Biophysical Journal Volume 67 December 1994 2305-2315 2305

Differential Effects of Sulfhydryl Reagents on Saxitoxin and Tetrodotoxin
Block of Voltage-Dependent Na Channels
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ABSTRACT We have probed a cysteine residue that confers resistance to tetrodotoxin (TTX) block in heart Na channels, with
membrane-impermeant, cysteine-specific, methanethiosulfonate (MTS) analogs. Covalent addition of a positively charged
group to the cysteinyl sulfhydryl reduced pore conductance by 87%. The effect was selectively prevented by treatment with TTX,
but not saxitoxin (STX). Addition of a negatively charged group selectively inhibited STX block without affecting TTX block. These
results agree with models that place an exposed cysteinyl sulfhydryl in the TTX site adjacent to the mouth of the pore, but do
not support the contention that STX and TTX are interchangeable. The surprising differences between the two toxins are
consistent with the hypothesis that the toxin-receptor complex can assume different conformations when STX or TTX bound.

INTRODUCTION

Although cardiac, skeletal muscle, and brain Na channel iso-
forms share >45% sequence identity (Cohen and Barchi,
1993), their pharmacological profiles are distinctly different.
Cardiac channels, in comparison with neuronal and muscle
channels, are 1000-fold less sensitive to block by the gua-
nidinium toxins, saxitoxin (STX) and tetrodotoxin (TTX)
(Cohen et al., 1981); and 100-fold more sensitive to block by
Cd?* and Zn** (DiFrancesco et al., 1985). This phenotypical
distinction has been localized to a single amino acid position
in the SS2 pore region of domain I (residue 373 in human
heart type 1a (hH1a) corresponding to 374, 401, and 385
respectively, in rat heart type I (tH1); rat skeletal muscle type
I (skM1); and rat brain type II (B2)), that in the cardiac Na
channel is occupied by a cysteine, and in the brain and muscle
isoforms is replaced by either phenylalanine or tyrosine, re-
spectively. Mutation of the cardiac Cys®” to either Phe or Tyr
abolishes the cardiac-specific pore properties of high-affinity
Zn** block and low-affinity TTX block (Satin et al., 1992).
Conversely, a Tyr— Cys substitution in muscle (Backx et al.,
1992) or Phe—Cys substitution in brain (Heinemann et al.,
1992) confers TTX insensitivity and Zn** sensitivity. It
should be noted, however, that Cys substitutions in rB2 and
skM1 make the mutated channels insensitive to TTX block
(at concentrations <10 puM) rather than conferring low-
affinity TTX block as observed in rH1 (ICy, = 0.95 uM,
Satin et al., 1992). Therefore, other residues must also con-
tribute to the specification of pharmacological differences
between channel isoforms. Nonetheless, these results are
strong evidence that Cys®” is part of the TTX/STX binding
site and has a dual role in promoting both Zn>**-toxin com-
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petition and resistance to toxin block in the absence of Zn**
(Doyle et al., 1993). A second, conserved cysteine is located
in the putative pore region of domain 2 (Lipkind and Fozzard,
1994), but its functional significance is not known.

A recent structural model of the external mouth of the Na
channel pore (Lipkind and Fozzard, 1994) depicts a funnel-
shaped space in which TTX and STX can occlude the pore
by binding at a site located in the narrow end of the funnel.
This model conforms to the general view of interchange-
ability between TTX and STX with regard to their micro-
scopic mechanisms and sites of attachment to the receptor,
even though the chemical structures of the two toxins differ
considerably (Shimizu, 1986). Interchangeability of the two
toxins at the microscopic level can be disputed on the basis
of several known differences in their interaction with the Na
channel. First, although both toxins contain positively
charged guanidinium groups (TTX is monovalent and STX
is divalent at physiological pH) and are competitively in-
hibited by external Na* and Ca**, the ion-toxin interaction
is more effective against STX than TTX (Green et al., 1987;
Henderson et al., 1974). Second, although the IC,, for both
toxins increases with temperature, the Q,, for STX is much
larger than for TTX (Hansen-Bay and Strichartz, 1980).
Third, D,O substitution experiments indicate that hydrogen
bonding plays a greater role in stabilizing STX- than TTX-
receptor binding (Hahin and Strichartz, 1981). Finally, the
mutation of Cys—Tyr in rH1 increased TTX affinity 730-
fold, but increased STX affinity by only 18-fold (Satin et al.,
1992). Taken together these results give clear indications that
although the two toxins may bind to the same region of the
channel the toxin-receptor interaction differs at the micro-
scopic level.

Our experiments were prompted by the observation that
TTX occupies a 230 A® volume and, if Cys*™ were part of
the TTX site, we would expect this residue to be accessible
to small, hydrophilic sulfhydryl reagents (Akabas et al.,
1992). Moreover, if this Cys is part of the toxin site, then
TTX binding should provide protection from sulfhydryl
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modification. Furthermore, sulfhydryl reagents that alter
fixed charges near the mouth of the pore would be ex-
pected to affect ion conduction (Cai and Jordan, 1990) as
well as TTX and Zn?* blockade. The postulated structural
model (Lipkind and Fozzard, 1994) predicts that the
7,8,9-guanidinium of STX and the corresponding 1,2,3-
guanidinium group of TTX both interact with acidic
amino acid residues that flank Cys*”® and therefore com-
pete with Zn?* in domain 1 of the pore. Indeed, previous
studies have shown that membrane-permeant reagents
such as iodoacetamide (Schild and Moczydlowski, 1991)
and N-ethylmaleimide (Ravindran et al., 1991; Doyle
et al., 1993) selectively reduce Zn** blockade, STX bind-
ing, and Zn?*-STX interactions in cardiac channels.
N-ethylmaleimide, however, was much less effective
against STX binding in skeletal muscle (Barchi and
Weigele, 1979) or brain (Doyle et al., 1993) channels.
These studies did not determine whether the effects were
specific for Cys*”. We have therefore used membrane-
impermeant methanethiosulfonate (MTS) analogs on
wild-type (WT) and Cys**— Tyr mutant (C/Y) cardiac Na
channels to determine the effects on pore conduction and
toxin blockade.

Although our study deals specifically with the cardiac iso-
form, a physiologically relevant system may be the central
nervous system where modulation of ion channel function by
extracellular release of vesicular Zn** has been postulated to
play a role in control of neuronal excitability (Frederickson,
1989). Indeed, modulation of K currents by Zn?>* at physi-
ological concentrations has been described in neurons from
Zn**-containing regions of the brain (Huang et al., 1993;
Harrison et al., 1993). The cardiac Zn?* binding site has
affinity in the 10~100-uM range, but its physiological role
is unclear since only trace amounts of Zn?* are found in the
heart interstitial fluid. Although high-affinity Zn?* binding
is absent in cloned and expressed rat brain Na channel iso-
forms, recent work has identified either Na currents with
heart-like biophysical characteristics or cardiac isoform
mRNA, in several Zn**-containing regions of the mamma-
lian brain including the entorhinal cortex, the cerebellum,
and the neocortex (White et al., 1993; Rogart, 1986;
Yarowsky et al., 1992). Molecular characterization of the
toxin/Zn>* binding site in cardiac Na channels may be an
appropriate model for Zn?* modulation of voltage-gated Na
channels in the brain.

MATERIALS AND METHODS

Human heart and brain Na channel cDNAs

We used a full-length human heart Na channel cDNA clone, hH1a, described
previously (Hartmann et al., 1994a) and a human brain Na channel clone
(hB2) corresponding to rat brain type Ila (Hartmann et al., 1994b) isolated
from a human cerebral cortex cDNA library.

Point mutations in hH1a (C373Y, 11488Q, F1489Q, and M1490Q) were
produced by a modified megaprimer polymerase chain reaction (PCR) tech-
nique. Final PCR cassettes were digested with either Xhol and EcoRI
(C373Y) or Kpnl and BstEIl (IFM/QQQ) and ligated into the respective
unique sites of hH1a cDNA. Mutations were verified by sequence analysis
of the entire ligated segment.
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RNA transcription and oocyte injection

5 pg of Na channel cDNA template was linearized with either HindIII (hH1a
cDNAss) or Sall (hB2) in preparation for in vitro transcription of cRNA with
T7 polymerase as described previously for K* channel cDNA transcription
(Drewe et al., 1994). Stage V or VI oocytes were defolliculated enzymati-
cally, injected with 50 nl of cCRNA solutions at a concentration of 1-20 pg/nl,
and used for recording 1-7 days after injection. In patch clamp experiments
the RNA concentration was adjusted to optimize recording from either
single channel patches or “macropatches” containing >10 channels.

Electrophysiology and data analysis

Whole cell currents were recorded in oocytes using a two-intracellular mi-
croelectrode voltage clamp as described previously (Drewe et al., 1994).
Bevelled microelectrode tips were filled with a solution of 3 M KCl + 1%
agar, and then backfilled with 3 M KCI. This method gave sharp-tipped
microelectrodes with low electrical resistance (0.2-0.5 MQ) required for
optimal clamp performance.

Cell-attached patch recording was performed after manual removal of the
vitelline envelope. Isotonic KCl bathing solution was used to zero the resting
potential; the absence of resting membrane potential was verified by rup-
turing the membrane patch at the end of each experiment to allow direct
intracellular potential measurement. Holding and test potentials applied to
the membrane patch during the experiment are reported as conventional
intracellular potentials. Channels were activated with rectangular test pulses
from negative holding potentials. Data were low-pass filtered at 5 kHz (—3
dB, 4-pole Bessel filter), then digitized at 20-100 kHz. Linear leakage and
capacitative currents were subtracted digitally using the smoothed average
of 5-10 null traces in which no channel openings could be detected. Open
and closed transitions were detected using a half-amplitude threshold cri-
terion. Single channel current-voltage relationships obtained from ampli-
tude histograms were tabulated from idealized currents at test pulse
potentials —50 to +20 mV.

The analysis of membrane current fluctuations in macropatch experi-
ments to obtain an estimate of single channel conductance was performed
according to the method of Sigworth (1980). Briefly, cell-attached macro-
patches were repetitively stimulated at 1 Hz using test pulses to 0 mV from
a holding potential of —100 mV, and a sample of 16-32 consecutive traces
were analyzed in each patch. Leakage and capacitative currents were sub-
tracted by the null trace method described above. To minimize the effects
of drift during the recording period, the variance at each sample point in a
given trace was calculated from the local mean obtained by pairwise av-
eraging of the analyzed trace with the next trace (Heinemann and Conti,
1992). A sample of the baseline variance, consisting primarily of thermal
noise, was measured at the end of a 3-min conditioning depolarization (0
mV), which served to inactivate all the Na channels. Total variance, after
recovery from inactivation, was corrected by subtracting the average base-
line variance. The corrected, ensemble average variance at each time point
was plotted against the ensemble average current, and the data were fitted
by adjusting the two free parameters in the function (Sigworth, 1980)

o?=ixI— (I*N)

where I and o? are the mean and variance of the membrane current, N is the
total number of active channels in the patch, and i is the single channel
current.

Data were expressed as means = SD where appropriate. A two-tailed
Student’s t-test was used to evaluate the significance of the difference be-
tween means (p < 0.05).

Solutions and drugs

Ringer’s solution for whole cell recording consisted of (in mM): 120 NaCl,
2.5 KCl, 2 CaCl,, 10 HEPES, pH 7.2. In some experiments a nominally
Ca-free solution was prepared by leaving out CaCl,. Depolarizing isotonic
KCl bath solution for patch recording consisted of (in mM): 100 KCl, 10
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EGTA, 10 HEPES, pH 7.3. Bathing solution flowed continuously at a rate
of 3 ml/min. All electrophysiological measurements were made at room
temperature (21-23° C).

Cysteine modification by MTS compounds

MTS compounds are cysteine-specific reagents that react with free
sulfhydryl groups on the cysteine side chain to produce a mixed disulfide
(Fig. 1 A) in which the R-group is transferred to cysteine. R-group structures
of MTS analogs that have been useful probes of ion channels (Akabas et al.,
1992) are shown in Fig. 1 B. In the present paper we have have made
extensive use of two reagents: sodium (2-sulfonatoethyl)methanethiosul-
fonate (MTSES), which yields a negatively charged product, and (2-ami-
noethyl)methanethiosulfonate hydrobromide (MTSEA), which yields
positively charged product.

Synthesis of MTS derivatives

Starting materials for MTS synthesis, unless otherwise noted, were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI). Alkyl methanethio-
sulfonates were prepared by a displacement reaction of sodium methane-
thiosulfonate (synthesized according to the method of Kenyon and Bruice
(1977)) with one of the following: 2-bromomethanesulfonate to MTSES;
2-bromoethyltrimethylammonium bromide to yield (2-trimethylammoni-
ummethyl)methanesulfonate bromide (MTSET); or 2-bromoethylamine hy-
drobromide to yield MTSEA. Purity was determined by elemental analysis
(Atlantic Micro Laboratory, Norcross, GA) and NMR spectral analysis
using a GE 300 dual probe spectrometer, operating at 300.042 Mhz and 75
MHz for 'H and '*C, respectively, in D,0, § = 4.80

RESULTS

The effects of positively charged modifiers on Na conduc-
tance were measured under whole cell voltage clamp con-
ditions. Bath-application of either MTSEA (0.2 mM) or MT-
SET (1.3 mM) reduced the peak amplitude of whole cell
currents in oocytes that express WT hHla. A typical ex-
periment is shown in Fig. 2 A where test pulses to 0 mV were
delivered repetitively at 15-s intervals from a holding po-
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FIGURE 1 Reaction of methanethiosulfanate (MTS) derivatives with
protein sulfhydryl groups (A) and structures of MTS R-groups (B) be-
longing to: MTS-ethylammonium (MTSEA), MTS-trimethylammo-
nium (MTSET), and MTS-ethylsylfonate (MTSES).
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FIGURE 2 Inhibition of Na current by MTSEA is specific for Cys®”™. The
effects of externally applied MTSEA were monitored by plotting peak whole
cell currents evoked during repetitive stimulation (15-s pulse interval) with
25-ms pulses to 0 mV from a holding potential of —100 mV. Peak current
was normalized to control currents obtained at ¢ = 0 in the absence of drug.
Insets show current records obtained immediately before and during MT-
SEA application. Exposure of the cells to MTSEA in the bathing solution
is indicated by the shaded horizontal bar. MTSEA effects were tested in
oocytes that expressed WT hH1a channels (A) that have Cys*”, a C/Y
mutant (B) in which Cys®” was replaced with Tyr, and WT human brain
(hB2) channels (C) that have Phe at the equivalent position. Note that the
concentration of MTSEA was increased 10-fold in (B) and (C). The slow
decay phase of currents in the inset of (C) is characteristic of brain Na
channels expressed in Xenopus oocytes in the absence of B subunits. The
horizontal and vertical calibration bars are 5 ms and 1 pA, respectively.

tential —100 mV. The inset shows the changes in peak cur-
rents during application of 0.2 mM MTSEA. In the graph,
peak amplitude was normalized to control currents obtained
before drug application, and the fractional current amplitudes
were plotted as a function of time. The residual level of peak
current remaining when the MTSEA effect reached steady
state averaged 0.15 = 0.04 (four cells) of control. When
plotted as a function of time, the decline in peak current
developed rapidly (<3 min) and was not relieved by pro-
longed washout in drug-free Ringer’s solution (10 min), con-
sistent with covalent disulfide bond formation at a protein
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sulfhydryl. Similar results were obtained with 1.3 mM MT-
SET where the average residual current was 0.24 *+ 0.15
(three cells) of control. Inhibition of current was more rapid
at higher concentrations, but the steady-state level of inhi-
bition was only slightly increased. Mean residual current lev-
els were 0.05 £ 0.01 (n = 5) and 0.10 * 0.05 (n = 4) of
control, respectively, at saturating concentrations of MTSET
(6.5 mM) and MTSEA (4 mM), respectively.

The critical Cys residue for the MTSEA/MTSET effect
was located at position 373 (hH1a numbering, equivalent to
385 inrB2, 374 in tH1, and 401 in skM1) because, as shown
in Fig. 2 B, mutation of Cys*” to Tyr (C/Y) resulted in a
channel that was resistant to the effects of MTSEA at a con-
centration 10 times greater than the effective concentration
in WT channels. The sustained component of MTSEA block
in the C/Y mutant averaged 7.0 = 4.4% (n = 6 cells). In
preliminary experiments both MTSEA and MTSET also
caused a reversible, partial blockade of both WT and C/Y
channels. Block developed rapidly and was completely re-
moved by drug-free wash. The effect was least apparent dur-
ing application of freshly made solutions of MTSEA or MT-
SET and therefore may be attributed to products of
spontaneous hydrolysis. In all of the experiments reported
here, fresh MTS solutions were prepared immediately before
each application.

MTSEA resistance in the C/Y mutant channel is unlikely
to be due to a mutation-induced distortion of the channel
structure since, as shown in Fig. 2 C, a human brain Na
channel (hB2) in which the corresponding residue is Phe
rather than Cys also was resistant to a high concentration of
MTSEA.

Partial occlusion of the pore by
MTSEA modification

In whole cell measurements (Fig. 3 A) we found that MTSEA
at 2 mM did not completely inhibit Na currents. After MTS
modification, Na current could not be restored by using hy-
perpolarized holding potentials or by changing test pulse po-
tential. Furthermore, as shown in Fig. 3, A and B, the residual
currents after MTSEA application are scaled replicas of un-
modified currents. Thus residual current had the same wave-
form as the untreated control, underscoring the lack of effect
of MTSEA on channel gating. Also, as shown in Fig. 3, C
and D the effectiveness of MTSEA was unchanged when
applied to Na channels in which inactivation was disrupted
by mutation of three critical residues in the III-IV linker (Q3
mutant; West et al., 1992; Hartmann et al., 1994a). MTSEA
at 2 mM reduced Na current (mean residual current = 0.09
+ 0.05 of control, n = 7) in a manner similar to that observed
in WT. The most likely explanation is that the addition of
positive charge at position 373 partially occludes the pore
without affecting the gating mechanism.

We examined the question of pore occlusion in patch re-
cordings using the inactivation-deficient Q3 mutant to im-
prove the resolution of current from modified channels. From
the average level of residual current (0.1 relative to untreated
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FIGURE 3 Inhibition of Na currents in WT (A, B) and Q3 (an
inactivation-deficient mutant, C, D) at high concentration of MTSEA.
Whole cell currents were evoked by a test pulse to 0 mV from a holding
potential of —100 mV. In (C) and (D) the sustained currents result in
destabilization of fast inactivation gating by replacement of Ile-Phe-Met
with Gln-Gln-Gln in the inactivation domain (Q3 mutant, West et al., 1992;
Hartmann et al., 1994a). Left panels show superimposed records (at the same
gain) before and after application of 2 mM MTSEA. In the right panels,
currents obtained after MTSEA treatment (dotted trace) were scaled to
match the peak control currents (smooth trace). The close superposition of
the current waveforms before and after drug treatment indicates that gating
kinetics are not altered in the MTSEA-modified channels.

control) we would predict a single channel conductance (Gs)
of =2 pS (0.1 X 18 pS) if all available channels were modi-
fied and the probability of opening were unchanged. Since
the predicted conductance was below the detection level in
patch clamp recording, we made measurements in macro-
patches containing many channels. Taking advantage of the
fact that inactivation in the Q3 mutant takes place with a time
course of several seconds (Hartmann et al., 1994a), we first
allowed the MTSEA-modified channels to inactivate com-
pletely by holding at 0 mV for 3 min. We then monitored
patch currents during repetitive stimulation at 1 Hz to a test
potential of 0 mV starting immediately after switching to a
holding potential of —100 mV. As shown in Fig. 4 A, during
the recovery from inactivation we observed a progressive
increase in inward currents that showed a waveform similar
to a drastically scaled-down version of the whole cell cur-
rents. The amplitude of these “mini-currents” during the
early stages of recovery was always much less than that of
a single unmodified channel (Fig. 4 B). Therefore residual
currents in cells exposed to saturating concentrations of
MTSEA very likely represent the sum of currents from
many channels, each with markedly reduced conductance
rather than infrequent, unmodified channels with normal
conductance.

A quantitative estimate of single channel conductance in
MTSEA-modified channels was obtained by analyzing the
reduced amplitude of fluctuations arising from the opening
and closing of individual channels in data obtained from
macropatch experiments, under the same conditions illus-
trated in Fig. 4. As shown in Fig. 5, we used the mean-
variance method developed by Sigworth (1980) to estimate
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FIGURE 4 Partial occlusion of the channel after MTSEA modification of
Q3 channels. (A) Macropatch recordings from the same group of oocytes
after exposure to MTSEA (2.0 mM). The patch was held at 0 mV for 3 min
to allow slow inactivation to completely inhibit currents. Traces 0—5 show
sequential records obtained by repetitively pulsing (1 Hz) to a test potential
of 0 mV, immediately after switching to a holding potential of —100 mV
to allow recovery from slow inactivation. During the recovery process no
unmodified single channel currents were observed, but instead a greatly
reduced version of the macroscopic current waveform that increased pro-
gressively was seen. For comparison, (B) shows a single unmodified Q3
current at the same test potential. The horizontal and vertical calibrations
are 20 ms and 2 pA, respectively.

single channel conductance from nonstationary macroscopic
current fluctuation. Currents were measured in different
membrane patches before (A—C) and after (D—F) MTSEA (2
mM) treatment. A comparison of the average membrane cur-
rents in Fig. 5, A and D shows that in two patches with
roughly the same number of active channels (as estimated by
variance analysis), both the amplitude and the noise level of
the steady-state currents were markedly reduced after ap-
plication of MTSEA, consistent with reduced single channel
conductance. The MTSEA-induced decrease in current fluc-
tuation is shown graphically by plotting variance versus time
in the control patch (Fig. 5 B) and in the MTSEA-treated
patch (Fig. 5 E; note the different vertical calibration). As-
suming that within each patch the channels have homog-
enous single channel conductance and independent gating,
the single channel current and number of active channels can
be estimated by fitting the plot of variance versus mean cur-
rent (Fig. 5, C and F) to the relationship (Sigworth, 1980)

gr=ix*I— (P/N)

where I and o? are the mean and variance of the membrane
current, N is the total number of active channels in the patch,
and i is the single channel current. As a validation of the
method we note that in unmodified channels, the average i,
estimated from mean-variance analysis, was 1.00 * 0.08 pA
(n = 7 patches), and that this estimate is not significantly
different from 0.98 = 0.04 pA (n = 13 patches), obtained
by direct measurement of single channel current amplitudes

Cysteine Modification in Na Channels

2309
A D
A T
I 10 pA
10 ms
| 10 pA
10 ms
B
ISpA2
10 ms

(@)
-

8
2.
won
[

3
o
»
v
o
8
3

o
[
T
.
.

Variance (pAz)
5
LA y
Variance (pA2)

Im (pA) im (pA)

FIGURE 5 Mean-variance analysis of macropatch currents in a normal
(A-C) and MTSEA-modified (D—F) membrane patches containing Q3
channels. Macropatch currents obtained from the experiments described in
the previous figure were subjected to fluctuation analysis developed by
Sigworth (1980) as described in Materials and Methods. (A) and (D), re-
spectively, show the time course of the mean current evoked by test pulses
to 0 mV from a holding potential of —100 mV in a control patch (A, average
of 24 traces) and after modification with 2 mM MTSEA (D, average of 18
traces). Consecutive traces were selected from the end of a long train of
repetitive stimuli when the currents had stabilized after recovery from in-
activation (as described in the previous figure). The calibration is the same
in both panels. (B) and (E) show the variance plotted as a function of time.
The vertical calibration of (E) is 10 times that of panel (B). (C, F) Plots
of variance as a function of mean current amplitude. Total variance was
corrected for average baseline noise (measured in traces lacking channel
activity) by subtracting a constant component = 0.028 and 0.032 pA?, re-
spectively, in (C) and (F). The smooth curves are best fits of the relationship
between variance and mean current derived by Sigworth (1980) as described
in the text. N and i, respectively, are the number of active channels and the
single channel current obtained from the fit.

under similar experimental conditions (Hartmann et al.,
1994a). By contrast, in MTSEA-modified channels average
i from mean variance analysis was 0.13 = 0.02 pA (n = 6
patches). Thus, MTSEA reduced both single channel and
whole cell currents (Fig. 3) by almost 90%. It is clear, there-
fore, that the modified channel gates normally, but the ad-
dition of a positive charge at position 373 partially blocks ion
conduction in the pore.

Effects of negatively charged modifiers

Compared with MTSEA, the application of MTSES (Fig. 6),
which results in the addition of a negatively charged sul-
fonate substituent, caused a much different modification of
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FIGURE 6 The effects of a negatively charged (MTSES) modifier in WT
channels. Normalized peak amplitude from whole cell currents (test po-
tential 0 mV amplitude, 25 ms duration, holding potential —100 mV) are
plotted as a function of time during repetitive stimulation at 15-s intervals.
The plot illustrates a reversible blockade by 0.1 mM Zn?* in unmodified
channels, followed by a partial inhibition by MTSES (7 mM). Subsequent
application of 0.1 mM Zn?* or MTSEA (6 mM) had almost no effect on
residual MTSES-modified current.

channel function. Blockade by either Zn?* or MTSEA was
strongly inhibited by pretreatment with MTSES. Surpris-
ingly, the addition of a negative charge did not enhance mac-
roscopic Na current as might be predicted if the additional
negative charge increased local concentration of Na™* at the
external mouth of the pore. Instead, the peak current at a
saturating concentration (as determined from maximum in-
hibition of Zn?* block) of MTSES (6.5 mM) was reduced to
0.55 * 0.09 (n = 13) of control. ~35% of the inhibition may
be unrelated to Cys®” because with the same treatment, re-
sidual current in the C/Y mutant was reduced to 0.84 * 0.06
(n = 6) of control. The effect was not relieved by hyper-
polarized holding potentials nor were the steady-state voltage
dependence of activation and inactivation changed in the
modified channels. Although we did not further investigate
MTSES-induced inhibition, it does not arise from changes in
ion conduction in the pore. We found that in Q3 mutant
channels (to maximize resolution), MTSES caused G; to in-
creased from 18.3 = 1.3 pS (n = 10) in control, to 19.9 *
1.1 pS (n = 5) after modification.

The slight increase in G, may be indicative of an elec-
trostatic effect of negative charge introduced by MTSES, but
the full effect may have been masked by the screening effects
of extracellular Ca?* ions (2 mM in the patch clamp experi-
ments). We tested the sensitivity of whole cell currents to
Ca?* block before and after MTSES treatment. At a test po-
tential of 0 mV switching from nominally Ca-free solution
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to normal Ringer’s solution ([Ca**] = 2 mM) reduced Na
current by 4.9 * 1.1% (n = 3) and 18.6 * 4.3% (n = 3),
respectively, in control and MTSES-modified channels. As-
suming that all of the decrease stems from reduced single
channel conductance (and neglecting the small correction for
voltage dependence of Ca block over the range —40 to +20
mV), the MTSES-induced increase in single channel con-
ductance in the absence of Ca block amounts to only 4.4 pS
(i-e., 22% increase over control).

Thus, MTSES slightly increased the effectiveness of di-
valent blockade, such that in Ca-free conditions Gs would
have been 19.2 and 23.6 pS, respectively, in control and
MTSES-modified channels. The 4.4-pS increase is a maxi-
mum value, since at the macroscopic level increased Ca?*
may reduce the probability of opening as well as the single
channel conductance.

MTSES-induced resistance to STX block

MTSES had very different effects on TTX versus STX block.
As shown in Fig. 7 A, TTX block (IC;, = 3.3 uM in both
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FIGURE 7 Differential effect of MTSES on TTX/STX block in WT
channels. Dose-response relationship for TTX (A) and STX (B) was ob-
tained from unmodified ((0) and MTSES-modified (<) channels. Peak cur-
rents evoked by 25-ms test pulses to a potential 0 mV from a holding
potential of —100 mV during repetitive stimulation at 1 pulse/15 s were
obtained by normalizing to control currents in drug-free solution. Drug
doses were applied cumulatively, and currents were monitored while block
reached a steady state. At the end of each experiment toxin was washed out
with recovery of 85-95% of control current. Smooth curves show fits ob-
tained from a 1:1 binding model. Apparent TTX Kd (in uM, (A)) was 3.3,
in both untreated and MTSES-treated cells (n = 4). Apparent STX Kd (in
uM, (B) was 0.3 and 18.2, respectively in untreated and MTSES-treated
cells (n = 5).
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modified and unmodified channels) was unaffected. In con-
trast MTSES caused a substantial reduction in STX block
(Fig. 5 B) by shifting the IC,, from 0.3 to 18.2 uM. Com-
pared with the unmodified channel in which the ratio of STX/
TTX affinity was 11, MTSES resulted in reversal of the STX/
TTX sensitivity such that STX sensitivity in the modified
channel was 0.2 times that of TTX. The selective inhibition
of STX binding was largely due to a specific modification of
Cys®™ since STX and TTX block was not altered in the C/Y
mutant channel under identical experimental conditions. In
the C/Y mutant the IC,, for STX was 10.4 nM (r = 4 cells)
and 9.7 nM (n = 5 cells), respectively, in untreated and
MTSES-treated channels. The IC,, for TTX was 3.6 nM
(n = 4 cells) and 3.9 nM (n = 3 cells) respectively, before
and after treatment.

As both STX and TTX are positively charged blockers, a
sulfhydryl modification that results in an increase in negative
surface charge would be expected to enhance toxin block,
since ionic bonding between toxin guanidinium substituent
groups and negatively charged carboxyl side chains in the
pore play an important role in toxin binding (Kao, 1986).
Also the MTSES-induced STX resistance cannot be ex-
plained solely on the basis of increased occupancy of the
toxin binding site by external Ca*, because STX block was
not restored by replacement of Ringer’s solution with nomi-
nally Ca-free solution in MTSES-treated channels. STX at
0.3 uM (the IC,, concentration in control) blocked <5%
(n = 6 cells) of MTSES-treated channels in 2 mM [Ca®*] and
<8% (n = 2 cells) in nominally Ca-free solution.

Selective protective effects of TTX over STX

From the well-known competitive inhibition of toxin binding
by cations in the pore (Henderson et al., 1974; Schild and
Moczydlowski, 1991), we would predict that MTSEA-
modified channels also have reduced toxin affinity and that
a toxin-bound channel would be resistant to MTSEA modi-
fication. Although the drastic MTSEA-induced Na current
reduction in WT channels precluded precise electrophysi-
ological measurement of TTX block in modified channels,
we observed a significant MTSEA-induced reduction in sen-
sitivity to TTX. After application of saturating concentra-
tions of MTSEA, the average block of residual current at
6 uM TTX was 6 + 4% (n = 6) compared with 63 * 3%
(n = 10) in untreated cells.

We would also expect toxin binding in the pore to provide
protection of Cys®”® from modification by MTS analogs. Pro-
tection by treatment with TTX is shown in Fig. 8 A. In this
series of experiments we first applied TTX at 12 uM to block
~80% of the Na current. Block was reversed by washout
with drug-free Ringer’s solution, and TTX was reapplied to
establish toxin occupancy of the external mouth. In the con-
tinued presence of TTX, MTSEA was applied at 0.2 mM, and
both drugs were then washed out. The restoration of current
to 74% of control indicated that TTX partially protected
Cys®” from irreversible modification by MTSEA. In the ab-
sence of TTX, reapplication of MTSEA produced 87% in-
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FIGURE 8 TTX protects Cys*” from MTSEA and MTSES modification.
Peak current amplitude (normalized to control at ¢ = 0) is plotted versus time
during repetitive stimulation (1 pulse/15 s) as in Fig. 1. In (A), an oocyte
expressing WT hH1a channels was exposed to TTX (12 pM) and MTSEA
(0.2 mM) as indicated by the horizontal bars. TTX induced block was re-
versible and pre-treatment with TTX protected the channels from irrevers-
ible block by MTSEA. In (B), WT channels were transiently exposed to 0.1
mM Zn?*. After recovery from Zn block, the oocyte was exposed to 12 uM
TTX and MTSES (4 mM) as indicated. TTX-induced protection from MT-
SES was observed by sensitivity to reversible Zn?** block and irreversible
MTSEA block subsequent to the washout of TTX+MTSES.

hibition of Na current; therefore TTX protected the site at a
level of 61%. The average protective effect of 12 uM TTX
was 55.6% * 13.3 (n = 5 cells). These results suggest that
the access of MTSEA to the cysteinyl sulfhydryl was con-
trolled by toxin occupancy in the external mouth.

TTX provided a similar protection against MTSES modi-
fication. As shown in Fig. 8 B in WT channels the modifi-
cation of Cys®” by MTSES could be assessed by monitoring
Zn?* block. In the unmodified channels 0.1 mM Zn**
blocked ~80% of the Na current, whereas in the MTSES-
modified channels 0.1 mM Zn?* blocked <5% (Fig. 6). In
Fig. 8 B after demonstrating the reversibility of Zn?* block,
TTX (12 M) block was applied. Occupancy of the TTX site
resulted in ~80% blockade. Subsequent treatment of the
TTX-occupied channels with MTSES resulted in a
marked protection of Cys®” as measured by sensitivity to
the reversible block by 0.1 mM Zn?* and irreversible
block by MTSEA observed after washout of both TTX
and MTSES. Similar results were obtained in three ad-
ditional experiments.

Unexpectedly, the protective effect of toxin occupancy
was not observed when channels were treated with STX
(6 uM). As shown in Fig. 9, experiments that followed



2312

MTSEA

>

STX STX

0.5

Relative current
b

0.0

o

400 800
Time (s)

MTSES MTSEA

i

STX Zn

1.0

05

Relative current

0.0

o

400 800
Time (s)

FIGURE 9 STX fails to prevent MTSEA- or MTSES-modification of WT
channels. In (A), pretreatment with STX at 6 uM does not prevent the
irreversible inhibition of Na current by 0.2 mM MTSEA. In (B), pretreat-
ment with 6 uM STX was unable to prevent MTSES (1.1 mM) from causing
a relief of STX block, an inhibition of Na current, and inhibition of Zn?*
(0.1 mM) and MTSEA (1.1 mM) block. Pulse protocol was the same as in
the previous figure.

exactly the same procedure that resulted in protection when
TTX (Fig. 8) was used showed no protection against either
MTSEA (Fig. 9 A) or MTSES (Fig. 9 B), when STX was
substituted. Particularly noteworthy in Fig. 9 B was the par-
tial recovery of Na current upon application of MTSES (at
t = 90 s) in the continuous presence of STX. The level of
recovery was consistent with the previously observed effect
of MTSES alone. Similar results were obtained in three ad-
ditional experiments. These results strongly support our ob-
servation that MTSES modification markedly reduced the
affinity of STX for its receptor and shows that receptor oc-
cupancy by STX does not affect the accessibility of Cys*”
to MTSES modification.

DISCUSSION

As summarized in Table 1, our results show that a free sulf-
hydryl in the mouth of the cardiac Na channel pore serves as
a target for externally applied sulfhydryl reagents. The criti-
cal residue is Cys®” (in the SS2 region of domain 1); Tyr
substitution makes the channel strongly resistant to the ef-
fects of MTS derivatives. Since the channel contains 41 ad-
ditional Cys residues (23 of which occur in putative extra-
cellular linkers between transmembrane domains; Gellens
et al., 1992) we can conclude that either these other Cys
residues are not accessible to MTS or that they are not in a
critical region for ion conduction or toxin block.
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TABLE 1 Summary of effects of MTS modification of Cys®”
(hH1, corresponds with 385 rB2)

MTSEA MTSES
AQ +1 -1
Relative G, 0.1 1.1
Relative TTX affinity <0.03 1.0
Relative STX affinity n. d. 0.02
TTX protection yes yes
STX protection no no

AQ, change in charge introduced by MTS modification. Relative TTX and
STX affinities were determined from block of currents in modified relative
to unmodified channels. TTX and STX protection was determined as de-
scribed in the text. n. d., not determined.

The most drastic effect on conduction was observed with
the addition of positively charged groups. The modified
channel appeared to be >90% occluded. The partial block
was unlikely to be due to steric hindrance since our results
and previous reports (Satin et al., 1992; Schild and Mozcy-
dlowski, 1991) show that an increase in volume through ad-
dition of uncharged substituents ranging from alkylation by
IAA (equivalent to Cys— Asn mutation) or mutation to either
Tyr or Phe do not block the pore. The blocking effect of
positive charge therefore could be due to a localized reduc-
tion in net negative charge that depletes [Na*] near the
mouth, or by interference with ion binding at a specific site
necessary for Na conduction. We favor the latter explanation
because addition of a negatively charged sulfonate to Cys®”
only slightly increased conductance, rather than the much
larger change predicted by increased surface charge density
at the mouth of the pore acting through a localized increase
in Na* concentration (Cai and Jordan, 1990). Our results are
consistent with the observation of Zn**-induced substates in
batrachotoxin-modified heart Na channels that is thought to
result from Zn** binding to Cys*” (Schild et al., 1991). For
both Zn?* binding and MTSEA or MTSET modification the
addition of positive charge appears to disrupt Na* binding at
a critical, nearby site. As summarized in Table 2, previous
mutational analysis suggests that the conserved carboxyl side
chain of Asp>” (corresponding to Asp®** in 1B2) is a critical
part of this site since in the brain Na channel charge neu-
tralization has been shown to strongly reduce both single
channel conductance (Pusch et al., 1991) and TTX/STX
blockade (Terlau et al., 1991).

The effects of MTS modification of domain 1, Cys®*” on
toxin blockade were in part unexpected, based on previous
sulfhydryl modification and site-directed mutation. Based on
the mutational work, a detailed structural model for the TTX/
STX binding site has been developed (Lipkind and Fozzard,
1994). The interactions of TTX and STX with residues in
domain 1 were assumed to be the same; the differences in
binding interactions were assigned to domain 4, where STX
binding may be stabilized by an additional interaction be-
tween its second guanidinium group and a protein carboxyl
side chain (Asp'”"’, rB2 numbering). Although there is gen-
eral agreement between the model and experimental results,
the alignment of residues of domains 1 and 2 with the toxins,
which is based on the assumption of essentially identical
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TABLE 2 Summary of the effects of mutations in domain 1*

GIn383 Asp384 Phe385 Trp386 Glu387 Asn388
Substitute Lys Asn Cys Tyr Gln Arg
AQ +1 +1 0 0 +1 +1
Relative G 0.2 ~0.001 1.0 0.5 0.2 0.9
Relative TTX affinity 0.8 <0.002 <0.002 0.07 <0.002 0.5
Relative STX affinity 0.6 <0.001 0.003 0.03 <0.001 0.2

Amino acid numbering is given for rat brain (rB2) Na channels; rB2 Phe385 corresponds to hH1a Cys®™. AQ, change in charge introduced by mutation,
Rel. G, TTX and STX affinities were determined respectively, from single channel conductance, and block of macroscopic currents in mutant channels

relative to wild type.
* SS2 region, rB2; Terlau et al., 1991; Heinemann et al., 1992.

STX/TTX interactions in this region, may not be correct in
detail. In particular, we were surprised by the marked dif-
ferences in the ability of STX and TTX to protect a Cys®”
from MTSEA modification and the STX-specific changes in
toxin sensitivity following MTSES modification. Caution is
necessary in interpreting the protection experiments since
successful protection by a reversible drug such as TTX or
STX against a covalent modifier such as MTSEA is a kinetic
effect that depends in part on the dwell time of the toxin on
the binding site relative to the length of exposure to the modi-
fier. TTX was only partially successful because its dwell time
(as determined in batrachotoxin-modified canine heart Na
channels at a test potential of 0 mV) is ~2 s (Guo et al,,
1987), whereas total exposure time to the modifier was ~2
min. With longer exposure times or higher concentration of
MTSEA, toxin dissociation and subsequent modification by
MTSEA would be expected to prevent protection. Differ-
ences in kinetics between TTX and STX, however, cannot
explain differences in protective effects since the disso-
ciation rate of STX is nearly identical to that of TTX, and
the association rate is 10-fold faster (Guo et al., 1987).
Nor can the difference be attributed to the bulkiness of the
TTX molecule whose volume is only ~10 A3 greater than
that of STX.

The failure of STX to protect Cys373 and the relatively
weak effects of Cys— Tyr mutation on STX block compared
with TTX (Satin et al., 1992) suggest that this residue does
not interact closely with STX. Perhaps the ionic interaction
between the 1,2,3-guanidinium group in STX with a super-
ficial carboxyl group in domain 4 prevents the toxin from
occupying a deeper site in domain 1 (Lipkind and Fozzard,
1994). However, the selective decrease in STX affinity by
MTSES modification would be difficult to reconcile by this
scheme. Instead, we suggest an alternative explanation.

Because of the multiple determinants involved in binding
(Yang and Kao, 1992) and the fact that the STX/TTX as-
sociation rate is ~1000 times slower than free diffusion, the
rate-limiting step for toxin-receptor association may be a
slow transition to a stable toxin-receptor complex that occurs
after the initial toxin-receptor collision (Guo et al., 1987). A
specific, two-step model in which the initial collision is fol-
lowed by a conformational change in the TTX receptor has
been proposed previously (Green et al., 1987) and may be
useful in explaining our results. In this context, the ob-
servation that STX and TTX interact differently with

Cys®” can be interpreted by postulating that the stable,
STX-receptor complex has a different conformation from
that of TTX. Specifically, Cys*” is exposed in the STX-
bound receptor but hidden in the TTX-bound pore. Modi-
fication of Cys®”® by MTSES would be postulated to pre-
vent the formation of the stable STX complex without
affecting that of TTX.

The notion that the TTX/STX site can undergo a confor-
mational change has been used to explain several puzzling
features of toxin block including the voltage dependence of
block in batrachotoxin-modified Na channels (Moczyd-
lowski et al., 1984) and use-dependent block in unmodified
Na channels (Cohen et al., 1981). That toxin binding itself
can change the conformation of the receptor has received
support from biochemical experiments (Tejedor et al., 1988),
which showed that the availability of carboxyl groups in
purified rat brain Na channels to activation by carbodiimides
(and subsequent uptake of labeled, hydrophilic nucleophile)
is enhanced by STX binding, even though in the absence of
STX, carboxyl modification results in a loss of toxin binding.
These results suggest that a conformational change induced
by STX exposes more carboxyl groups than are masked by
direct involvement in toxin binding. Whether TTX binding
gives a different pattern of carboxyl exposure is unknown.
Under very different experimental conditions (batracho-
toxin-modified brain Na channels reconstituted in planar bi-
layers) carbodiimide in the presence of amine nucleophiles
did not reduce TTX block (Chabala and Andersen, 1992), in
contrast to the inhibitory effect of carbodiimide on STX bind-
ing (Tejedor et al., 1988) in the absence of batrachotoxin. Our
results indicate that even under identical experimental con-
ditions the effects of group-specific protein reagents on STX
and TTX block may be quite different. These differences
may stem from toxin-induced rearrangements of critical de-
terminants in the binding site. In domain 1, Cys®” is flanked
by two acidic amino acids (Table 2) that strongly influence
block by both TTX and STX (Terlau et al., 1991), but differs
in its exposure to MTS attack when bound by either TTX or
STX (Table 1). Our results could be accommodated if the
initial toxin-receptor collision were the same for both TTX
and STX but the rate-limiting conformational change were
different.

Thus, TTX protection of Cys*” from MTSEA modifica-
tion and the selective reduction in STX affinity after MTSES
modification are both consistent with the inclusion of this
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residue as part of the toxin binding site, but the residue
apparently plays a different role during blockade by STX
and TTX. These results together with the partial occlusion
of the pore induced by MTSEA are consistent with the
notion that the target Cys is exposed in a relatively wide
region of the pore and therefore is part of the wide ex-
ternal mouth of the pore rather than the narrow ion-
conducting tunnel region.

In summary, our results show that selective modifica-
tion of Cys®” by addition of positive charge strongly re-
duces conductance without completely blocking the pore.
The effect was partially protected by treatment with TTX
but not with STX. Modification by the addition of a nega-
tively charged sulfonate increased single channel con-
ductance slightly, but markedly inhibited Zn?* and STX
blockade without changing TTX affinity. These results
are in good agreement with pore models that place an
exposed cysteinyl sulfhydryl within the toxin site adja-
cent to the mouth of the pore, and show that Cys®” plays
a multifunctional role in specifying divalent and toxin
binding properties of the TTX-resistant, Zn>* -sensitive
subgroup of Na channels. The differences in TTX and
STX interactions with residues in domain 1 may lead to
a better understanding of structure of this functionally
critical region of the Na channel.
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