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abstract

 

Slow inactivation of voltage-gated Na channels is kinetically and structurally distinct from fast inacti-
vation. Whereas structures that participate in fast inactivation are well described and include the cytoplasmic III-
IV linker, the nature and location of the slow inactivation gating mechanism remains poorly understood. Several
lines of evidence suggest that the pore regions (P-regions) are important contributors to slow inactivation gating.
This has led to the proposal that a collapse of the pore impedes Na current during slow inactivation. We sought to
determine whether such a slow inactivation-coupled conformational change could be detected in the outer pore.
To accomplish this, we used a rapid perfusion technique to measure reaction rates between cysteine-substituted
side chains lining the aqueous pore and the charged sulfhydryl-modifying reagent MTS-ET. A pattern of incre-
mentally slower reaction rates was observed at substituted sites at increasing depth in the pore. We found no state-
dependent change in modification rates of P-region residues located in all four domains, and thus no change in
aqueous accessibility, between slow- and nonslow-inactivated states. In domains I and IV, it was possible to measure
modification rates at residues adjacent to the narrow DEKA selectivity filter (Y401C and G1530C), and yet no
change was observed in accessibility in either slow- or nonslow-inactivated states. We interpret these results as evi-
dence that the outer mouth of the Na pore remains open while the channel is slow inactivated.
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I N T R O D U C T I O N

 

Voltage-gated Na channels in excitable tissues undergo
two types of inactivation that are easily distinguishable
by their different kinetics. Fast inactivation, which
helps terminate the action potential and sets the refrac-
tory period, occurs over a period spanning several mil-
liseconds. Slow inactivation develops in response to
prolonged depolarizations of hundreds of milliseconds
to seconds or to long trains of brief repetitive depolar-
izations, and recovers over similarly extended periods.
Recently, it has been demonstrated that a number of
Na channel point mutations that cause heritable disor-
ders of skeletal muscle membrane excitability, notably
hyper- and hypokalemic periodic paralysis, may do so
in part by altering the kinetics or voltage dependence
of slow inactivation (Cannon, 1996; Cummins and Sig-
worth, 1996; Hayward et al., 1999; Jurkat-Rott et al.,
2000; Struyk et al., 2000; Kuzmenkin et al., 2002), con-
sequently interest has been heightened in the physio-
logical role of this process.

The structures of the voltage-gated Na channel that
participate in slow inactivation are not well defined, but
are different from those that mediate fast inactivation.

Exposure of the cytoplasmic face of the Na channel to
proteases (Rudy, 1978) or mutation of the IFM peptide
located in the cytoplasmic linker region between do-
mains III and IV (Cummins and Sigworth, 1996; Feather-
stone et al., 1996), both of which impair fast inactivation,
do not disrupt slow inactivation. A number of studies
have suggested that structures that together form the
outer mouth of the pore, the P-regions lying between
the S5 and S6 segments of each of the four Na channel
domains, are important for slow inactivation. First, per-
meant metal cations applied via the external surface can
modestly inhibit slow inactivation (Khodorov et al., 1976;
Townsend and Horn, 1997). Second, a point mutation
in the domain I P-region of the rat skeletal muscle volt-
age-gated Na channel rSkM1 (W402C) partially disrupts
slow inactivation (Balser et al., 1996). Third, substitution
of a single amino acid in the domain II P-region of the
human cardiac Na channel isoform (hH1) into the com-
parable residue in the human skeletal muscle–specific
isoform (hSkM1) converts hSkM1-type slow inactivation
to hH1-type (Vilin et al., 2001). Fourth, in a mutant
channel into which a double cysteine substitution in two
P-regions has been introduced (K1237C 

 

�

 

 W1531C),
disulfide bond formation between these substituted resi-
dues is enhanced when mutant channels are slow inacti-
vated (Benitah et al., 1999). Finally, a residue deep
within the domain III P-region is less accessible to cova-
lent modification by an externally applied agent when
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channels are slow inactivated (Ong et al., 2000). These
results have led many to suggest that slow inactivation
may involve a conformational rearrangement in the
outer mouth of the pore. In this manner, Na channel
slow inactivation may be akin to 

 

Shaker

 

 K channel C-type
inactivation, in which a collapse of the outer pore-form-
ing segments occludes the aqueous permeation pathway
(Liu et al., 1996). However, none of these results directly
demonstrate that the Na channel outer vestibule is oc-
cluded during slow inactivation. Equally compelling evi-
dence suggests that structures located more internally
may also be important in slow inactivation. A growing
pattern of missense mutations in the inner pore forming
S6 segments, primarily in domains I or IV, variably dis-
rupt or enhance slow inactivation (Wang and Wang,
1997; Takahashi and Cannon, 1999; O’Reilly et al., 2000,
2001; Vedantham and Cannon, 2000). These results sug-
gest that conformational changes in internally oriented
pore regions may, in isolation or as part of a global col-
lapse of the pore, be part of slow inactivation gating.

We sought to determine whether a conformational
rearrangement consistent with occlusion of the outer
pore could be detected during slow inactivation. To do
this, we introduced cysteine substitution mutations at
amino acid positions in COOH-terminal ascending
loops of P-regions lining the pore. A rapidly switched
perfusion method was then used to measure reaction
rates between these substituted side chains and the
charged sulfhydryl-modifying reagent [2-(trimethylam-
monium) ethyl] methanethiosulfonate (MTS-ET).* Ap-
plication of MTS-ET was time-locked to specific epochs
in a voltage-clamp protocol to test for state-dependent
changes in those modification rates between minimally
and maximally slow-inactivated channel populations.
Cysteine modification rates, as detected by progressive
irreversible block with successive MTS-ET applications,
were measurable at sites in each of the four P-regions,
and in two cases at sites adjacent to the narrow ring of
charged residues which form the Na ion selectivity fil-
ter (DEKA locus). No differences in MTS-ET modifica-
tion rates at these sites were observed between condi-
tions favoring fast versus slow inactivation. We interpret
these results as evidence that occlusion of the external
aqueous permeation pathway to the selectivity filter
does not occur during slow inactivation.

 

M A T E R I A L S  A N D  M E T H O D S

 

Mutagenesis and mRNA Preparation

 

The rat adult skeletal muscle Na channel 

 

�

 

 subunit cDNA
(rSkM1, now termed rNaV1.4), subcloned into the EcoRI site of
the 

 

Xenopus

 

 expression vector pGEMHE (Liman et al., 1992), was

used as a template for an overlapping primer-based PCR mu-
tagenesis method using the QuickChange site-directed mutagen-
esis kit (Stratgene). Primers were designed to alter codons speci-
fying the cysteine substitution and to introduce a silent restric-
tion enzyme site used for rapid screening by restriction digest.
Point mutations were confirmed by sequence analysis through
the codon position.

cRNA was synthesized by in vitro transcription from 1.5 

 

�

 

g of
Nhe1-linearized vector DNA template using the T7 mMessage
mMachine kit (Ambion).

 

Expression of Na Channels

 

Xenopus

 

 oocytes were harvested and coinjected with either wild-
type or mutant NaV1.4 cRNA and a 

 

�

 

1 subunit encoding cRNA
(McClatchey et al., 1993). Oocytes were incubated for 1–3 d in
ND96 medium (in mM: 96 NaCl, 2 KCl, 1.8 CaCl

 

2

 

, 1 MgCl

 

2

 

, 5
HEPES, pH 7.6) supplemented with 2.5 mg/ml pyruvate and 50

 

�

 

g/ml gentamicin, before use in electrophysiological recording.

 

Electrophysiology

 

The vitelline membrane was mechanically dissociated from the
oocyte after incubation in hypertonic solution for 5–20 min, be-
fore transfer to the recording chamber. Na currents were mea-
sured in excised outside-out macropatches with an Axopatch
200B amplifier (Axon Instruments, Inc.). The amplifier output
was filtered at 5 kHz and digitally sampled at 20 kHz using a Digi-
Data 1200 interface (Axon Instruments, Inc.). Control over the
amplifier, digital output to the piezo switching apparatus, and
data storage was accomplished with a custom AxoBasic data ac-
quisition program. Pipette capacitance was compensated using
analogue circuitry. Linear leakage current correction was per-
formed on-line through digital scaling and subtraction of passive
currents elicited by hyperpolarizing voltage pulses from 

 

�

 

120 to

 

�

 

145 mV. Patch electrodes were pulled from borosilicate capil-
lary tubes with a two-stage puller (Sutter Instruments Co.). The
shanks of the electrode tips were coated with Sylgard and the tips
were heat polished to a final tip resistance of 2–4 M

 

�

 

.
The pipette (internal) solution contained (in mM): 100 KCl,

10 HEPES, 5 EGTA, 1 MgCl

 

2

 

, pH 7.6 with KOH. The bath (exter-
nal) solution contained (in mM): 100 NaCl, 10 HEPES, 2 CaCl

 

2

 

,
1 MgCl

 

2

 

, pH 7.6 with NaOH. Stock solutions of MTS-ET at a con-
centration of 100 mM were made fresh daily in water and placed
on ice at the beginning of each recording day. Immediately be-
fore use in perfusion experiments, appropriate amounts of MTS-
ET were diluted into 5 ml of bath solution (for final concentra-
tions ranging from 100 

 

�

 

M to 8 mM) after suitable patches were
obtained.

Rapid solution exchange was achieved as described previously
(Vedantham and Cannon, 1998). Briefly, a computer-controlled
PZS-200 piezoelectric stack (Burleigh Instruments, Inc.) was
used to translocate a piece of glass capillary theta tubing (2.0 mm
outer diameter) over a macropatch. The theta tubing was pulled
to an internal diameter of 50–100 

 

�

 

m (each lumen) on a two-
stage puller. Solutions were passed through each lumen by grav-
ity filtration.

 

Data Analysis

 

Curve fitting was performed off-line using AxoBasic or Origin (Mi-
crocal). The time course of entry into and recovery from inactiva-
tion was examined using a two-pulse protocol as described in the
text. For recovery from fast or from slow inactivation, the fractional
peak I

 

Na

 

 recovery was fit with the single exponential function:

Itest Ireference⁄ A 1 e t τ⁄––( ) y0,+=

 

*

 

Abbreviation used in this paper:

 

 MTS-ET, [2-(trimethylammonium)
ethyl] methanethiosulfonate.
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where I

 

reference

 

 is the peak I

 

Na

 

 elicited by a depolarizing pulse pre-
ceding each conditioning pulse, A is the amplitude of the expo-
nential component, y

 

0

 

 the fractional I

 

Na

 

 at time 0 (i.e., not inacti-
vated), and 

 

�

 

 is the time constant. For entry into slow inactiva-
tion, the fractional peak I

 

Na

 

 was fit with the single exponential
decay

A is the amplitude of the maximal fraction of channels slow inac-
tivated, y

 

0

 

 is the fraction of channels not slow inactivated at
steady-state, and 

 

�

 

 is the time constant.
For modification experiments, peak I

 

Na

 

 was first determined
by a test pulse to 

 

�

 

20 mV before MTS-ET exposure. Patches were
then exposed to known concentrations of MTS-ET for intervals
described in the text, and allowed to recovery from inactivation
before the remaining peak I

 

Na

 

 was determined. Curves of sequen-
tial peak I

 

Na

 

 values plotted against cumulative MTS-ET exposure
time were fit with the single exponential decay function

where I

 

max

 

 is the maximal peak current before modification, I

 

mod

 

is the steady-state reduction in peak current due to cysteine mod-
ification, and 

 

�

 

 is the time constant. Reaction rates were then de-
termined by taking the reciprocal of the product of the time con-
stant 

 

�

 

 and the MTS-ET concentration.
Error bars represent 

 

	

 

 SEM. Statistical significance was deter-
mined though a paired 

 

t

 

 test, with confidence parameters of

 




 

0.05.

 

R E S U L T S

 

We sought to determine whether a reduction in aque-
ous accessibility to the outer mouth of a Na channel
pore, consistent with a conformational rearrangement
in this region, might occur during slow inactivation.
The assay was based on comparing the reaction rates of
cysteine-substituted residues in the SS2 segments of the
P-regions of all four domains to covalent modification
with methanethiosulfonate (MTS)-containing reagents,
when the channel was either slow inactivated or not
slow inactivated.

Our choice of sites to assay was directed by previous
experiments of Chiamvimonvat et al. (1996) and Perez-
Garcia et al. (1996). Mutant Na channels containing
cysteine substitutions at amino acid sites in the ascend-
ing limb of P-loops (SS2 segments) show a decline in
macroscopic peak I

 

Na

 

 after exposure to externally ap-
plied MTS reagents, consistent with the notion that co-
valent modification of pore-lining residues with a bulky
moiety impedes Na ion flux. In our study, only the per-
manently (

 

�

 

) charged reagent MTS-ET was used, be-
cause we wished to limit the possibility that access to a
cysteine-substituted residue occurred via a pathway
other than the aqueous pore. This restriction necessi-
tated the exclusion of five residues lying within or im-
mediately adjacent to the selectivity filter (D400, W756,
G1238, K1237, and A1530), which are either inaccessi-
ble to MTS-ET, or whose modification does not result

Itest Ireference⁄ Ae t τ⁄– y0.+=

Ipeak Imax Imod 1 e t τ⁄––( ) ,–=

 

in a change in macroscopic Na current (Chiamvimon-
vat et al., 1996; Perez-Garcia et al., 1996). We also con-
firmed that prolonged exposure of wild-type Na chan-
nels to MTS-ET did not result in any decline in macro-
scopic I

 

Na

 

 (unpublished data). Of the 10 mutants we
made, that spanned all four P-regions, informative
modification rates were measurable in 6 (E403C,
Y401C, E758C, M1240C, G1530C, D1532C; shown sche-
matically in Fig. 1).

Paired-pulse protocols (detailed in the insets to Figs.
2 and 3) were performed to confirm that the introduc-
tion of cysteine residues did not alter the kinetics of fast
or slow inactivation in a manner that would impair a
mutant’s usefulness in our assay. The rate of recovery
from fast inactivation at 

 

�

 

120 mV (Fig. 2 A) was not al-
tered in any of the mutant channels under study. Simi-
larly, the time course of recovery from slow inactivation
at 

 

�

 

120 mV, after a 3 s conditioning pulse, was the
same for the majority of mutants, although the ex-
tent of slow inactivation was reduced for E758C and
M1420C (Fig. 2 B and Table I). Recovery from slow in-
activation was accelerated modestly for E758C channels
(

 

�

 

 

 

�

 

 450 

 

	

 

 60, 

 

n

 

 

 

�

 

 4) compared with wild-type chan-
nels (

 

�

 

 

 

�

 

 640 

 

	

 

 40, 

 

n

 

 

 

�

 

 4).
Entry into slow inactivation at 

 

�

 

10 mV (Fig. 3) was
not significantly altered for most of the informative mu-
tant channels (E403C, Y401C, G1530C, D1532C). Both
E758C and M1240C channels exhibited a modest (

 

�

 

2-
fold) prolongation of the entry time constant; however,
the difference was statistically significant only for

Figure 1. Sites of informative cysteine substitution mutations in
the outer pore. The SS2 segments are shown schematically in or-
der of relative position from the DEKA Na ion selectivity region.
Residues lettered in black represent sites at which cysteine substi-
tution yielded informative data in state-dependent accessibility as-
says described below. Sites lettered in black outline denote loca-
tions at which we were not able to measure a modification rate of
substituted cysteine residues. Residues in light gray were not
tested, either because they were uninformative since they had no
measurable effect when exposed to MTS-ET (D400, W756, K1237,
and A1529), they did not produce a detectable INa (G1238), or the
predicted modification rate was too slow for our assay (W1239).
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E758C. In addition, the steady-state extent of slow inac-
tivation for E758C was reduced compared with wild-
type (fraction not slow-inactivated or S

 

∞

 

 

 

�

 

 0.19 

 

	

 

 0.03
for E758C and 0.06 

 

	

 

 0.01 for wild-type). The data
summarizing the kinetic behavior of wild-type and mu-
tant channels are listed in Table I.

We used these data to design experimental protocols
for measuring cysteine accessibility in conditions under
which depolarized Na channels are minimally or maxi-
mally slow inactivated, shown in Fig. 3. The application
of MTS-ET to the extracellular face of an outside-out
membrane patch during a specified epoch of the volt-
age protocol was achieved with millisecond resolution

Figure 2. Introduction of cysteine missense mutations into in-
formative P-region sites has little or no effect on the recovery ki-
netics of fast- or slow-inactivation. All measurements were made in
excised outside-out macropatches held under perfusion with con-
trol bath solution. Conditioning pulses to �10 mV of 40 ms or 3 s
duration were used to induce fast and slow inactivation, respec-
tively, (A, inset). (A) Recovery from fast inactivation at �120 mV
was unchanged between cysteine substitution mutants and wild-
type. (B) Recovery from slow inactivation at �120 mV was not af-
fected by introduction of cysteine residues at most informative
sites. For E758C mutant channels, a modest acceleration in the
time course of recovery was observed.

 

T A B L E  I

 

Comparison of the Kinetic Parameters for Fast and Slow Inactivation

 

Fast inactivation

Slow inactivation

Entry Exit

 

�

 

recovery

 

 

 

n

 

�

 

entry

 

 S

 

∞

 

 (

 

�

 

10 mV)

 

n

 

�

 

recovery

 

 

 

n

ms ms ms

 

Wild-type 2.2 

 

	

 

 0.18 3 1,000 

 

	

 

 160 0.06 

 

	

 

 0.008 3 640 

 

	

 

 40 4

Y401C 1.6 

 

	

 

 0.13 4 1,000 

 

	

 

 170 0.14 

 

	

 

 0.035 5 710 

 

	

 

 150 5

E403C 2.9 

 

	

 

 0.75 6 2,100 

 

	

 

 500 0.13 

 

	

 

 0.021 5 890 

 

	

 

 280 4

E758C 1.8 

 

	

 

 0.19 4 2,600 

 

	

 

 380

 

a

 

0.19 

 

	

 

 0.030

 

a

 

7 450 

 

	

 

 58

 

a

 

4

M1240C 2.3 

 

	

 

 0.26 5 2,400 

 

	

 

 520 0.11 

 

	 0.025 4 620 	 130 5

G1530C 2.5 	 0.57 6 1,600 	 280 0.07 	 0.008 6 810 	 53 4

D1532C 2.2 	 0.62 3 1,200 	 130 0.11 	 0.032 3 470 	 190 3

aP 
 0.04.

Figure 3. The kinetics of entry to slow inactivation at �10 mV.
The paired pulse protocol used to measure entry to slow inactiva-
tion is shown schematically at the top of the figure. The symbols
used for each mutant are identical to those listed in the inset of
Fig. 2 A. The majority of the mutations had no significant effect
on the time course of entry to slow inactivation. E758C showed a
modest 2.5-fold slowing in the time course of entry, and a modest
decrease in the maximal extent of slow inactivation (S∞). The
shaded areas represent the timing and duration of the MTS-ET ex-
posures designed to assay cysteine availability for predominantly
fast- and slow-inactivated conditions.
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by using a rapid-switching perfusion technique (Vedan-
tham and Cannon, 1998). Membrane patches were de-
polarized to �10 mV for 300 ms to achieve fast inactiva-
tion of the Na channels with a limited degree of slow
inactivation (
20%, Fig. 3), or for 12 s to achieve maxi-
mal slow inactivation. During these depolarizing pulses,
patches were exposed to MTS-ET for either 100–200 ms
(after a 20 ms delay) to assay cysteine side-chain accessi-
bility while the channels were fast- but not slow-inacti-
vated, or for 500–1,000 ms after 10.5 s of depolarization
to assay cysteine accessibility during maximal slow inac-
tivation. The extent of modification was monitored af-
ter each brief exposure as the progressive decrement in
peak INa elicited by a test pulse to �20 mV after full re-
covery from the inactivated state (10 s at �120 mV).
The modest alterations in slow inactivation kinetics we
found in E758C channels did not impair their useful-
ness in this standardized assay.

An example of the resultant progressive reduction in
peak INa after each exposure is shown on a condensed
time scale in Fig. 4 A. The peak INa measured after
each exposure was plotted against cumulative exposure
time and subsequently fit to a monoexponential decay
whose time constant is linearly related to the product
of the modification rate and the concentration of MTS-
ET used in the assay (Fig. 4 B). Consistent with results
reported by previous authors (Chiamvimonvat et al.,
1996; Perez-Garcia et al., 1996), macroscopic INa is re-
duced but not eliminated by complete MTS-ET modifi-
cation since Na permeability is incompletely blocked by
the modifying moiety at these sites.

No significant differences were noted in the appar-
ent cysteine-modification rates determined under con-
ditions favoring fast inactivation in comparison to con-
ditions favoring maximal slow inactivation, as shown
graphically in Fig. 5. Mean values of the modification
rates determined at each site under both conditions
are listed in Table II. Mutant E758C had a trend toward
a modest increase in the rate of cysteine modification
for slow inactivated channels, which did not achieve sta-
tistical significance.

For W402C, I757C, E755C, and W1531C channels, we
did not observe a progressive decline in peak current,
even after many (30–40) pulsed applications of 4 mM
MTS-ET to either fast-inactivated (Fig. 6) or slow-inacti-
vated channels (unpublished data). These same cys-
teine-substituted sites were reported previously to be
modifiable by MTS-ET, manifested as significant (�50%)
declines in peak INa (Chiamvimonvat et al., 1996; Perez-
Garcia et al., 1996). This discrepancy is most likely due
to the lower limit on the detectable rate of modification
in our protocol. The slowest modification rate we can
observe is �10 M�1 s�1, since slower reaction rates would
require very high (�10 mM) concentrations of MTS-ET,
and cumulative application times of �10 s. These ex-
treme conditions are precluded by instability of mem-
brane patches under such prolonged perfusion. Taken
in the context of previous observations with these mu-
tant channels, our data suggest that although these resi-
dues are available for eventual covalent modification by
MTS-ET, the rate at which this modification proceeds is
slower than the technical limits of our assay.

Figure 4. Measurement of state-dependent modification rate. (A) Na currents elicited by the assay pulses during serial exposures to
MTS-ET are shown on a condensed time scale. The top number of the time scale represents the interval elapsed between each assay pulse,
and the bottom number represents the time scale relative to individual assay pulses. In this example, accessibility of the E758C residue is
being tested by serial 200 ms exposures to 2 mM MTS-ET early during the conditioning pulse (minimally slow inactivated). (B) Peak INa

values from A are plotted against the cumulative time of exposure to MTS-ET, and fit with a single exponential decay. The apparent modi-
fication rate (RApparent) is then computed from the time constant.
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D I S C U S S I O N

The conformational changes that produce slow inactiva-
tion of voltage-gated Na channels have not been well de-
lineated. Several lines of evidence have implicated a role
for the P-region itself (as well as other domains) in this
gating process. We searched for evidence of a local rear-
rangement at the extracellular mouth of the pore by mea-
suring the state-dependent accessibility of cysteines substi-
tuted along the ascending limb of the P-loops from all
four domains of rNaV1.4 to modification by MTS-ET. Six
informative residues, spanning all four domains, were
identified, but none showed a substantial change in the
rate of modification by MTS-ET for fast- versus slow-inacti-
vated states. This observation suggests the transition from

fast- to slow-inactivated states is not accompanied by a ma-
jor rearrangement in the external mouth of the pore.

The modifiable cysteine-scanning technique cannot ex-
clude the possibility of any movement; only those motions
that change the modification rate of the thiol side chain
are detectable. Despite these restrictions, our data do pro-
vide the first demonstration of a maintained accessibility
in slow-inactivated channels to sites very deep within the
outer permeation pathway (flanking the DEKA selectivity
filter) to MTS-ET, which occupies a cylindrical volume
with a 6 Å diameter and 10 Å length (Karlin and Akabas,
1998). We propose this result excludes the notion slow in-
activation occurs by occlusion of the outer pore that
would block Na ions from reaching the DEKA filter.

The lack of state-dependent differences in MTS-ET
modification rates raises the question of whether the
technique was sensitive enough to be informative. We of-
fer the following arguments to support our view that had
a state-dependent change in thiol accessibility occurred,
it would have been detected. First, the modification rates
at the informative residues span over two orders of mag-
nitude (Fig. 5). Thus, there was a sufficient dynamic
range of measurable rates to detect a change. Second,
there is precedent for large changes in modification rate
for channels that do undergo state-dependent molecu-
lar rearrangements of the outer pore. C-type inactivation
of Shaker K channels changes the modification rate of
outer pore residues by MTS reagents by 100–10,000 fold
(Liu et al., 1996). Third, we have shown previously that
state-dependent changes in thiol modification rate as
small as fivefold can be robustly demonstrated with our
technique (Vedantham and Cannon, 1998), including
rate changes within IVS6 produced by slow inactivation
(Vedantham and Cannon, 2000). Fourth, the ability of
mutant channels to become slow inactivated was verified
experimentally for each cysteine substitution (Fig. 3). In
quantitative terms, the observable fold-change in appar-
ent modification rate equals the true ratio of modifica-
tion rates for slow- and not slow–inactivated channels,
scaled by the relative occupancy of the slow-inactivated
state under our experimental conditions. At the end of
the 10 s conditioning pulse, �80% of channels were slow

Figure 5. No state-dependent change of cysteine modification
rate was seen in the six mutants studied. (A) Schematic representa-
tion of the pulsed MTS-ET application protocols. Modification
rates for fast-inactivated channels were assayed by exposing out-
side-out patches to MTS-ET for 200 ms, beginning 20 ms into the
300 ms conditioning pulse (top protocol, open circles). To mea-
sure the modification rate of slow-inactivated channels, patches
were exposed to MTS-ET beginning 10.5 s after the onset of a 12 s
conditioning pulse (bottom protocol, filled circles). All condition-
ing pulses were to �10 mV, and a gap of 10 s at �120 mV to allow
for full recovery from inactivation was inserted before a test pulse
to �20 mV to measure remaining peak INa. This cycle was repeated
until maximal modification in each patch had taken place. (B)
Comparison of modification rates of cysteines in each of the four
domains measured under conditions in which channels were pre-
dominantly fast- or slow-inactivated. The mean and SEM of these
rates are plotted by domain location for each mutant, with rates
for the two states of the channel connected by a line. The numeri-
cal values are listed in Table II.

T A B L E  I I

Substituted Cysteine Modification Rates in Conditions
Favoring Fast or Slow Inactivation

Mutant Fast inactivated n Slow inactivated n

M�1s�1 M�1s�1

Y401C 350 	 35 8 270 	 63 4

E403C 17,000 	 4,300 5 16,000 	 2700 4

E758C 1,600 	 380 4 2,800 	 490 5

M1240C 180 	 17 3 220 	 8.8 3

G1530C 49 	 11 5 56 	 9.8 3

D1532C 7,700 	 2,600 4 8,700 	 720 5
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inactivated (Fig. 3), and therefore any real change in
modification is expected to be observable.

The variation in modification rates we observed for dif-
ferent residues within one P-loop is consistent with con-
temporary models for the conformation of the pore. In
the P-loops of domains I and IV, we were able to measure
cysteine modification rates at two positions, including
sites adjacent to the DEKA selectivity filter. A marked slow-
ing of modification rate, and thus poorer accessibility, oc-
curred at sites located deeper within the pore along a sin-
gle segment: rate for E403C was 50-fold faster than Y401C;
and D1532C was 150-fold faster than G1530C. Interest-
ingly, no evidence for MST-ET modification was observed
at the cysteine substituted at the intervening residue, in ei-
ther domain I (W402C) or domain IV (W1531C). Be-
cause others have reported effects from several minutes
long exposure to MTS-ET at these residues (Chiamvimon-
vat et al., 1996; Perez-Garcia et al., 1996), we infer the
modification rate was too slow to measure by our tech-
nique. The residues at comparable depths within the pore
in domains II (I757) and III (W1239) were similarly too
slow to measure. Previously, the accessibility of all of these
sites to externally applied MTS reagents was used as evi-
dence that these residues must face into the pore (Perez-
Garcia et al., 1996). This accessibility, however, is the result
of prolonged (minutes long) exposures of the external
membrane surface to MTS-containing solutions. By con-
trast, our data suggests that accessibility, when character-

ized by modification rate, is very different between these
sites. A recently proposed structural model of the Na
channel outer pore, which in turn is extrapolated from
the crystal structure of the bacterial KSCA channel, sug-
gests that the SS1 and SS2 segments of the P-regions form
a helix-turn-� strand conformation, with the turn occur-
ring at or very near to the residue contributing to the se-
lectivity filter (Lipkind and Fozzard, 2000). Although our
data are insufficient to provide support for this entire
model, the alternating pattern of accessibility that we ob-
served in P-regions of domains I and IV is consistent with
the notion that the pore-lining portions of the SS2 seg-
ments are positioned in a �-strand conformation.

Large differences in accessibility to cysteine-substi-
tuted sites at roughly similar positions with respect to
the selectivity filter were also observed between each of
the four domains. For instance, the modification of
M1240C proceeds very slowly, regardless of state-popu-
lation, in comparison to modification at similar sites lo-
cated in other domains, despite the fact that these resi-
dues are spaced equally from the residues comprising
the DEKA selectivity locus. These differences do not
parallel the relative depths within the electric field
these residues occupy (Chiamvimonvat et al., 1996;
Perez-Garcia et al., 1996). The reasons for this domain
difference is not clear, but may reflect differences in
the local microenvironment of these sites, such as al-
tered charge density, hydrophobicity, or spatial impedi-
ments to accessing a particular site.

In contrast to the data we present here on the external
access pathway to the pore, prior reports suggest that the
structural integrity of the P-regions is important for nor-
mal slow inactivation. Cysteine substitution at the W402
site in rNaV1.4 can impede entry into an early slow inac-
tivation state (IM) (Balser et al., 1996). Chimeric substitu-
tion of the isoleucine at position 891 in the domain II
P-region of the human cardiac muscle Na channel (hH1)
into the comparable position of the human skeletal mus-
cle isoform (V754I) confers cardiac-type slow inactiva-
tion on the skeletal muscle Na channel isoform (Vilin et
al., 2001). Moreover, in the present study a modest de-
crease in the rate of entry to, and an increase in the rate
of recovery from, slow inactivation occurred with the
E758C substitution mutation in domain II, further sug-
gesting that structural derangements in the outer pore
can destabilize the slow-inactivated state.

Indeed, recent reports support the notion structures
around the outer vestibule may undergo a conforma-
tional rearrangement during slow inactivation. Benitah
et al. (1999) showed that introduction of a double
cysteine substitution at two sites in the outer pore
(K1237C � W1531C) resulted in an enhanced rate of
disulfide bond formation during prolonged condition-
ing depolarizations designed to induce entry into an
early slow inactivation state (IM) than during shorter
conditioning pulses (Benitah et al., 1999). More re-

Figure 6. Absence of detectable modification of I757C by MTS-
ET. Na currents elicited after successive exposures to 4 mM MTS-
ET are shown on a compressed time scale. MTS-ET was applied for
200 ms, beginning 20 ms after the onset of a conditioning pulse to
�10 mV (fast-inactivation protocol). No reduction in peak INa was
detectable, even after a cumulative exposure time of 8 s. Onset of
each trace is offset by the time interval between each trial (scale
bar, top). Time scale during a trace is indicated by the number be-
low the scale bar.
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cently, Ong et al. (2000) demonstrated that a cys-
teine substitution at residue F1236 in the domain III
P-region of rNaV1.4 has reduced accessibility to exter-
nally applied MTS-EA when Na channels are slow inacti-
vated compared with nonslow-inactivated controls (Ong
et al., 2000). Although F1236 is part of the structure of
the outer vestibule, the orientation and location of this
site relative to the SS2 segments studied here is not well
characterized. The apparent conflict between these ex-
perimental results may reflect structural alterations else-
where in the outer pore that are not detectable in resi-
dues COOH-terminal to the selectivity filter. Given the
possibility that our assay might overlook modest, more
distant P-region conformational rearrangements cou-
pled to slow inactivation, we offer the more conservative
interpretation from our data that the aqueous vestibule
remains unobstructed in regions COOH-terminal to the
selectivity filter during slow inactivation.

Another possibility is that structures in the P-regions
might undergo a modest conformational change as an
epi-phenomenon of more distant rearrangements, possi-
bly involving the S6 segments, which probably lie closely
apposed to the P-regions and converge to form the inner
mouth of the pore. In support of this notion, a growing
body of evidence has demonstrated the importance of
structures lining the internal mouth of the pore in slow
inactivation. Several point mutations in S6 segments have
profound effects on slow inactivation (Wang and Wang,
1997; Takahashi and Cannon, 1999; O’Reilly et al., 2000,
2001). Recently, our laboratory reported a conforma-
tional change accompanying slow inactivation in the S6
segment of domain IV (Vedantham and Cannon, 2000).
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