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Cooperative effect of S4-S5 loops in domains
D3 and D4 on fast inactivation of the Na™ channel

M. Oana Popa!, Alexi K. Alekov!, Sigrid Bail', Frank Lehmann-Horn! and Holger Lerche!-?

Departments of ' Applied Physiology and ? Neurology, University of Ulm, D-89069 Ulm, Germany

Cytoplasmic S4-S5 loops have been shown to be involved in fast inactivation of voltage-
gated ion channels. We studied mutations in these loops and their potential cooperative
effects in domains D3 (N1151C, A1152C, 11160C/A) and D4 (F1473C, L1482C/A) of the
human skeletal muscle Na* channel a-subunit (hNa,1.4) using expression in tsA201 cells
and the whole cell patch-clamp technique. All cysteine mutations were accessible to intra-
cellularly applied sulfhydryl reagents which considerably destabilized fast inactivation. For
different combinations of corresponding D3/D4 double mutations, fast inactivation could
be almost completely removed. Thermodynamic cycle analysis indicated an additive effect
for N1151C/F1473C and a significant cooperative effect for 11160/L1482 double mutations.
Application of oxidizing reagents such as Cu-phenanthroline to link two cysteines via a
disulfide bridge did not reveal evidence for a direct physical interaction of cysteines in
D3 and D4. In addition to the pronounced alterations of fast inactivation, mutations of
11160 shifted steady-state activation in the hyperpolarizing direction and slowed the kinetics
of both activation and deactivation. Sulthydryl reagents had charge-dependent effects on
I1160C suggesting interaction with negative charges in another protein region. We conclude
that fast inactivation of the Na* channel involves both $4-S5 loops in D3 and D4 in a
cooperative manner. D3/S4-S5 also plays an important role in activation and deactivation.
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Voltage-gated Nat and K* channels provide the basis
for the generation and conduction of action potentials
in nerve and muscle cells. In response to membrane
depolarization, they open from the resting, closed state,
and then Na® channels and some types of Kt channels
inactivate. Voltage-gated ion channels have a common
tetrameric structure of homologous domains (D1-D4)
each with six transmembrane segments (S1-56). Whereas
K* channels are constituted by four identical domains, the
about fourfold longer Na* channel «-subunits have four
homologous but distinct domains. All four S4 segments
contain positively charged residues conferring voltage
dependence to the channel protein (Hille, 2001). As
first proposed by Armstrong & Bezanilla (1977), fast
inactivation of voltage-gated channels is supposed to
function in a ball and chain or hinged-lid fashion with a
tethered inactivation particle occluding the internal mouth
of the pore from the cytoplasmic side (Hoshi et al. 1990;
West et al. 1992).

S4-S5 loops are short sequences of 15-20 amino
acids adjacent to the voltage sensors and exposed to the
cytoplasm. They have been shown previously to play
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an important role in fast inactivation of both K* and
Na't channels, and have been proposed to contribute
to the formation of a receptor site for the inactivation
particle (Isacoff et al. 1991; Holmgren et al. 1996; Smith
& Goldin, 1997; Lerche et al. 1997; Filatov et al. 1998;
McPhee et al. 1998; Tang et al. 1998; reviewed by Catterall,
2000). A direct interaction between an inactivation
peptide and S4-S5 in Shaker K channels (Holmgren
et al. 1996) as well as between the proposed Na™ channel
inactivation particle IFM and an amino acid in D3/S4-S5
of the rat brain type Ila Na® channel (rNa,1.2) (Smith
& Goldin, 1997) was suggested by experiments using
substituted, complementary charges. Structure—function
analysis using cysteine mutagenesis of the D4/54-S5 loop
ofthe rat or human skeletal muscle Nat channel confirmed
an important role in fast inactivation, but revealed that
most parts of D4/S4-S5 are still accessible when the
channel is inactivated (Lerche et al. 1997; Filatov et al.
1998), arguing against a direct function of the proximal
part of D4/54-S5 as a receptor site for the IFM. In a
more recent study with K™ channels, the receptor site
for the inactivation ball was located in the central cavity
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of the pore formed by the S6 segments (Zhou et al.
2001).

An important question for Nat channels in contrast
to KT channels is whether the distinct domains play
different roles in channel gating. Previous studies revealed
that in particular D4 plays a prominent role in fast
inactivation, whereas D1 to D3 are more important for
channel activation (Stuhmer et al. 1989; Chahine et al.
1994; Lerche et al. 1996; Chen et al. 1996; Mitrovic et al.
1998; Cha et al. 1999). Second, the question for both
Nat and K" channels arises as to whether the voltage
sensors and other protein structures in different domains
act independently or in a cooperative manner. Several
studies revealed evidence for cooperative interactions of
the voltage sensors during activation of K channels
(Tytgat & Hess, 1992; Schoppa et al. 1992; Bezanilla et al.
1994; Zagotta et al. 1994; Schoppa & Sigworth, 1998;
Smith-Maxwell et al. 1998a,b; Ledwell & Aldrich, 1999;
Mannuzzu & Isacoff, 2000) and recent work also points
to such cooperative effects in Na™ channels (Chanda et al.
2004).

Our paper is focused on cooperative effects of S4-S5
loops in domains D3 and D4 with regard to fast
inactivation of the Na' channel. We chose three sites in
D3/S4-S5 (N1151, A1152, 11160) and two in D4/S4-S5
(F1473, L1482) which either harbour mutations causing
ion channel disorders (Ptacek et al. 1994; Wang et al. 1995;
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Mitrovic et al. 1996; Richmond et al. 1997; Fleischhauer
et al. 1998) or have otherwise been shown to be important
for fast inactivation of the channel (Smith & Goldin,
1997; Lerche et al. 1997; Filatov et al. 1998; McPhee et al.
1998; Alekov et al. 2001). According to an alignment
using positively charged residues in S4 segments and
five conserved residues in S4-S5 loops, N1151/F1473
as well as I1160/L1482 should be corresponding
residues in D3/S4-S5 and D4/S4-S5, respectively
(Fig. 1). These two pairs were used for cooperativity
studies.

Methods
Mutagenesis

Site-directed mutagenesis to introduce the different
alanine and cysteine mutations in S4-S5 loops of domains
D3 and D4 of the @-subunit of the human skeletal muscle
Na*t channel (Na, 1.4, gene: SCN4A) was performed using
the Altered Sites system employing the plasmid vector
pSELECT (Promega Corporation; Lerche et al. 1997;
Alekov et al. 2001) or PCR-based strategies. All mutations
were verified by dideoxynucleotide sequencing. Full length
wild-type (WT) and mutant constructs of single and
double mutations were assembled in the expression vectors
pRC/CMV for transfection into the mammalian cell line
tsA201.

outside

inside
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S4 54-S5 S5
I . S

D1: RTFRVLRALKTITVIPGLKTIVGALIQSVKKLSDVM
D2: RSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLT
D3: KSLRTLRALRPLRALSRFEGMRVVVNALLGAIPSIMNVL
D4: RVIRLARIGRVLRLIRGAKGIRTLLFALMMSLPALFNIG
Shaker: RVIRLVRVFRIFKLSRHSKGLQILGQTLKASMRELGLLI

Figure 1. Model of the adult human muscle Na* channel a-subunit (Nay1.4)

All mutations within the intracellular S4-S5 loops of domains D3 and D4 are shown. The lower part of the figure
shows a putative alignment of the amino acid sequences in S4 and S4-S5 segments of domains D1-D4 of Na, 1.4,
the Shaker K* channel (K, 1.1). Positive charges of the voltage sensors (54 segments) are shown in italic, conserved
residues in S4-S5 are underlined, and the residues mutated in this study are shown in bold.
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Expression in tsA201 cells

Transfection of plasmids containing the cDNA of WT
or mutant Nat channel «-subunits into tsA201 cells
was performed using a standard calcium phosphate
method. A CD8-cDNA containing plasmid was
cotransfected to recognize transfected cells using
anti-CD8 antibody-coated microbeads (Dynabeads
M450, Dynal, Oslo, Norway) (Lerche et al. 1997).

Electrophysiology

Nat currents from mammalian cells were recorded
using an EPC-7 patch clamp amplifier (List Electronics,
Darmstadt, Germany), a Digidata 1200 digitizer and
pCLAMP 6 data acquisition software (Axon Instruments,
Union City, CA, USA). Leakage and capacitive currents
were automatically subtracted using a pre-pulse protocol
(—P/4). Currents were filtered at 3 kHz and digitized at
20 kHz, except for tail currents which were filtered at
10 kHz and digitized at 50 kHz. All measurements were
performed at room temperature of 21-23°C.

The experiments were conducted in tsA201 cells using
the whole cell patch clamp technique. Nat currents of
2-15nA were recorded from transfected tsA201 cells, at
least 10 min after establishing the whole cell configuration.
Borosilicate glass pipettes were fire polished with a final
tip resistance of 0.8-1.2 M2 when filled with internal
recording solution (see below). We carefully checked that
the maximal voltage error due to residual series resistance
after up to 90% compensation was always <5 mV.

Solutions

For whole-cell recordings, the pipette solution contained
(mm): 105 CsF 35 NaCl, 10 EGTA, 10 Hepes, pH 7.4. The
bathing solution contained (mm): 150 NaCl, 2 KCI, 1.5
CaCl,, 1 MgCl,, 10 Hepes, pH 7.4.

The sulthydryl reagents [2-(trimethylammonium)
ethyl]Jmethanethio-sulfonate bromide and sodium(2-
sulfonatoethyl)methanethiosulfonate ~ (MTSET  and
MTSES, Toronto Research Chemicals, North York,
Ontario, Canada) were kept in a H,O-stock solution
(500 mMm) at —20°C and diluted 1:50 (MTSES) or
1:200 (MTSET) to the pipette solution immediately
before the experiments. Reagents with lower water
solubility (MTS-1-MTS) were prepared as stocks in
dimethylsulfoxide (DMSO) and stored at —20°C. An
aliquot of the stock solution was thawed each day and
used as in the case of water soluble reagents.

Cu(II)1,10-phenanthroline;  stock  solution  was
prepared by dissolving Cu(II)SO; and 1,10-
phenanthroline to reach final concentrations of 150
and 500 mwm, respectively, in a 4 : 1 water/ethanol solution
(Careaga & Falke, 1992). This stock solution was diluted
1:1000 to the pipette solution at the time of use.
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Data analysis

All data were analysed using a combination of
pCLAMP, Microsoft Excel and Origin (OriginLab
Inc., Northampton, MA, USA) software. For statistical
evaluation, Student’s ¢ test was applied. All data are shown
as means =+ s.E.M., unless otherwise indicated.

The membrane was depolarized to various test
potentials from a holding potential of —140 mV. The
time course of inactivation was best fitted to a double
exponential function yielding two time constants of
inactivation. The weight of the second slower time
constant was relatively small (0-25%) except for mutations
containing F1473C-ES for which we found an amplitude
of 50% for the slow component. To describe the slowing
of inactivation in the Results section, only the fast
time constant was therefore used, which was termed 7},
Persistent Na™ currents (I, for ‘steady-state’ current),
were determined at the end of 70 ms-lasting depolarizing
pulses to 0mV and are given relative to the initial
peak current (Ipei). Recovery from inactivation was
recorded from a holding potential of —100 mV. Cells
were depolarized to —20 mV for 100 ms to inactivate all
Na*t channels and then repolarized to various recovery
potentials for increasing duration. The time course of
recovery from inactivation was best fitted to a double
exponential function with an initial delay. For comparison
among WT, mutants and effects of MTSET/MTSES, only
the fast time constant was used, since the slow one had
a relatively small weight (< 25%) and did not vary much
compared to the fast one, which was termed 7.

Steady-state inactivation was determined using 300 ms
conditioning pulses to various potentials followed by the
test pulse to —20 mV at which the peak current reflected
the percentage of non-inactivated channels. Inactivation
curves were fitted to a standard Boltzmann function:

I/10ax(V) = 1/(1 + exp[(V = V1) / kv]),

with I, being the maximal current amplitude, V1,
the voltage of half-maximal inactivation, and ky the
slope factor. The activation curve (conductance—voltage
relationship) was derived from the current—voltage
relationship by measuring the peak current at various step
depolarizations from the holding potential of —140 mV,
and also fit to a Boltzmann function:

8/8max(V) = 1/(1 +exp[(V = V,)/ kv]),

with ¢=1/(V -V ,,) being the conductance, g the
maximal conductance, V., the Na* reversal potential, V',
the voltage of half-maximal activation, and ky the slope
factor.

Na™ current traces were fitted to the Hodgkin-Huxley
equation (m’h, Hodgkin & Huxley, 1952) to quantify the
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time course of activation for the WT and some mutants:

1(t) = A[l — exp(—(t — 1)) /Tm)]’ exp(—(t — 1)) /Th),

where t,, is the activation time constant, 7} the
inactivation time constant, A an amplitude factor, ¢ the
time after onset of the depolarization, and ¢, the delay to
activation of the channel.

To characterize deactivation of WT and mutant Na*
channels, a short depolarizing pulse (0.26 ms to 70 mV),
which activated all channels without causing significant
inactivation, was followed by the test pulse to the
indicated potentials. The deactivation time constant, 74,
was obtained by a single exponential fit to the tail current
decay.

Entry into, recovery from and steady-state slow
inactivation were characterized using cumulative
protocols (Alekov et al. 2001). To measure the entry,
cells were held at —100 mV, depolarized to 0 mV for
increasing duration, repolarized for 100 ms to —100 mV
to let the channels recover from fast inactivation, and
then depolarized again shortly for 3 ms to determine the
fraction of slow inactivated channels without inducing
further slow inactivation. The time course of slow
inactivation was well fitted to a single exponential
function. Recovery from slow inactivation was measured
for different time points at —120mV after a 30s
conditioning pulse to 0 mV. Curves were fitted to a double
exponential function. For steady-state slow inactivation
30s conditioning pulses starting at —140mV and
stepping by 10 mV increasingly to 10 mV were used, with
each followed by a 20 ms hyperpolarization to —140 mV
(to let the channels recover from fast inactivation) and
the 5ms test pulse to —20 mV. Curves were fitted to a
standard Boltzmann function as for fast inactivation (see
above).

Double mutant cycle analysis

The mutational effects in Na,1.4 were analysed through
a thermodynamic description of site-specific effects. We
calculated the change in free energy due to inactivation of
the WT and mutant proteins according to

AG = —RT InK,,

where Ris the gas constant, T is the absolute temperature in
kelvins, and K is the equilibrium constant, ko,/ko, with
kon and ko being the on and off rate constants for fast
inactivation. For strong depolarizations, the steady-state
level of the current relative to the peak current can
be approximated as I'/Ipeak & Kot/ (Koft + kon). Thus, Keq
was calculated as Keq = kon/koss A (1 — Ls/I pear)/ (Iss/ I peak)
(McPhee et al. 1995). We used the steady-state current
determined at 0 mV, 70 ms after onset of the depolarization
for these calculations (see above). At this voltage, WT and
all mutant channels were fully activated, as can be seen in
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Fig. 3. As a measure of the effect on fast inactivation of
the site-directed mutation, we calculated the difference
AAG(WT—MUT) = AGyyur — AGwr. In the absence
of coupling between two mutations, the change in the
free energy associated with that transition upon a double
mutation equals the sum of changes in free energy due
to the single mutations. The deviation from additivity
gives a measure of the change in the coupling between the
two mutations due to the specified transition (Horovitz &
Fersht, 1990), in our case fast inactivation:

A(;coupling = AAG(WT—> MUTl/MUTZ)
—(AAG(WT = MUT1) + AAG(WT — MUT2)).

AG for WT and mutations was calculated for each
cell separately. Standard deviations for AGc,upiing Were
calculated by error propagation, i.e. the square root of the
sum of the variances.

Results

To evaluate a potential cooperative effect of mutations in
D3/54-S5 and D4/54-S5, we first studied the biophysical
properties of the single mutations and second those of the
different D3/D4 double mutants. We mainly introduced
cysteines and modified those by intracellularly applied
sulthydryl reagents (Stauffer & Karlin, 1994), but we also
introduced alanines at positions 1160 and 1482 to confirm
the effects of cysteines in an independent experiment.
Cooperative effects were analysed using thermodynamic
mutant cycles. Third, we tested a direct physical
interaction of D3/D4 cysteine double mutations using
oxidizing reagents to induce disulfide bridges. In addition,
we present interesting data on defects of channel activation
and deactivation, and report results on slow inactivation.

Effects of single mutations in D3/54-S5 and D4/S4-S5

Three cysteine mutations (N1151C, A1152C, and I11160C)
and one alanine mutation (I1160A) were investigated
in D3/84-S5 using transient expression in tsA201 cells
and the whole cell patch clamp technique. We aimed to
characterize the accessibility of the introduced cysteines
in the resting and inactivated states of the channel
using MTSES. The negatively charged reagent has been
shown to successfully modify cysteine mutants throughout
D4/S4-S5; additional use of the positively charged MTSET
did not yield further information (Lerche et al. 1997).
Therefore, we here investigated charge-dependent effects,
i.e. usingboth MTSES and MTSET, only at one site — 11160
—at which we observed large alterations in channel gating.
Cysteines were modified by intracellularly applied MTSES
(10 mMm) or MTSET (2.5 mMm) (denoted as C-ES or C-ET
in the following). The reactions of sulthydryl reagents with
the different cysteine mutations were generally slow (Fig. 2,
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inset). Reaction rates were determined from the increase in
persistent Na*t current or the slowing of inactivation. They
ranged from 0.11 to 0.03 min~"'. For L1482C the reaction
was extremely slow with a rate of about 0.008 min .

The results in the absence and presence of sulthydryl
reagents revealed profound alterations of both activation
and inactivation parameters, most pronounced for
I1160C-ES or -ET. Families of raw current traces are
shown in Fig. 2. It is noteworthy that 11160C could be
modified by MTSES or MTSET only at a depolarized
membrane but not when the cells were hyperpolarized
(Fig. 2, inset), whereas modification of the other two
cysteine mutations was independent of the membrane
potential. This indicates a relative conformational change
of D3/S4-S5 exposing C1160 to the cytoplasm upon
membrane depolarization.

Steady-state activation and inactivation curves are
presented in Fig.3A. The activation curve was largely

L

WT + MTSES
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shifted in the hyperpolarizing direction, in particular for
mutations at 11160, whereas steady-state inactivation was
less affected (Fig. 3B and C, and Table 1).

The time course of fast inactivation was slowed
3- to 4-fold for all mutations modified by the negatively
charged MTSES without altering its voltage sensitivity,
whereas kinetics were only slowed minimally for the
positively charged 11160C-ET (Fig. 4A and B). The most
prominent alteration of fast inactivation parameters
was an increase of the persistent Na® current. Seventy
milliseconds after onset of the depolarization to 0 mV, we
observed a persistent current of 20 & 4% of the maximal
peak current (I /I pear) for 11160C-ET and less pronounced
increases for the other mutations compared to 0.4 £ 0.1%
for wild-type (WT) channels (Fig.4C). I1160A was the
only mutation with a stabilizing effect on fast inactivation
— left shift of the availability curve (Fig. 3C) and slowing
of the recovery (Fig. 4D).

A

A\ D4:F1473C

P/

}

| L

+ MTSES |

=

Figure 2. Whole-cell currents of D3/54-S5, D4/S4-S5 and D3/D4 double mutants

Different pairs of mutations were investigated combining corresponding mutations at positions 1151 (D3/54-S5)
and 1473 (D4/S4-S5), as well as those at 1160 (D3/S4-S5) and 1482 (D4/54-S5) (compare alignment in Fig. 1).
Shown are representative raw current traces as recorded for each of the mutants expressed in tsA201 cells, in
the absence and presence of MTSES (10 mm) or MTSET (2.5 mw), elicited by depolarizing the membrane between
—105 mV and 67.5 mV in 7.5-mV steps from a holding potential of —140 mV. Note that — beside a distinct slowing
of the inactivation time course and a persistent Na* current at the end of the depolarization — the activation time
course was slowed significantly for 11160C-ES, but not for I1160C-ET. The scale bars represent 1 nA (vertical) and
5 ms (horizontal), respectively. The inset shows the reaction of 11160C with MTSES monitored as the change with
time of the persistent current relative to the peak current (Iss/lpeak) 20 ms after onset of the depolarization, at two
different holding potentials. At —20 mV (filled symbols), the reaction rate was 0.06 + 0.03 min~", whereas there
was no detectable reaction at —140 mV (open symbols), n = 3-4.
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The mutations F1473C, L1482C and L1482A in
D4/S4-S5 have been already investigated in previous
studies of our group using different solutions (with 2 mm
MTSES) and protocols at that time (Lerche et al. 1997;
Alekov et al. 2001). Raw currents of these mutants as
recorded in the study presented here are shown in Fig. 2,
their gating parameters in Figs 3B and C and 4B-D, and
Table 1. The results were very similar to those reported
before. Additionally, a hyperpolarizing shift of steady
state activation observed for F1473C-ES now reached
significance. Using 10 mm MTSES, we now observed an
increase in persistent sodium current for L1482C-ES
compared to L1482C. The reaction of L1482C with MTSES
was very slow (see above) and resulted in small effects
(Figs 3B and C and 4B-D). Therefore, it could not be
clearly determined if there was any voltage dependence
of the availability of C1482. Also, a native cysteine might
have become little accessible after mutating 11482
inducing these slowly progressing changes. However, as the
observed effect was an increase in persistent Na™ current
occurring as well for L1482C without reagents, L1482A
and other mutations in that channel region (Lerche et al.
1997), we believe that it was specific for L1482C.

J Physiol 561.1

Effects on activation and deactivation mutating 11160

The left shift of the activation curve observed for many
of the investigated mutants (Fig. 3B) might have arisen
at least in part from the disrupted inactivation which
can alter the apparent voltage dependence of activation.
However, for mutants containing 11160C the activation,
as well as deactivation, parameters were strongly affected
— independent of the observed changes in inactivation —
suggesting a direct effect on activation and deactivation.
Beside the strong hyperpolarizing shift of the activation
curve (up to —30 mV for 11160C-ET, Fig. 3A and B, and
Table 1), we observed a distinct slowing of the activation
time course for 11160C and 11160C-ES. Interestingly, this
did not occur with introduction of a positive charge
(I1160C-ET) (see raw currents in Fig. 2). The activation
time constants, T,,, for these mutations are shown in
Fig. 5A over the whole voltage range investigated. For the
more conservative mutant I1160A, a less pronounced but
significant slowing of activation was also observed at —60
and —70 mV. The time course of activation was normal for
all other single mutations in D3/54-S5 or D4/54-S5 (Fig. 2,
time constants not shown). For the double mutations
containing I11160C(-ES), we obtained similar results to

A B C
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o 11160C
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Figure 3. Activation and steady-state inactivation parameters of the studied mutants

A, voltage dependence of steady-state activation (open symbols), and steady-state inactivation (filled symbols), for
11160C (upper diagram) and for 11160C/L1482A (lower diagram) before and after modification by MTSES/MTSET.
Symbols as indicated in the legend. Lines represent fits to standard Boltzmann functions. Values for V1, are given in
Table 1. B, Vw/2 of activation curve for all mutants relative to the WT. C, V*/z of steady-state inactivation curve for all
mutants relative to the WT. Symbols of B and C as indicated in the legend. All values are shown as means =+ s.e.m.,

n=3-15.
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Table 1. Boltzmann parameters of activation and steady-state inactivation curves

V1/2 activ. kactivA V1/2 inactiv. kinactivA
(mV) (mV) (mV) (mV)

WT —440+1.2 —-5.8+0.2 —87.0+1.3 53+0.2
N1151C —48.5 + 1.3* —6.5+ 0.1%* —89.9+1.6 5.2+0.1
N1151C + MTSES —53.7 & 1.5%** —6.0+0.2 —85.1+1.2 5.1+£0.1
A1152C —446 +15 —-6.5+0.3* —83.8+1.2 45+0.2
A1152C + MTSES —50.4 + 1.1** —7.1£0.1%** —77.4 £ 0.6*** 5.6 +0.2
11160C —54.6 + 1.5%** —7.7 £0.3** —85.8+ 1.1 52+0.2
11160C + MTSES —64.6 + 0.7*** —9.1 + 0.7*** —-84.7+13 5.9 + 0.2**
11160C + MTSET —73.4 4+ 3.3*** —9.8 £ 0.7%** —89.6 + 2.6 83+1.3
11160A —57.1 £ 1.9%** —6.3+0.6 —93.5+0.9** 52+0.2
F1473C —-39.3+27 —-6.6 +0.4 —74.0 £ 2.7*** 7.5 £ 0.3
F1473C + MTSES —52.9 + 0.9** —6.0+0.4 —74.1 £ 1.7*** 7.9 £0.3***
L1482C —35.6 + 1.3*** —6.5+0.2** —77.4 £ 1.6*** 6.3 £ 0.2**
L1482C + MTSES —455+1.3 —6.2+0.2 —75.3 £ 0.8*** 6.0 £ 0.1**
L1482A —-37.8+29 -74+1.1* —85.4+1.2 7.4 £1.0**
N1151C/F1473C —-46.3+ 1.4 —6.7 £ 0.3* —78.4 + 1.1*** 6.0 £0.3*
N51C/F73C + MTSES —56.8 + 0.4*** —4.8 £ 0.2** —68.6 + 0.8*** 59+0.1
11160C/L1482C —48.9 + 1.6* —-6.8+0.3* —69.4 £+ 1.6*** 5.1+03
160C/L82C + MTSES —71.6 £ 2.0"** —10.4 £ 0.5*** —74.7 £ 2.2*** 8.4 £+ 1.1**
11160C/L1482A —56.4 £+ 1.5%** —-5.6+0.4 —76.0 £ 1.6** 6.3 +0.5*
160C/L82A + MTSES —60.5 &+ 3.1*** —8.0 £ 0.5%** —74.2 + 3.7 6.0 £ 0.7
160C/L82A + MTSET —70.6 £ 0.7*** —8.6 £ 1.5** —86.1+9.0 16.7 £ 6.8**
11160A/L1482A —54.8 + 3.0** —6.7 + 0.4* -90.9+1.3 7.2 £ 0.6**

Values for V1/2, the voltage of half-maximal activation and inactivation, and the slope factor k, were
derived from Boltzmann fits to activation and inactivation curves (see Methods). n = 3-15. Significance
levels are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

those for I1160C(-ES) alone, but for those with 11160C-ET
activation was again fast (Figs 2 and 5B).

Representative examples of raw current traces of the
deactivation time course are shown in Fig. 5C, and the
deactivation time constants, 4, in Fig.5D and E, for
all examined single and double mutations, respectively.
Deactivation was slowed up to 10-fold for all mutations
containing I1160C(-ES/-ET) and for I1160A, regardless of
whether the substituted modified or unmodified residue
in position 1160 was neutral, or negatively or positively
charged. In contrast to the differential effects of the
introduced charges on the time course of activation,
MTSET even had a slightly stronger effect on deactivation
than MTSES. Thus, a positive charge in position 1160
prevents the slowing of activation kinetics observed for
I1160C and I1160C-ES, but all other effects on gating
were not qualitatively different for a positive charge in this
position when compared to the polar cysteine residue or a
negative charge.

Cooperativity of corresponding mutations
in D3/54-S5 and D4/54-S5

Families of raw current traces for D3/D4 double
mutations before and after modification by sulthydryl
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reagents are shown in Fig.2 in comparison to the
respective single mutations. For N1151C/F1473C we
observed similar effects as for F1473C, in particular
a strong slowing of fast inactivation. None of the
alterations in channel gating indicated a cooperative
action of both mutations (Figs3B and C and
4B-D).

In contrast, for the different combinations of double
mutations in positions 1160/1482, the most obvious
changes were much larger persistent Na* currents than
expected for a simple additive effect, suggesting a
cooperative effect of mutations in those two positions.
For the modified double mutations, fast inactivation
could be almost completely removed (Figs2 and 4C).
The coupling energies for each pair of mutations were
determined by calculating the change in the free energy
of the channel state due to inactivation for all single
mutations as well as for the double mutations and the
differences between them in thermodynamic mutant
cycles (see Methods). The coupling energies for all three
pairs of mutations in the absence of sulthydryl reagents
were significantly different from zero (P < 0.05 or < 0.01,
respectively, Fig. 6) indicating that these double mutations
act interdependently with regard to their effects on fast
inactivation.
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The other gating parameters of 1160/1482 double
mutations were altered in a similar way as already observed
for the respective single mutations. Activation curves
were largely shifted in the hyperpolarizing direction as
for 11160C/A mutations, and the inactivation curves
towards more depolarized membrane potentials as seen
for L1482C/A mutations (Fig. 3A—C). The kinetics of fast
inactivation were slowed and recovery from inactivation
was accelerated (Fig. 4B and D). These changes point to
a considerably destabilized fast inactivated state of the
double mutant channel.

Exploring a direct interaction of D3/54-S5
and D4/S4-S5 using cysteine double mutations,
Cu-phenanthroline and MTS-linkers

The interaction of two protein regions can be examined
by double cysteine mutagenesis, when experiments
are designed to link the two cysteine side chains
either directly via a disulfide bridge using oxidizing
reagents such as Cu-phenanthroline, or with sulthydryl
reagents having a reactive MTS group at both ends
(MTS-1-MTS). We performed such experiments with
both pairs of combined cysteine mutations in D3/S4-S5
and D4/84-S5 (N1151C/F1473C, 11160C/L1482C) using
Cu-phenanthroline (0.15mMm) or H,O, (up to 1%) as
oxidizing reagents, and MTS-1-MTS as a sulthydryl linker.
All substances were applied intracellularly, i.e. added to the
pipette solution in whole cell experiments.

A B

-80 -60 -40 -20 O
o- Wt Vi(mv)

= mutation

A— mut, + MTSES

- mut. + MTSET

:
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For N1151C/F1473C, we did not observe significant
effects on channel gating using either of the oxidizing
substances. Applying the sulfhydryl linker, a slowing of the
inactivation time course occurred, similar to that observed
after modification by MTSES. There was no effect on
channel gating pointing to a direct interaction of both
cysteines via the MTS-linker, such as a channel block or an
abolished inactivation that might have been expected for a
severe conformational change of the protein implicated
by the formation of a new disulfide bond (results not
shown).

When MTS-1-MTS was applied to 11160C/L1482C
there was also no substantial effect on channel gating
other than those already known for MTSES or MTSET
modification. In contrast, when Cu-phenanthroline
(150 um) was applied to this double mutation, we
observed an inhibition of Na™ current at highly positive
membrane potentials which developed in a use-dependent
manner. The Cu-phenanthroline-induced inhibition was
reversible without using reducing reagents, in the
presence of Cu-phenanthroline, contrary to what would
have been expected for the formation of a disulfide
bond between the two introduced cysteines. Moreover,
another oxidizing reagent, H,0O,, was not able to induce
current inhibition in contrast to Cu-phenanthroline.
These results clearly indicate that there is no evidence
for a direct interaction of both cysteine residues and
that the observed current inhibition is due to a
channel block by Cu-phenanthroline. However, when we

D
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A1152C
11160C
11160A | |

D3/54-85 |

F1473C
L1482C
L1482A
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Figure 4. Kinetics and steady-state current of D3/54-S5, D4/5S4-S5 and D3/D4 double mutants

A, fast inactivation time constant, ty, as a function of voltage for 11160C (upper diagram) and 11160C/L1482A
(lower diagram) before and after modification by thiol reagents. Symbols as indicated in the legend. For comparison,
T at 0 mV (B), the sustained current relative to the peak current 70 ms after onset of the depolarization at 0 mV,
Iss/lpeak (C), and the time constant of recovery from inactivation at —100 mV, zrec (D), are shown. Symbols as
indicated in the legend. All values are shown as means + s.e.m., n = 3-13.
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examined the respective single mutations, 11160C and
L1482C, we only observed a very weak block for
both mutations — 14.3 +3.9% of blocked channels at
+60 mV for 11160C, 18.2 £ 3.2% for L1482C compared
with 67.94+5.3% for the 11160C/L1482C (results for
Cu-phenanthroline not shown). Thus, the double
mutation strongly enhanced channel block which under-
lines the cooperative action of both residues already
described for fast inactivation.

Slow inactivation

Since slow inactivation was affected by mutations
L1482C/A in D4/S4-S5 as reported previously by
our group (Alekov et al. 2001), we also looked for
changes in slow inactivation of mutation I11160C at the
corresponding site in D3/S4-S5 and the double mutation
[1160C/L1482C. All mutations had small but significant
effects on slow inactivation. 11160C shifted the steady-state
availability curve by —7 mV (and by —10 mV after MTSES
application) and accelerated the entry (at 0 mV) into slow
inactivation by 1.8-fold. L1482C increased the steepness
of the availability curve and slowed recovery from slow

Cooperative effect of D3/54-S5 and D4/S4-S5 of the Na™ channel
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inactivation (at —120mV) by 6.4-fold. Consequently,
for the double mutation we observed a negatively
shifted (—4 mV) and steeper availability curve, a 1.8-fold
accelerated entry and a 2.5-fold slowed recovery, thus a
consistent stabilization of slow inactivation. Application
of MTSES did not substantially alter these results (results
for slow inactivation are not shown).

Discussion

Although the four different domains of the Nat channel
certainly are specialized in their function, and in particular
the voltage sensor D4/S4 is most important for fast
inactivation in contrast to D1-D3/S4 (see Introduction),
we here present evidence that S4-S5 loops of both D3
and D4 play crucial roles in fast inactivation of the
channel and — more importantly — that the distal parts
of these regions act in a cooperative manner. Mutations in
both regions also affected voltage-dependent activation.
However, most of the observed effects were relatively
small compared to the alterations of fast inactivation,
except for mutations at position 1160 affecting profoundly
the voltage dependence and kinetics of activation and
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N *'ﬁ‘gio\é
—_ & ‘éf\ \?\
o 1 A m
£ Ny r}éé\ E 1 afa N\, N
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e 58 0%
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70mV
-90mV
-140mV - 10mV
. L L WT 11160C + MTSES
Figure 5. Effects on the kinetics of activation and
deactivation
A, activation time constant, T, as a function of voltage
for 11160C(-ES/-ET), I1160A mutations. Activation was [
significantly slowed for 11160C in the absence and
presence of MTSES, but not MTSET. B, voltage D E
dependence of activation time constants for the double 1 1 -
mutants 11160C(-ES/-ET)/L1482A and = /32540
- - ivati —_ _ v A — —
11160C ES/L1482C ES. C’. deactivation pulse protocol > e ;W > 4525/
and representative recordings for WT and 11160C-ES. £ 0.1 v;% «— £ 01 &
Scale bars represent 1 nA (vertical) and 1 ms (horizontal), > Vi/4/4 * » s
respectively. D and E, time constant of deactivation, g, 4« /Q/Q/ /§/§/
for the single mutations (D) and the double mutations 0.01 ./!/! 0.01 ./!/§
(E) as a function of voltage. Symbols as indicated in the 140 1200 -100 80 140 120  -100 -80
legend (inset). Shown are means =+ s.e.M., n = 3-6. V (mV) V (mV)
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deactivation. In the following, we will discuss the potential
molecular functions of these regions with regard to their
relations to other parts of the channel based on our results
and previous structure—function studies.

Potential role of D3/and D4/S4-S5 loops in fast
inactivation and their cooperativity

In a previous study, Smith & Goldin (1997) examined
the D3/S4-S5 loop and interaction with the IFM in
rNa, 1.2 by introducing glutamines and charged residues.
Major effects on inactivation were only observed for
A1329 (corresponding to A1152 in hNa,1.4) for which an
interaction with the IFM was suggested by introduction
of complementary charges. Our results for A1152C(-ES)
largely agree with these previous investigations
concerning the voltage dependence and kinetics of
most gating parameters. With the other two mutations
investigated, our results extend the previous work as we
observed also for them significant alterations in channel
gating, in particular for mutations of 11160. However,
as will be discussed below, the voltage-independent
accessibility of A1152C may argue against a direct
contribution of A1152 to a receptor site of the IFM, as
was suggested by the electrostatic interactions observed
in the previous study.

We previously examined all amino acids of the D4/S4-S5
loop of hNa,1.4 by systematic cysteine mutagenesis
(Lerche et al. 1997). Since all proximal residues were

WT N1151C
(0.39:0.06) | 0-50 £ 0.42 kealimol_ | 4 g6+ 18)
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accessible to sulfthydryl reagents with approximately the
same kinetics at depolarized membrane potentials (i.e.
inactivated channel) as at hyperpolarized potentials (i.e.
resting closed channel), we concluded that they do not
directly participate in a receptor site for the putative
inactivation particle IFM. The results obtained in the
study presented here confirm this impression also for
D3/S4-S5, as all three residues in D3/S4—S5 were accessible
in the inactivated state of the channel, two of them with
essentially the same reaction kinetics as in the resting
state, while I1160C was not accessible at a hyperpolarized
membrane. However, as the reaction rates in the present
study were very slow, this hypothesis has to be considered
with caution. The examined cysteines could also be
partially covered by different conformational changes in
the resting and inactivated states yielding similarly slow
reaction rates at both hyperpolarized and depolarized
membrane potentials. Thus, the voltage-independent
reaction rates do not exclude these residues as a receptor
site for the IFM.

There also remains uncertainty for two distal residues
in D4/S4-S5: 11482, since we could not examine
voltage-dependent accessibility of C1482 properly — due
to the very slow reaction rate and the small effect on
inactivation — and N 1484, since a cysteine mutation at this
site led to a non-functional channel (Lerche et al. 1997;
Filatov et al. 1998). N1484 is particularly important, as
substitution of an alanine in the corresponding position
of a rat brain Nat channel removed fast inactivation

WT 11160C
(0.39£0.06) | 0-67 £ 0.36 kealimol_ | (1 24+0.15)

097029 AAG,=-056+052 |040+0.38 037+0.29 | AAG = 1.56+0.44 1.93+0.33
kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol

F1473C | ———————*[N1151C/F1473C L1482C | —=——————"[11160C/L1482C
(2.03£0.55) | 006+ 0-31 kealimol " "2015 46 (0.70£0 12)| 222 0.25 keallmol | 55 6545 o)

WT 11160C WT 11160A
0.13 £ 0.24 kcal/mol
(0.3920.06) | 187 £ 0.36 kaalimol | 4 5410.15) (0.39£0.06)| L2 X2 KRG ) 46+0.03)
152+ 031 AAG,=122£049 |274+038 1.52+0.31| AAG, = 1.50 % 0.52 3.01+£0.42
kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
A 4 A 4 A4 \4
L1482A 11160C/L1482A L1482A [1160A/L1482A

—_— >
(4.85£0.71)| 1:89 £ 0.34 kealmol | 54 5943 62)

Figure 6. Thermodynamic mutant cycles

—»
(4.85+071)| 163 £ 047 keallmol | 44 15,8 39)

We used the persistent Na® current, Iss/lpeak (indicated for each mutation in brackets, means =+
s.E.M.) to calculate the free energy AG = —RT In(kon/kos). The coupling energy,

AAG = AAGIWTMUt1/Mut2) — (AAGWTMut1) + AAG(WTMut2)),

is shown in the middle of each cycle revealing an additive effect for N1151C/F1473C, and a significant
cooperative effect for 11160C/L1482C (P < 0.01), 11160C/L1482A (P < 0.05) and 11160A/L1482A (P < 0.05).

Shown are means + s.p., n = 3-10.
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almost completely (McPhee et al. 1998). Hence, this distal
part of D4/S4-S5 might directly participate in a receptor
site for the IFM.

Our data presented here demonstrate the importance
of studying gating parameters in Nat channels not only
in isolated mutations of one domain but also their
cooperativity in different domains. Persistent Na™ currents
for the single mutations were relatively small and would
not have indicated the crucial role of these loops for fast
inactivation that was shown by the double mutations
in positions 1160 and 1482. The persistent current
increased from 1.2 £ 0.2% and 0.7 £ 0.1% for the single
cysteine mutants to 23.7+2% when these mutations
were combined, strongly pointing to a cooperativity of the
mutations concerning destabilization of the inactivated
state. We attempted to quantify this cooperativity by
applying a double mutant cycle analysis. Using this
analysis we got a quantitative estimation of the inter-
dependency of the 11160 and L1482 action with regard
to inactivation, but no information if this is due to a
direct or indirect interaction. Values of coupling energies
reported in the literature for residue pairs which have
been proven to be in direct contact by revealing their
protein crystal structure vary between 1.3 and 7 kcal mol ™!
(Schreiber & Fersht, 1995; Goldman et al. 1997; Dall’Acqua
et al. 1998). For different paired substitutions of 11160
and L1482, we obtained coupling energies in the range
1.2-1.6 kcal mol~!, similar with what has been found for
residues forming either a hydrogen bond or 2-3 van der
Waals contacts (Goldman et al. 1997; Dall’Acqua et al.
1998).

Our experiments with Cu-phenanthroline also hint ata
cooperative action of I11160C and L1482C, since channel
block by Cu-phenanthroline was strongly enhanced in
the double mutant. However, in multiple cross-linking
experiments we could not find any conclusive evidence
for a direct interaction of S4-S5 loops in D3 and D4.
Therefore, the 1.2-1.6 kcal mol™! coupling energy most
probably does not result from a direct but rather an indirect
interaction of 11160 with L1482 through other protein
regions. How this interdependency of these two regions
functions on a molecular level remains a matter of
speculation. One possibility could be an interaction of
S4-S5 with S6 segments in each domain and a cooperation
of S6 segments in forming the receptor site for the
inactivation particle.

Potential role of 11160 in channel activation
and deactivation

A striking additional result of this study is the strong
alteration of activation and deactivation gating by
mutations in position 1160 at the C-terminal end of
D3/S4-S5 indicating an important role of this residue
for those processes. All mutations destabilized the resting
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closed relative to the open state by shifting the activation
curve in the hyperpolarizing direction and I11160C
(-ES/-ET) also reduced the apparent gating charge, since
the slopes of the activation curves were significantly
decreased (—1le, P <0.0001, for cysteine alone, —1.6e,
P < 0.00001, for 11160C-ES, and —1.8e, P < 0.0001, for
I1160C-ET, respectively). These results indicate that a
position of the voltage sensor or of the activation gate
towards the activated state is favoured by the mutations
and their modification by positively and negatively
charged reagents. The effects on the voltage dependence
of activation and also on deactivation kinetics were
neither related to charge, as I11160C-ET exhibited the
strongest negative shift in steady-state activation and
slowed deactivation even slightly more than 11160C-ES,
nor related to the size of the introduced residue, as
also I11160A showed the same effects. Thus, the bulky
hydrophobic isoleucine seems to exert a specific function
important for these gating parameters.

In contrast, activation kinetics were slowed for all
single and double mutants containing the polar cysteine
or the negatively charged C-ES at position 1160, but not
for the positive I1160C-ET for which activation kinetics
were not significantly different from the WT. For the
neutral alanine, kinetics were only a little slowed. The
differential effects with introduced charges on the voltage
dependence and the kinetics of activation indicate a
dissociation of the two gating processes. The slowed
activation kinetics could be caused either by slowed
movement of the voltage sensors or by a slowed opening
of the gate. In the latter case, this might suggest partial
uncoupling of voltage sensor movement from the opening
of the gate for 11160C(-ES).

The dissociation of effects between MTSES and
MTSET furthermore hints to charge-dependent
interactions of the introduced mutations with
another protein region. For Shaker K% channels
and hyperpolarization-activated pacemaker channels
recent studies revealed strong evidence for a direct
interaction of S4-S5 with S6 segments thereby coupling
voltage sensor movement to the opening of the pore, i.e. to
activation of the channels (Chen et al. 2001; Lu et al. 2002;
Decher et al. 2004). An alignment of these interacting
regions from the Shaker Kt channel (Lu et al. 2002) and
the corresponding regions of hNa, 1.4 reveal two negative
charges in D3/S6 (D1296) and D4/S6 (E1601) that may
potentially interact with I1160C-ES/-ET. In this regard we
have to consider that interaction of 11160 with S6 in the
native channel would have to be primarily hydrophobic, as
isoleucine is a strongly hydrophobic residue. However, the
polar cysteine and more particularly the negative charge
of I1160C-ES could disrupt this hydrophobic interaction
in the WT channel by a charge-dependent repulsion
involving D1296 or E1601. This could be compensated for
by a charge-dependent attraction of 11160C-ET with one
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of these residues and might therefore be responsible for
the observed differences in kinetics by the introduction of
distinct charges. The relatively small effects on activation
kinetics upon introduction of the neutral alanine could
be explained by less intense hydrophobic interactions
compared to the native isoleucine.

In summary, our results reveal a crucial cooperative role
of D3/S4-S5 and D4/S4-S5 for fast inactivation of the
voltage-gated Na™ channel, even if these two loops may not
directly contribute to a receptor site for the inactivation
particle IFM and not directly interact with each other.
11160 is intimately involved in channel activation and
deactivation and might interact with another protein
region, which could be the S6 segment.
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