289 *+ 62 5.6
D730Q 4 164.6 = 32 33 3172 =5 13.2 220.3 = 46 2.2 239 = 17 4.6
D762Q/E765Q 3 41.8 £69 0.81
DI1221Q 3 33.1 1.0 0.64

n = number of oocytes tested; ratio = mutant/WT; Ky = kog/k,,.
*See also Chahine et al., 1995.

loops) to affect the u-CTX binding energy suggests that if
multiple electrostatic interactions at several different spe-
cific side chains are important, there must be other sites that
remain to be identified. At present we can rule out the
involvement of the following rSkM1 anionic sites in u-CTX
binding: D%, D762, E765 D122t E1251 D376 gISI13 p1524
and E'>* (Table 2 and Chahine et al., 1995).

We pursued a charge-introduction approach in which
arginine-scanning mutagenesis was used to attempt to de-
lineate the footprint of the w-CTX-channel interaction sur-
face. It was expected that the large, cationic guanidinium
side chain of arginine, if placed close to or within the toxin
footprint, would interfere with toxin binding. However, of
five such mutations in the S5-S6 loop of D2 (Fig. 3), only
rSkM1/C725R expressed, and in that case at such low levels
that toxin binding studies were not possible. Three of the
other four mutations were in the P-region and may have
disrupted proper channel folding, stability, or membrane
insertion, or these mutations may alter the conductance in
such a way that will enable us to measure sodium currents.

Residues at positions 728 and 730 of the S5-S6
loop of domain 2 of rSkM1 affect u-CTX affinity
more than that of TTX

When the alanine at position 728 of rSkM1 was mutated to
leucine, the affinity of the u-CTX for this mutant channel

was reduced (IC5, = 289 = 62 nM) (Fig. 5). The associa-
tion and dissociation rate constants were increased 6.5- and
35.5-fold, respectively: k,, = 325 + 44 X 10°M's " and
ko= 853 *3 X 107° s~! (Fig. 4, B and C) and the K
value (245.6 = 98.3 nM) is increased relative to that of
rSkM1, primarily due to the augmented k4 value. This
finding provides additional evidence for the importance of
this region of the channel for toxin binding, consistent with
the approximately fivefold decrease in toxin affinity seen
for the D730Q mutation noted above. We have noted earlier
the noncorrespondence of the effects of many mutations on
TTX versus u-CTX binding. This is true for the rSkM1/
A728L mutation as well. The affinity of TTX for the A728L
channel (IC5, = 22 = 2 nM) is 1.3-fold greater than that for
the WT rSkM1 (IC5, = 29 = 1 nM) (Fig. 6).

Does the 728-730 region of rSkM1 contribute to
the pore structure?

To probe the possibility that this region actually contributes
to the P-region itself, we used the reaction of MTSET, a
methanethiosulfonate reagent containing a trimethylammo-
nium ethyl side chain, and Cd*" with D730C, being the
closest residue to the DII(SS1) region of the segment stud-
ied. The purpose of this study was to investigate whether
permeation properties were altered in the chemically reacted

rSkM1/D730Q
J -3 q -3 1
-4 1 .4 -
#—CTX (300nM)
3 s s
:s‘q"i Control ‘E‘" :j"
= -6 = 6
@ w
- =]
= :
o 7] S 77
.8 .8 -
10 ms
94 . T T T T | 9 T T T T T |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (s) Time (s)

FIGURE 4 Effects of u-CTX on rSkM1/D730Q and kinetics of u-CTX association and dissociation. Sodium currents were elicited from holding potential
of —120 mV to a test potential of —10 mV from oocytes expressing rSkM1/D730Q. (4) Sodium current block at equilibrium by 300 nM u-CTX; (B)
kinetics of onset of block; (C) kinetics of reversal of block by washout of toxin. The solid lines are best-fit exponentials with averaged values contained

in Table 2.
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FIGURE 5 Effects of u-CTX on rSkM1/A728L and kinetics of u-CTX association and dissociation. Sodium currents were elicited from a holding
potential of —120 mV to a test potential of —10 mV from oocytes expressing rSkKM1/A728L. (4) Sodium current block at equilibrium by 300 nM u-CTX;
(B) kinetics of onset of block; (C) kinetics of reversal of block by washout of toxin. The solid lines are best-fit exponentials with averaged values contained

in Table 2.

mutant channel relative to that of WT (Fig. 7). For rSkM1
and rSkM1/D730C, 1 mM Cd*" decreases, respectively,
12 = 0.6% (n = 4) and 14.7 = 1.3% (n = 4) of the
amplitude of sodium currents, whereas on hH1 more than
95% of the block was recorded. In the presence of MTSET
we recorded less than 1% of the block for rSkM1 and
rSkM1/D730C, whereas on hH1 a 13.6 £ 1.4% (n = 4)
reduction of the amplitude of the current was obtained.
Furthermore, the effect of w-CTX on D730C was compa-
rable to the one observed with D730Q (data not shown).
These data suggest that the substantial effects on toxin

100
80
60
-
2 Q
[==]
IS
O  :rSkM1/wild-type
I1C5(p=29+1nM
20 W :rSKM1/A728L
IC5¢=22+2nM
0 -
0.1 1 10 100 1000 10000
[TTX] (nM)

FIGURE 6 Dose-response curve of the effects of TTX on WT-rSkM1
and on rSkM1/A728L currents. The dose-response curve (mean + SEM)
for TTX block of sodium currents in five oocytes is shown. The theoretical
curves are the best fits to a one-site model of block with indicated ICs,. See
Materials and Methods for calculation of ICs, values.

binding exerted by the A7*® and D”° segment are not due to
contributions of this region to the structure of the pore itself.

DISCUSSION

There are a number of strategies to determine the sites at
which mutations can be made: 1) predictions of the forces
involved based on the known structure of the toxin (e.g.,
electrostatic interactions), 2) examination of sites known to
be important for binding other class 1 toxins, that is, by
analogy, 3) identification of side chains that, when derivat-
ized, alter toxin binding (e.g., carboxylate reagents), and 4)
searches for nonhomologous segments or sites between
channel isoforms based on the assumption that differences
in toxin binding must reflect differences in primary se-
quence between the channel proteins. In this communica-
tion, we have used the first and last approaches. Thus,
before making a large investment of resources in the con-
struction and study of point mutations at sites on the exter-
nal surface of the channel, we chose to identify first the
individual domains of the channel that make the greatest
contributions to the high-affinity binding of the rSkMI
channel for toxin by using chimeric channels composed of
various domains from rSkM1 (u-CTX sensitive) and hH1
(n-CTX resistant) channels (Chen et al., 1992).

Which channel domains are involved in
high-affinity u-CTX binding?

From the differences in toxin binding to this panel of
chimeric channels, we have obtained evidence that the order
of influence for high-affinity binding is D2 > D1 > D4
with no detectable effect of exchanging D3 (Table 1). This
does not mean that D3 does not contribute to toxin binding
but rather that it contributes comparably whether the source
of this segment is rSkM1 or hH1. Surprisingly, as hHI is a
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FIGURE 7 Effects of cadmium and MTSET on wild-type hH1 and
rSkM1 and rSkM1/D730C sodium channels. (4 and B) hH1; (C and D)
rSkM1; (£ and F) rSkM1/D730C mutant sodium channels. Sodium cur-
rents were recorded from a holding potential of —120 mV to —10 mV test
potential. (4) Application of 1 mM cadmium significantly reduces the
amplitude of sodium current from hH1 but has a only a small effect on
rSkM1 (C) and rSkM1/D730C mutant sodium channels (E). Exposure to 1
mM MTSET reduces the sodium current by ~20% with hH1 (B) and has
even smaller effects on the amplitude of rSkM1 and rSkM1/D730C mutant
sodium channels (D and F).

p-CTX-resistant channel, we have identified D4/hH1 as
conferring increased affinity for u-CTX in chimeric chan-
nels when it replaces D4/rSkM1. Whether this is due to
negative influences exerted by structural elements of D4/
rSkM1 or to additional positive interactions between D4/
hH1 and toxin is a subject for future study.

Which channel amino acid residues are involved
in u-CTX binding?

The order of influence of domains on high-affinity toxin
binding, resulting from the studies of chimeras, led us to
focus our initial mutagenesis efforts on D2. The least con-
served segment in the S5-S6/D2 loop extends from 728—
732. Although there is no clear-cut segregation of residues
to toxin-sensitive and -resistant phenotypes, site-specific
substitutions led to the identification of A”*® as an important

Volume 75 July 1998
interaction site (hH1 has S*’! at the comparable position).
This is the first residue of rSkM1 we have found that, when
substituted, affects toxin affinity and is not located in the
putative P-region. The side chain of Ala’*® is believed to be
involved in short-range interactions with toxin based on the
criterion that the mutation affects kg values predominantly
(cf. Glu”® and Asp'>*?, see below). Additional evidence
that the segment around Ala’?® is involved in toxin binding
comes from studies of the A728L, D730Q, and D730C
mutant channels, which show much decreased affinities for
n-CTX.

The fact that no changes in sodium currents, relative to
the WT channel, were detected by exposure of rSkM1/
D730C to Cd*" or MTSET suggests that although this
region has a substantial effect on toxin binding, it does not
contribute to the pore region. The effect, then, most likely is
because this region contributes to the outer vestibule and the
n-CTX binding site. Alternatively, the effect may be indi-
rect, perhaps altering the secondary or tertiary structure of
other residues in the outer vestibule that are directly in
contact with the toxin when the latter is bound. The reso-
lution between these two possibilities will require additional
experiments.

Replacement of amino acid Glu”*® (D2) by Gln has been
shown to induce a 48-fold reduction of the affinity of the
highly net-positively-charged u-CTX for the channel (Dud-
ley et al., 1995). The comparable mutation in rat brain II
channels (E945Q) also produces a reduced affinity of gua-
nidinium toxins, in this case TTX (Terlau et al., 1991).
Surprisingly, most of the other amino acids that are known
to affect TTX binding to rSkM1 significantly have only
minor effects on the affinity of w-CTX for the mutant
channel, although the binding sites for these toxins appar-
ently overlap as revealed by competition studies (Catterall,
1992; Chahine et al., 1994; Chen et al., 1992; Dudley et al.,
1995; Stephan et al., 1994). The noncorrespondence is true
for the rSkM1/A728L mutation as well. The A728L muta-
tion has only a 1.3-fold effect on TTX affinity compared
with that for the WT rSkM1 (Fig. 6).

Extending this analysis, we have also scanned the S5-S6
loops by examining charge-neutralizing mutations at an-
ionic sites in all of the domains (Table 2) based on the
reasonable assumption that electrostatic interactions may be
dominant in binary complex formation with a toxin possess-
ing a net charge +6 with radially extended cationic side
chains (Lancelin et al., 1991). This rationale is supported by
the importance of carboxylate side chains in guanidinium
toxin binding (Cherbavaz and Miller, 1991; Dudley and
Baumgarten, 1993) and by analogy to K-channel-peptide
toxin interactions (Miller, 1995).

At present we can rule in roles for D0, E403 E758 D241,
and D'32 . In the cases of Glu”*® and Asp'>*?, it appears that
these mutations encompass distant electrostatic effects that
provide a guidance role, a conclusion based on the finding
that the major effect is on k&, values (Penzotti et al., 1996).
The large body of mutations that we have analyzed and
appear to be innocuous does rule out the following sites
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from being involved with the toxin-channel interaction sur-
face: D3, D762, F765 pl221 g1251 pl376 pISI3 R1524 404
E!°% (Table 2) (Chahine et al., 1995; Dudley et al., 1995; Li
et al., 1997; Penzotti et al., 1996; Stephan et al., 1994). A
natural consequence of the negative results was to suspect
that additional sites, including those that participate in other
types of interactions (e.g., van der Waals or m-cation), must
be investigated to fully understand toxin binding. We cre-
ated a set of cysteine-scanning mutations through the SS2
segments of the four domains, and their effects on toxin
binding, combined with sulthydryl reagent studies, led to
the identification of five P-region residues (in addition to
Y*°! and E7*®, previously reported) that significantly affect
binding of u-CTX to Na channels (D*%°, W*2, w239,
D'*! and W'33!) (Li et al., 1997). In the case of the three
tryptophan residues, mutation to cysteine increases the af-
finity of u-CTX, an effect that is reversible by exposure of
the cysteine-substituted channels to benzylmethanethiolsul-
fonate (MTSBN), a reaction that restores an aromatic side
chain at these sites. Clearly the Y*°', W*2, W'*° and
W33! sites involve interactions other than electrostatic
(Chahine et al., 1995; Li et al., 1997).

What is the structure of the outer vestibule?

The three-dimensional structure of w-CTX vaguely resem-
bles a tetragonal bipyramid with a top-to-bottom distance of
~25 A and a diameter of ~20 A (Lancelin et al., 1991).
Based on the toxin dimensions and assuming that mutations
in the rSkM1 sodium channel that affect toxin affinity
indicate a direct interaction of u-CTX with the protein side
chain at the site of mutation, Asp*®®, Tyr**!, Try**?, Glu*®,
Ala’5, Asp™, Glu™®, Try'2%, Asp'2*!, and Asp'>* must
reside within 25 A of each other. This compares to overall
dimensions of the K-channel toxin-binding vestibule, which
has been estimated at 25 X 35 X 15 A (Miller, 1995). In
addition, our data show that the proximal portion (residues
728-730) of the S5-S6/D2 segment does not contribute to
the structure of the pore but is involved with u-CTX bind-
ing and, thus, forms part of the outer vestibule. Thus, the
u-CTX could be an important tool to investigate the struc-
ture of the outer vestibule of sodium channels in muscle and
potentially in other tissues.
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