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Abstract

To examine conformational changes during slow inactivation involving domain 2-segment 6 (D2-S6) of human cardiac Na+ channel
(hNav1.5), we applied the substituted-cysteine accessibility method (SCAM) using methanethiosulfonate ethylammonium (MTSEA). We
substituted cysteine (C) for native valine (V) at position 930 of D2-S6 in the MTSEA-resistant hNav1.5 mutant C373Y to produce the
double mutant C373Y-V930C. Whole-cell Na+ currents were recorded using patch-clamp techniques in transiently transfected HEK
cells. In C373Y-V930C, we find that MTSEA (1.5 mM) applied in the closed state (�160 mV) has no significant effect on whole-cell
Na+ current, while MTSEA applied in the slow-inactivated state (prolonged depolarization at 0 mV) decreases current. We propose that
D2-S6 in hNav1.5 undergoes molecular rearrangement during slow inactivation exposing the side chain of residue 930 such that it
becomes accessible to modification by MTSEA.
� 2006 Elsevier Inc. All rights reserved.
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Voltage-gated Na+ channels (Navs) are transmembrane
proteins, the main component of which is an a-subunit
consisting of four homologous domains (D1–D4), each
with six transmembrane segments (S1–S6). Although sever-
al Nav isoforms are associated with modulatory accessory
b-subunits, the a-subunit is capable of channel function,
i.e., voltage-sensitivity, activation, ion selectivity, and inac-
tivation, when expressed alone in heterologous expression
systems such as Xenopus oocytes and mammalian HEK
cells [1–3].

Navs respond rapidly to depolarization of the mem-
brane, allowing Na+ ions, driven by their electrochemical
gradient, to cross the membrane via an intraprotein perme-
ation pore. This process, termed activation, is responsible
for the initiation and propagation of action potentials in
most excitable tissues such as those comprising the nervous
system, cardiac muscle, and skeletal muscle. In response to
the same stimulus (i.e., depolarization) Navs enter a non-
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conducting state called inactivation from which they rarely
activate. This process is observed to occur over two differ-
ent time scales. One type of inactivation occurs within mil-
liseconds of depolarization and is appropriately termed fast
inactivation. This inactivation is important for the termina-
tion of action potentials [4]. The other type of inactivation,
which occurs with prolonged depolarizations (seconds to
minutes), is called slow inactivation and likely plays a role
in membrane excitability and action potential firing pat-
terns [5,6]. In addition to differences between the kinetics
of fast and slow inactivation, these processes involve differ-
ent molecular mechanisms. For example, fast inactivation
can be eliminated by internal perfusion of protease or ami-
no acid substitutions in the D3–D4 linker (the fast inactiva-
tion ‘‘gate’’), manipulations that do not eliminate slow
inactivation [7,8].

Because electrophysiological function of Navs is critical-
ly dependent on molecular structure, it is not surprising
that amino acid alterations in Navs can disrupt normal
function of excitable tissues. Nearly twenty human disease
states have been attributed to heritable mutations in Navs
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or ‘‘channelopathies’’ [9]. For example, more than 150
mutations in neuronal Navs have been identified in patients
with epilepsy [10], more than 25 mutations in skeletal mus-
cle Navs have been found that produce myotonias [11], and
at least five mutations in human heart Navs are found in
patients with long QT syndrome and Brugada’s syndrome
[12]. Many of these mutant Navs have been studied in het-
erologous expression systems such as Xenopus oocytes and
HEK cells, and diverse effects caused by the mutations on
activation, fast inactivation, and/or slow inactivation have
been described [13].

Understanding the relationship between molecular
structure and physiological function has been greatly aided
by the cloning and expression of Navs. For example, acti-
vation is dependent on the voltage-sensing S4 segments
[14], and the cytoplasmic linker between D3 and D4
appears to be the fast-inactivation gate or hinge [15]. How-
ever, the molecular events occurring during slow inactiva-
tion are not well defined. One hypothesis poses that
during slow inactivation of Navs, the outer mouth of the
pore collapses, a mechanism similar to C-type inactivation
of K+ channels [16]. A second hypothesis involves a rear-
rangement of amino acid residues within the putative
pore-lining S6 segments [17] that would constrict the inner
pore region [18]. In support of the latter hypothesis are
studies showing that mutations in S6 have effects on
slow-inactivation gating [18–21].

In the present study, we substituted cysteine (C) for
native valine (V) at the inner pore residue 930 (V930C) in
D2-S6 of the human cardiac muscle Nav hNav1.5. We chose
this residue in hNav1.5 because we previously found state-
dependent molecular rearrangement at the homologous site
(V787 in D2-S6) in rat skeletal muscle rNav1.4 [18]. We were
interested in determining if Nav1.5 and Nav1.4 isoforms
share similar molecular mechanisms of slow inactivation
despite the fact that Nav1.5 is relatively resistant to slow
inactivation compared with Nav1.4 [22,23].

In an effort to detect conformational changes in D2-S6
during slow inactivation in hNav1.5, we used methanethio-
sulfonate ethylammonium (MTSEA) and the substituted-
cysteine accessibility method (SCAM) [24]. We found that
application of MTSEA to wild-type hNav1.5 rapidly reduc-
es current, an effect that is also found in the rat cardiac Na+

channel rNav1.5 [25]. Therefore, we studied the V930C
mutant in the MTSEA-resistant hNav1.5 mutant C373Y
background (C373Y-V930C). Our data extend previous
studies and support the hypothesis that D2-S6 in hNav1.5
undergoes conformational change during slow inactivation
enhancing MTSEA-accessibility at residue 930.

Materials and methods

Site-directed mutagenesis. Nav mutagenesis was carried out using an
adapted 2-stage modification of the Quick Change XL Site Directed
Mutagenesis Kit Protocol (Stratagene, La Jolla, CA, USA, and personal
communication, Sho-Ya Wang, SUNY Albany, NY, USA) [26,27].
pcDNA1 (Invitrogen, Carlsbad, CA, USA) containing hNav1.5 cDNA
was used as the template for mutagenesis. For each mutation, a muta-
genesis mix (Stratagene, La Jolla, CA, USA) was prepared containing
74 ng of template plasmid, 2.1% dNTP mix, 6.3% QuickSolution, 10.5% of
10· Reaction Buffer, and 1.5 U PfuTurbo DNA polymerase in a final
volume of 28 ll. 13.3 ll mix was added to each of two 200 ll thin-walled
PCR tubes. Seventy nanograms of top strand mutagenic oligonucleotide
was added to one tube containing mix (Stage 1, 14 ll total volume) and
70 ng lower strand mutagenic oligonucleotide was added to the other tube
containing mix (Stage 2, 14 ll total volume). For Stage 1 reaction, PCR
was carried out as follows: Step 1, 94 �C, 30 s; Step 2, 94 �C, 30 s; Step 3,
55 �C, 1 min; Step 4, 68 �C, 23 min; followed by Step 5, 3 cycles to Step 2.
Stage 1 reaction product was then combined with Stage 2 tube (28 ll total
combined volume), an additional 0.5 U PfuTurbo DNA polymerase was
added, and mixture subjected to Stage 2 PCR as follows: Step 1, 94 �C,
30 s; Step 2, 94 �C, 30 s; Step 3, 55 �C, 1 min; Step 4, 68 �C, 23 min; Step 5,
17 cycles to Step 2; Step 6, 68 �C, 7 min. Ten microliters of product was
digested for 1 h at 37 �C with 2 U DpnI, digestion was repeated, and
product transformed into XL10-Gold as recommended by the supplier
(Stratagene, La Jolla, CA, USA). Colonies growing on LB-ampicillin
plates were picked, grown in LB containing 50 lg/ml ampicillin, and
plasmid DNA isolated using a Wizard Plus SV miniprep kit (Promega,
Madison, WI, USA). Plasmid DNA was digested with EcoRI to check
overall integrity, sequenced on both strands in regions encompassing
putative mutations (Pennington Biomedical Genomics Core Facility,
Baton Rouge, LA, USA), and intact clones containing mutations selected
for study. Plasmid DNA for transfection was purified using maxi prep
columns (Qiagen, Valencia, CA, USA). Oligonucleotides for mutagenesis
included; hH1-C373Y-top CGCCTGATGACGCAGGACTACTGGG
AGCGCCTCTATCAG, hH1-C373Y-bot CTGATAGAGGCGCTCCC
AGTAGTCCTGCGTCATCAGGCG, hH1-V930C-top GTCATTGGC
AACCTTGTGTGCCTGAATCTCTTCCTGGCC, hH1-V930C-bot GG
CCAGGAAGAGATTCAGGCACACAAGGTTGCCAATGAC. DNA
sequencing primers included; hH1C373Y-seqfor CTGTGTGGGAACAG
CTCTGAC, hH1C373Y-seqrev GTAGAAGGACCCCAGGAAGATG,
(D2-S6)mut-seqfor CCTAATCATCTTCCGCATCC, and (D2-S6)mut-
seqrev GGAGACCACAGCAGAAATCC. All oligonucleotides were
obtained commercially (Operon Biotechnologies, Huntsville, AL, USA).

Transient transfection. Plasmid expression constructs containing wild-
type and mutant Nav cDNA clones were transiently transfected into HEK
cells using calcium phosphate precipitation as previously described [22,28].
The transfection included 1–5 lg of a plasmid encoding cell surface anti-
gen CD8 (OriGene, Rockville, MD, USA) and 5–10 lg of Nav cDNA
expressed from pcDNA1 (Invitrogen, Carlsbad, CA, USA).

Electrophysiology. Using standard patch-clamp techniques [29], we
recorded whole-cell peak Na+ current (INa) from transiently transfected
HEK cells. Recordings were performed at room temperature
(21–22 �C), without correction for liquid junction potential. Activation
(conductance–voltage) and steady-state fast inactivation (h1) curves
were obtained approximately 5 min after rupture of the membrane.
Recording micropipettes (Drummond Scientific, Broomall, PA, USA)
were pulled on a Model P-97 Flaming-Brown puller (Sutter Instru-
ments, Novato, CA, USA). Pipette resistance ranged from 0.5 to
1.5 MX. The extracellular recording solution was (in mM): 65 NaCl, 85
choline-Cl, 2 CaCl2, and 10 Hepes, titrated to pH 7.4 with TMA-OH
(tetramethylammonium hydroxide). After establishing whole-cell condi-
tions, cells were continuously bathed in the extracellular solution with a
gravity-fed superfusion system at a rate of approximately 0.1 ml/min.
The intracellular (pipette) solution was (in mM): 100 NaF, 30 NaCl, 10
EGTA, and 10 Hepes, titrated to pH 7.2 with CsOH. These solutions
create an outward Na+ gradient and an outward Na+ current at the
test pulse of +50 mV, thus reducing potential problems associated with
space clamp or series resistance errors [30]. Series resistance was com-
pensated at 80%. Linear leak subtraction based on five hyperpolarizing
pulses was used for all recordings. Any endogenous K+ currents were
blocked with Cs+ in the pipette, and HEK cells express no native Ca2+

current [31]. Cells were selected for recording on the basis of positive
immunoreaction with anti-CD8 Dynabeads (Dynal Biotech, Inc., Lake
Success, NY, USA). Recordings were performed 1–3 days post-
transfection.
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The holding potential (Vhold) for all experiments was �160 mV. A test
pulse to +50 mV (4 ms) was used to record peak available Na+ current
(INa). Activation curves were obtained from the peak current recorded
with pulses from Vhold to voltages over the range of �100 mV to +50 mV
in 10-mV increments. Steady-state fast inactivation (h1) was determined
with a test pulse to +50 mV to record INa following a conditioning pre-
pulse (100 ms) from �160 mV to �30 mV in 10-mV increments. The V1/2

and slope factor k of the curves for activation and fast inactivation were
obtained from a fit of the data with a Boltzmann function. Three protocols
were used to determine slow-inactivation phenotype [18,22,32,33]: (1)
Development of slow inactivation: voltage was stepped from Vhold to 0 mV
for various times (10 ms to 60 s), stepped to Vhold for 50 ms to allow
recovery from fast inactivation, and then stepped to +50 mV (4 ms) to
record INa. INa was normalized to the initial value recorded before the
start of the protocol. Data were fit with a single exponential function. (2)
Recovery from slow inactivation: voltage was stepped to 0 mV for 60 s,
stepped to Vhold for various times (50 ms to 30 s), and then a subsequent 4-
ms test pulse to +50 mV. INa was normalized to INa obtained after 30 s at
Vhold. Data were fit with a single exponential function. (3) Voltage

dependence of steady-state slow inactivation (s1): we used a 60-s prepulse to
voltages from �160 to 0 mV in 20-mV steps, a 50-ms step to Vhold (to
allow recovery from fast inactivation), and then a 4-ms test pulse to
+50 mV to record INa. INa was normalized to INa recorded at Vhold. The
data were fit with a Boltzmann function.

Application of cysteine modification agent methanethiosulfonate ethy-

lammonium (MTSEA). The cysteine modification agent MTSEA
(Toronto Research Chemicals, Toronto, Ontario, Canada) was dissolved
in water (15 mM) on the day of the experiment and kept on ice in the dark
before final dilution into extracellular solution to 1.5 mM immediately
prior to use. MTSEA was applied extracellularly via the gravity-fed
superfusion system. We used MTSEA because this compound can access
transmembrane protein sites from the extracellular side of the membrane
and has previously been used successfully to determine accessibility of
pore-lining residues in Navs [18,34,35]. Intracellular application of
MTSEA via inclusion in the pipette was also attempted (n = 3). However,
due to the time necessary for stabilization of whole-cell current recording
(P5 min) and the long depolarizations (min) needed to produce slow
inactivation in cardiac Navs, this resulted in MTSEA exposure times of
>10 min. Long exposure to MTSEA often results in increased holding
currents from progressively ‘‘leaky’’ cells, and usually leads to a reduction
in current, changes in cell morphology, and loss of electrical recording.
This problem may be due to the ability of MTSEA to enter the lipophilic
environment of the membrane and possibly disrupt normal membrane
function [34].

Cysteine accessibility for MTSEA modification was determined by
monitoring effects on whole-cell current with a 4-ms test pulse to +50 mV.
For closed-state accessibility the test pulse was from Vhold every 10 s. For
slow-inactivated state accessibility we used a 60-s prepulse to 0 mV and a
10-s interpulse to Vhold (to allow recovery from slow inactivation) before
each test pulse. This resulted in a test pulse every 70 s.

Data collection and analysis. Data were collected using an Axopatch
200B amplifier (filtered at 5 kHz) and pCLAMP software (Axon
Instruments, Foster City, CA, USA). Analysis of data and curve fits
were performed with pCLAMP and Origin software (MICROCAL
Software, Inc., Northampton, MA, USA). Differences were considered
significant at p < 0.05 (ANOVA). Grouped data are presented as
means ± SEM.
Results

MTSEA reduces current in wild-type hNav1.5 but not in

mutant C373Y

We used whole-cell recording with a 4-ms test pulse
from Vhold (�160 mV) to +50 mV every 10 s to monitor
the baseline effect of 1.5 mM MTSEA on Na+ current from
wild-type hNav1.5. As demonstrated in Figs. 1A and B,
MTSEA causes a large, rapid reduction in current recorded
from wild-type hNav1.5. Exposure to extracellular
MTSEA for 150 s reduced whole-cell current by 80% (Figs.
1A and B). The effect of MTSEA exposure was not revers-
ible with washout, consistent with covalent bonding with a
cysteine residue in hNav1.5. The MTSEA-induced reduc-
tion in Na+ current is unique to hNav1.5 because another
Nav isoform, hNav1.4 (human skeletal muscle), does not
show this response (Fig. 1A). hNav1.4 contains a tyrosine
(Y) residue at position 401 in the outer pore region,
whereas the homologous site in hNav1.5 contains a cys-
teine (C373). Substitution of tyrosine (Y) for native cys-
teine (C) in hNav1.5 at position 373 (C373Y) abolishes
the sensitivity of hNav1.5 to MTSEA. Exposure to
MTSEA for up to 4 min did not significantly reduce Na+

current in C373Y (Fig. 1A). Therefore, we used the
C373Y mutant as the background for substitution of cys-
teine (C) for the native valine (V) at position 930 in the
D2-S6 double mutant C373Y-V930C.

Fast inactivation and activation in hNav1.5, C373Y, and
C373Y-V930C

Measurement of baseline electrophysiological properties
showed no significant difference in steady-state fast inactiva-
tion with the C373Y and C373Y-V930C mutants when com-
pared with wild-type hNav1.5 (Fig. 2A). The V1/2 and k

values from the Boltzmann fit for steady-state fast inactiva-
tion were, respectively: hNav1.5 (n = 6), �80.5 ± 0.5 mV,
8.4 ± 0.4; C373Y (n = 6), �74.9 ± 0.4 mV, 6.9 ± 0.4;
C373Y-V930C (n = 11), �82.9 ± 0.6 mV, 8.2 ± 0.5. The
activation (conductance–voltage) curve was left-shifted in
C373Y compared with hNav1.5 (Fig. 2B; p < 0.05). The
V1/2 and k values from the Boltzmann fit for activation were,
respectively: hNav1.5 (n = 6), �43.2 ± 1.0 mV, 10.9 ± 0.9;
C373Y (n = 6), �51.6 ± 1.2 mV, 9.8 ± 1.0; C373Y-V930C
(n = 11), �39.8 ± 0.6, 9.1 ± 0.5.

C373Y-V930C is relatively resistant to slow inactivation

compared with hNav1.5 and C373Y

Slow-inactivation phenotype was characterized with
three protocols which examined development of slow inac-
tivation, recovery from slow inactivation, and steady-state
slow inactivation (see Materials and methods). There was
no significant difference in slow-inactivation phenotype
observed between hNav1.5 and C373Y (Figs. 3A–C). In
contrast, C373Y-V930C is somewhat resistant to slow inac-
tivation compared with hNav1.5 and C373Y. After 60 s at
0 mV, C373Y-V930C shows less slow inactivation (�15%)
compared with C373Y and hNav1.5 (�35–40%; p < 0.001;
Fig. 3A). In addition, C373Y-V930C recovers faster from
slow inactivation with a time constant of 180 ± 40 ms
(p < 0.05) vs. 420 ± 100 ms for C373Y and 570 ± 100 ms
for hNav1.5 (Fig. 3B). Slow inactivation in C373Y-
V930C shows less voltage-dependence (k = 11.6 ± 1.7)
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than either hNav1.5 (k = 18.4 ± 2.2; p < 0.05) or C373Y
(k = 20.2 ± 1.8; p < 0.001; Fig. 3C).

MTSEA reduces current in C373Y-V930C in the slow-

inactivated state, but not in the fast-inactivated or closed state

To look for state-dependent conformational changes
involving residue 930 in D2-S6, we applied 1.5 mM
MTSEA to C373Y-V930C in the closed state
(Vhold � 160 mV), the fast-inactivated state, and the slow-
inactivated state. When C373Y-V930C was exposed to
extracellular MTSEA for 4 min while held at �160 mV
(closed state), no significant effect on Na+ current was
observed (Fig. 4). For fast inactivation, depolarization
pulses to 0 mV for 100 ms at 5 Hz during 4 min continuous
exposure to MTSEA produced no significant effect on cur-
rent in C373Y-V930C (Fig. 4). Similar results were found
using depolarization pulse trains to 0 mV for 4 ms at
50 Hz (n = 3; data not shown).
To determine if slow inactivation produces state-depen-
dent molecular rearrangements involving residue 930 in
D2-S6, we applied 1.5 mM MTSEA to C373Y-V930C in
the slow-inactivated state. We depolarized the cell to
0 mV for 60 s and then allowed recovery from slow inactiva-
tion at�160 mV for 10 s prior to the test pulse. We repeated
this protocol four times for a total of 4 min of MTSEA
exposure at 0 mV. We found that when C373Y-V930C
was slow-inactivated during 4 min MTSEA exposure, there
was a significant decrease in Na+ current to about 50% of
baseline (p < 0.001 compared with C373Y; Fig. 5). This
effect was not reversed by post-MTSEA washing (Fig. 5).

We also studied the slow-inactivation-induced accessi-
bility change in C373Y-V930C with another MTS com-
pound, methanethiosulfonate ethyltrimethylammonium
(MTSET), both extracellularly and intracellularly. We
found no effect on slow inactivated channels with extracel-
lular application of 1 mM MTSET (n = 3) or intracellular
MTSET (n = 4; data not shown).
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Discussion

Slow inactivation in Navs can play an important role in
normal physiological function of excitable tissues. In this
study, we examined molecular mechanisms underlying the
process of slow inactivation in cardiac Navs. Specifically,
we wanted to determine if slow inactivation induces con-
formational changes impacting transmembrane segment 6
of domain 2 (D2-S6) in human cardiac Na+ channel
hNav1.5. Using cysteine substitution and MTSEA-accessi-
bility, we found that residue 930 in D2-S6 is inaccessible to
MTSEA-modification in the closed state (�160 mV), but
becomes accessible to modification in the slow-inactivated
state (0 mV).
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MTSEA effects on current in wild-type hNav1.5 and mutant

C373Y

In order to use the substituted-cysteine accessibility
method (SCAM) [24], there must be no response to appli-
cation of MTSEA with the wild-type hNav1.5 control.
However, this is not the case for hNav1.5, in which short
application of MTSEA produces large and rapid decreases
in Na+ current recorded. This effect is non-reversible dur-
ing extended periods of wash after MTSEA application,
suggesting that there is covalent reactivity between a native
cysteine and MTSEA. This is not surprising because the rat
cardiac Na+ channel rNav1.5 also shows this response [25].
To eliminate MTSEA reactivity in wild-type hNav1.5, we
substituted tyrosine (Y) for the native cysteine (C) in the
mutant C373Y. We chose tyrosine because this is the
homologous residue in human skeletal muscle hNav1.4,
an isoform that does not respond to MTSEA. We then
used the hNav1.5 mutant C373Y, which does not show a
response to MTSEA, as the baseline for our study.

Activation and fast inactivation in hNav1.5, C373Y, and
C373Y-V930C

We substituted cysteine at V930 in the hNav1.5 mutant
C373Y to produce the mutant C373Y-V930C. We chose
the V930 site because we have previously demonstrated
state-dependent MTSEA-accessibility at the homologous
site, V787 in D2-S6, in rat skeletal muscle rNav1.4 [18]
and we were interested in determining if the cardiac
hNav1.5 shared similar molecular mechanisms of slow
inactivation. The only significant difference in activation
and steady-state fast inactivation between the mutants
and wild-type was a hyperpolarizing shift of about 9 mV
in the activation (conductance–voltage) curve of C373Y
compared with hNav1.5. These results demonstrate that
the substitutions do not dramatically disrupt normal fast
gating.

Slow inactivation in hNav1.5, C373Y, and C373Y-V930C

We found that substitution of tyrosine in C373Y did not
affect slow inactivation compared with hNav1.5. However,
substitution of cysteine at V930 in C373Y-V930C produces
a relative resistance to entry into and a more rapid recovery
from slow inactivation compared with hNav1.5 and
C373Y. In addition, steady-state slow inactivation in
C373Y-V930C is less sensitive to changes in voltage com-
pared with the other channels. These data suggest that
position 930, located in the inner pore region [17], may
be an important molecular determinant for slow inactiva-
tion in hNav1.5. This conclusion is supported by our pre-
vious study showing that the homologous mutant V787C
in the rNav1.4 background also confers some resistance
to slow inactivation [18].

This observation also lends support to the proposal that
cardiac Nav1.5 and skeletal muscle Nav1.4 share some
related molecular mechanisms of slow inactivation. This
is an interesting result because the two isoforms exhibit
dramatically different overall slow-inactivation pheno-
types, with Nav1.5 being more resistant to slow inactiva-
tion compared with Nav1.4 [22,23]. While the molecular
mechanisms that make Nav1.5 more resistant to slow inac-
tivation than Nav1.4 are not known, the results from this
study suggest a role for the S6 segments in this process.
Future experiments with additional substitutions in D2-
S6 and substitutions in the other domains (D1, D3, and
D4) should provide further information on the interaction
of the S6 segments during prolonged depolarizations in
Navs.

MTSEA effects on C373Y-V930C in the slow-inactivated

state compared with the closed state

Our main interest in this study was the state-dependent
accessibility of substituted cysteines to MTS agents as a
function of state-dependent conformational changes. We
used MTSEA because this compound can readily enter the
membrane from either side and can access sites deep within
the protein [34]. This characteristic of MTSEA has been suc-
cessfully exploited to determine accessibility of pore-lining
and other residues in Navs [18,34,35]. This contrasts with
other MTS reagents which do not readily enter the mem-
brane, e.g., methanethiosulfonate ethyltrimethylammonium
(MTSET), but which are quite effective when cysteine resi-
dues are closer to the intracellular or extracellular side of
Navs [36–38]. Therefore, MTSET may not produce a func-
tional effect in Navs in situations where MTSEA shows an
effect [18]. This may be due to inaccessibility of the pore to
these reagents because of occlusion by the fast inactivation
gate on the intracellular side and restricted access due to
the selectivity filter at the extracellular side.

When MTSEA is applied to C373Y-V930C at �160 mV
(closed state), there is no significant effect on Na+ current.
Also, there is no effect on Na+ current with protocols using
short depolarizations that produce fast inactivation in
C373Y-V930C. However, when C373Y-V930C is slow-in-
activated at 0 mV in the presence of MTSEA, there is a
marked decrease in Na+ current. We propose that the dif-
ference in response to MTSEA is due to a change in acces-
sibility of 930C to MTSEA during slow inactivation. We
suggest that 930C is inaccessible in the closed and fast-inac-
tivated states, e.g., buried in the protein or facing away
from the pore, but becomes accessible to MTSEA when
in the slow-inactivated state, e.g., facing the pore. This con-
clusion is consistent with other studies demonstrating slow-
inactivation-dependent molecular rearrangement in Navs
[18,39]. For example, previously we demonstrated that in
the rNav1.4 mutant V787C, MTSEA reduces current when
applied in the slow-inactivated state, but not when applied
at rest [18]. Conversely, Vedantham and Cannon [39] found
that application of MTSEA in the rNav1.4 mutant V1583C
(cysteine substituted for valine in D4-S6) reduced current
at rest, but not in the slow-inactivated state. Although
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the mechanism of Na+ current reduction by MTSEA is
unknown, it may be due to steric hindrance or conforma-
tional changes that result in disruption of normal voltage
gating, or to a direct physical blocking of Na+ ion flow
through the pore.

The accessibility of 930C to modification by MTSEA
was observed in the mutant C373Y-V930C, which is rela-
tively resistant to slow inactivation compared with wild-
type hNav1.5. Therefore, the accessibility of 930C in this
mutant may differ from that of the native V930 found in
wild-type hNav1.5. However, C373Y-V930C expresses
well, shows no obvious disruption in fast gating, and exhib-
its a definite slow-inactivation phenotype. Thus, the differ-
ence in slow inactivation between hNav1.5 and C373Y-
V930C does not appear to represent a major disruption
of molecular structure or the slow-inactivation gating pro-
cess. Interestingly, an earlier study demonstrated a similar
moderate resistance to slow inactivation with alanine sub-
stitution at the homologous site in the rNav1.4 isoform
mutant V787A [18].

In conclusion, we have demonstrated that slow inactiva-
tion in C373Y-V930C changes the position of the 930C res-
idue as monitored by MTSEA accessibility. Taken together
with previous results implicating S6 segments in slow inac-
tivation [18,19,39], we propose that this change in MTSEA
accessibility during prolonged depolarization is due to a
change in the relative position of D2-S6 within the inner
pore region. Although Nav slow inactivation is a complex
process that likely involves different domains of the pro-
tein, our current data support the hypothesis that slow-in-
activation gating in hNav1.5 (and perhaps other Nav
isoforms) involves conformational changes in the inner
pore region of D2-S6.
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