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A Point Mutation in Domain 4-Segment 6 of the Skeletal Muscle Sodium
Channel Produces an Atypical Inactivation State
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ABSTRACT We compared wild-type rat skeletal muscle NaChs (w1) and a mutant NaCh (Y1586K) that has a single amino
acid substitution, lysine (K) for tyrosine (Y), at position 1586 in the S6 transmembrane segment of domain 4. In Y1586K,
macroscopic current decay is faster, the V,,, of the activation curve is shifted in the depolarized direction, and the
fast-inactivation curve is less steep compared with n1. After an 8-ms depolarization pulse, Y1586K recovers from inactivation
much more slowly than p1. The recovery is double exponential, suggesting recovery from two inactivation states. Varying the
depolarization protocols isolates entry into an additional, “atypical” inactivation state in Y1586K that is distinct from typical
fast or slow inactivation. Substitution of positively charged arginine (R) at Y1586 produces an inactivation phenotype similar
to that of Y1586K. Substitution by negatively charged aspartic acid (D) or uncharged alanine (A) at Y1586 produces an
inactivation phenotype similar to w1. Our results suggest that the positive charge of lysine (K) produces the atypical
inactivation state in Y1586K. We propose that a conformational change during depolarization alters the relative position of the
1586K residue in the D4-S6 segment and that atypical inactivation in Y1586K occurs via an electrostatic interaction in or near
the inner pore region.

INTRODUCTION

In response to changes in membrane potential, voltagesific functions to specific regions of the channel. For ex-
gated Nd channels (NaChs) open, close, and inactivateample, the S4 transmembrane segments are believed to be
This gating process of NaChs has been studied with #e voltage sensors (Stuhmer et al., 1989), the pore loops
variety of preparations and techniques (Hodgkin and Hux{SS1-SS2 regions between S5 and S6) appear to play a
ley, 1952; Armstrong et al., 1973; Aldrich et al., 1983; prominent role in N& ion selectivity (Heinemann et al.,
Khodorov, 1985; Stuhmer et al., 1989). More recently,1992), the cytoplasmic linker between D3 and D4 is thought
NaChs from several excitable tissues have been cloned and be the “ball” for fast inactivation (Patton et al., 1992), the
sequenced (Noda et al., 1984; Trimmer et al., 1989; Georgg4-S5 loop in D3 and/or D4 may be the “docking” station
etal., 1992; Gellens et al., 1992). The molecular structure ofor the inactivation ball (Smith and Goldin, 1997; McPhee
mammalian NaChs consists of a large (230-270-kDagt al., 1998), and D4-S6 probably forms part of the Nan
a-subunit and smaller (37-39-kDg@)subunits. Thex-sub-  permeation pathway (Ragsdale et al., 1994).
unit (Fig. 1) comprises four homologous domains (D1-D4), We have been interested in the S6 transmembrane seg-
each with six transmembrane segments (S1-S6), and agents of NaChs for several reasons. Studies suggest that the
pears to contain the molecular entities necessary for activagg segments line the inner part of the pore region and that
tion, inactivation, and ion selectivity in NaChs (Noda et al., the D4-S6 and/or D1-S6 segments form part of the binding
1986). The relationship between molecular structure andjte for local anesthetics and steroidal neurotoxins (Rags-
physiological function in NaChs has been studied by ajgle et al., 1994; Fozzard and Hanck, 1996; Wright et al.,
number of investigators (for reviews see Guy and Conti,1998; Wang and Wang, 1998, 1999: Linford et al., 1998). In
1990; Patlak, 1991; Catterall, 1992; Sigworth, 1994; Foz-qjtion, mutations in D4-S6 and D1-S6 can have dramatic
zard and Hanck, 1996). o effects on gating in NaChs (Cannon and Strittmatter, 1993;
Information on the molecular aspects of gating in NaChsyjcphee et al., 1994, 1995: Wang and Wang, 1997). These

has come mainly from studies using cloned NaChs in exgy,dies demonstrate that the S6 segments of NaChs are
pression systems such as human embryonic k'd”e}ShysioIogically and clinically important.

(HEK293{) cells andXenopusoocytes. Studies using site- |, s study we have characterized a rat skeletal muscle

directed mutagenesis in cloned NaChs have assigned SPRacCh mutant (Y1586K) that has a single amino acid sub-
stitution, lysine (K) for tyrosine (Y), at position 1586 in

D4-S6 (Fig. 1). We used patch-clamp techniques on tran-
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FIGURE 1 Thea-subunit of the voltage-gated Nachannel. A) A
cartoon of thex-subunit of the rat skeletal muscle Na channel, showing the
four domains, each with six transmembrane segments. The 1586 residue
located in D4-S6.8) A blow-up of the D4-S6 region. The dotted lines are
the approximate boundary of the membrane. The top of the figure would b
the extracellular side and the bottom of the figure would be the intracellulal
side of the membraneC} The side chains of the native tyrosine and the

lysine substitution.

ference in recovery phenotype between Y1586K pAds
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phenotype of Y1586K. In contrast, several other lysine
substitutions in D4-S6 fail to exhibit atypical inactivation
(Wright et al., 1998). Our results suggest that the intracel-
lular end of D4-S6 plays an important role in the gating of
NaChs. We propose that a molecular conformational change
during depolarization alters the relative position of the
D4-S6 segment in Y1586K. We hypothesize that atypical
inactivation in Y1586K results from an electrostatic inter-
action of the 1586K residue (e.g., with negatively charged
residues) in or near the inner pore region.

MATERIALS AND METHODS

Construction of Na* channel mutants and
transient transfection of cDNA clones

The NaCh mutants were constructed as previously described (Wang and
Wang, 1997). The cDNA clones of wild-type rat skeletal muscle NaCh
(Trimmer et al., 1989) and NaCh mutants were transiently expressed in
HEK293t cells. Transient transfection was performed with the calcium
phosphate precipitation method (Graham and Eb, 1973) as previously
described (O'Reilly et al., 1999), using 5—-1@ of NaCh cDNA subcloned

in the pcDNA1/amp vector (Invitrogen, San Diego, CA).

Na™ current recordings

Whole-cell Na current (typically 1-10 nA) was recorded from transiently
transfected HEK293t cells with patch-clamp techniques (Hamill et al.,
1981) at room temperature~@2°C). The pipette offset potential was
zeroed before the cells were patched. The liquid junction potential was not
corrected. The peak Nacurrent stabilized within 5-10 min after rupture

of the membrane, and recordings were obtained after this time. Activation
and fast inactivation curves were obtained 15-20 min after whole-cell
access was established. Micropipettes (Drummond Scientific, Broomall,
PA) were pulled on a Flaming-Brown puller (model P-87; Sutter Instru-
ments, Novato, CA). The pipettes were fire-polished and had resistances of
0.5-1.5 M). Series resistance was compensated at 80—-90%, resulting in
voltage errors of<5 mV. Linear leak subtraction based on four or five
hyperpolarizing pulses was used for all recordings. Any endogendus K
currents were blocked with Csin the pipette, and HEK cells express no
native C&" current (Ukomadu et al., 1992). The extracellular recording
solution was (in mM) 65 NaCl, 85 choline-Cl, 2 CgCand 10 HEPES,
titrated to pH 7.4 with tetramethylammonium hydroxide (TMA-OH). The
pipette intracellular 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 N& gradient and an outward Nacurrent at a test pulse 6f50

rlr?\/, thereby further reducing potential problems associated with series
resistance errors (Cota and Armstrong, 1989). Whole-cell recordings were

Fnaintained for upd 2 h inthis preparation with little or no rundown of the
'Na* current.

Electrophysiology protocols

Activation and fast inactivation

due to the presence of an additional, “atypical” inactivationThe holding potential\(,,,q) for all experiments was-140 mV. A test
state in Y1586K that is kinetically intermediate and distinctpulse to+50 mV (4 ms) was used to record peak ‘Naurrent (y).
from typical fast and slow inactivation. Other amino acid Activation curves were obtained from the peak current recorded with

substitutions (alanine, aspartic acid, arginine) at Y158@

ulses fromV,,, 4 to voltages over the range 6f90 mV to + 50 mV in
0-mV incrementsV, , of the curve and slope fact&were obtained from

demonstrate that the positive charge of the lysine substituy fit of the mean data with a Boltzmann functi@®G,,,, = 1/(1 +
tion plays a prominent role in the atypical inactivation exp(V,, — V)/K)), whereG = 1, /(V — Vieversa): VreversaWaS €Xperimen-
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tally determined for each cell. Macroscopic fast inactivation was deter-time constants from the exponential fits for development of and recovery
mined with a fit of the current decay from the test pulse {60 mV). from atypical inactivation were fit with the equation= (8 + «) %, where
Current decay was fit with a single exponentifl}, ., = Aexp(—x/71), « is the rate for leaving the atypical inactivated stateis the rate for
wherel, . is the peak current is time, andA, is the component for the  entering the inactivated statg(V) = B(0)expW/k), a(V) = a(0)exp(V/
time constantl. Steady-state fast inactivation was determined with a testk), «(0) andB(0) are the rate constants at 0 m¥js the test voltage, and
pulse to+50 mV to record , after a conditioning prepulse (100 ms) from Kk is the voltage dependence factor (O’Leary, 1998). These rate constants
—140 mV (or—160 mV) to—10 mV in 10-mV incrementsV/,,, and slope  were used to predict steady-state atypical inactivation with the equation
factor k were obtained from a fit of the mean data obtained with a a.(V) = a(V)/(a(V) + B(V)) (Hodgkin and Huxley, 1952; O’Leary, 1998).
Boltzmann function]/l, . = 1/(1 + exp(V — V,,5)/K)), whereV,, is the Data were collected with an Axopatch 200A amplifier (filtered at 5 kHz)
midpoint of the curve andt is the slope factor. and pClamp software (Axon Instruments, Foster City, CA). Curve fits and
data analysis were performed with pClamp and Origin software (Microcal
Software, Northampton, MA). Differences were considered significant at
Recovery from short depolarizations p < 0.05 (ANOVA). Grouped data are presented as mearSEM.

Recovery from short depolarizations was determined with a double pulse
protocol. The cell was stepped t650 mV for 2, 8, or 100 ms and then
stepped to-140 mV for various times (0.2 ms to 60 s) before the test pulse RESULTS

to +50 mV (4 ms). The peak current recorded with the test pulse was =~ o
normalized to that obtained after 60 s\4f,y (—140 mV). The time at Na™ channel mutant Y1586K exhibits some

—140 mV between pulses was10 s. differences from wild-type p1 in activation and
fast inactivation kinetics

Slow and atypical inactivation Whole-cell Na’ current was recorded from HEK cells tran-
siently transfected with the-subunit of wild-typeul or
To induce slow (and atypical) inactivation, the voltage was stepped to 0Y1586K (Fig. 1)_ Fast inactivation (macroscopic current

mV. Preliminary experiments verified that there was no significant increase - . .
in the development of slow (or atypical) inactivation with larger voltage decay from a test pulse te-50 mV fit with a smgle

steps (up to+30 mV). During the slow inactivation protocols, cells were exponential) is faster in Y1586K (0.24 0.01 ms;n = 21)
held atV,yq (—140 mV) for >2 min between pulses. In additioh,,was  than in wild-typeul (0.29% 0.01 ms;n = 21;p < 0.001).
checked between pulses to ensure recovery to injtiaand to check for ~ The h,, curve for steady-state fast inactivation (100-ms
possible time-dependent cumulative effects. Preliminary experiments Ve’conditioning pulse) is less steep for Y1586K=€ 8.1+ 0.2

ified that nonsequential time or voltage steps produce results identical t o A _ + S
those obtained with sequential steps. Three protocols were used to dete?rnv' n = 10) than for wild-typegul (k = 5.7+ 0.1 mV;n =

mine slow (and atypical) inactivation phenotype: 12;p < 0.001), although th&,,, of the curves are similar
1. To measure entry into slow (and atypical) inactivation, voltage was(—79.9 £ 0.1 mV for Y1586K;—81.5+ 0.1 mV for ul;
stepped (fromVy,q = —140 mV) to 0 mV for various times (2 ms to  Fig. 2 A). The activation (conductance-voltage) curve is

fOCt’ (S% Sﬁep_pecl*)t_&l“t_f’ ”:_V for 53 thS (02500 2250 é\‘j'f(’ZV feg?vefy f“;m right-shifted in Y1586K (21.1+ 1.4 mV) compared with
ast (or atypical) inactivation, and then steppe m ms) to recor - . .
Ina: Ina Was normalized to the initial value recorded before the start of theW”d-type ml (_2_9'8_i 0.8 mV;p < 0.01; F.Ig._ 2B)' T_he
protocol. The data were fit with a double- (or triple-) exponential function, SIOP€s of the activation curves are not statistically different
e = 1o + Aexp(=X/11) + Aexp(-x/72), wherely is the noninacti-  (Y1586:k = 10.3 £ 1.4; ul: k = 8.7 = 0.7).
vating component,,..is the peak currenk is time, andA, andA, are the
components for the time constants and 72, respectively.

2. Voltage dependence of steady-state slow inactivaignwas deter-
mined with the following protocol: a prepulse (30 s) in 20-mV increments Short depolarizations reveal an “atypical”
from —140 mV (or—160 mV) to 0 mV, a 50-ms (or 500-ms) step-td.40 inactivation state in Y1586K
mV, and then a 4-ms test pulse 650 mV to recordly, Iya Was
normalized to the initial value recorded before the start of the protocol By ~2 ms of depolarization ta-50 mV, n1 and Y1586K
Steady-state atypical inactivatioa. was determined with a prepulse of close and fast inactivate (see Fig. insety. When the
5 s The prepulse duratlons.(SO s, 5 's) were bgsed on prellmlngry datﬁﬂembrane is repolarized te 140 mV after a 2-ms depo—
indicating no further change in tree or a., curve with longer depolariza- o . .
tions (Hayward et al., 1997). The data from steady-state inactivation Wer(!:a”_zatlon pU|Se to+30 mV, recovery from the fast I_naCtI_
fit with a Boltzmann function)/l,., = (I, — 1)/(L + exp (V — Vy,)/K) vation state to the available (closed/resting) state is mono-
+ 1, whereV,,, andk have the same meaning as above, grehdl, are  exponential and rapid im1 and Y1586K (Fig. & and
the maximum and minimum values in the fit, respectively. Table 1).

3. To assess recovery from slow inactivation, the voltage was stepped to After a Ionger depolarization (8 ms), recovery differs

0 mV for 30 s, then stepped t6140 mV for various times (50 ms to 300 s), .
with a subsequent 4 ms test pulse &0 mV to recordly, |y, Was betweenul and Y1586K. Whileul recovers monoexpo-

normalized to the initial peak value. Preliminary experiments confirmedN€ntially and rapidly (by~50 ms) after an 8-ms depolar-
that recovery from slow inactivation was essentially identical at a moreization, recovery for Y1586K is 10-fold slower (by500
negative voltage (i.e..-160 mV). The data were fit with a double- ms) thanul and follows a double-exponential time course
exponential function!/lmax = o + Ayl = exp(-ximl)) + Afl = (Fjg 3B). The double-exponential fit yields time constants

exp(—x/72)), wherel .. lo, X, Ay, Ay, 71, andr2 are the same as above. + . L
Recovery from atypical inactivation was determined from various times atof 1.4 = 0.1 ms for recovery from fast inactivation and

~140 mV to—110 mV after a 100-ms (to avoid entry into slow inactiva- 69.7 = 6.7 ms for recovery from an additional “atypical”
tion) prepulse to 0 mV and fit with a single exponential. The inactivation inactivation state (Table 1).
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FIGURE 2 Compared to wild-typgl, the steady-state fast inactivation curve is less steep in Y1586K and the activation curve is shifted in the positive
direction. @) Inactivation curves for wild-type.1 (n = 12) and Y1586K if = 10). The data were obtained with the voltage protocol shown in the inset

in the lower left, and the Boltzmann fits are to the mean dat8EM. Representative traces are shown in the inset in the upper m)hActivation
(conductance-voltage) curves fp (n = 12) and Y1586K 1§ = 10). The data were obtained with the voltage protocol shown in the inset in the lower
right, and the Boltzmann fits are to the mean dat&EM. Representative traces are shown in the inset in the upper left.

Depolarization to+50 mV for 100 ms also demonstrates  Steady-state atypical inactivation (using a 5-s prepulse) is
an exaggerated difference betwaehand Y1586K (Fig. 3 plotted in Fig. 4 D. Inactivation in Y1586K V,, =
C). After 100 ms at+50 mV, recovery inul is rapid and —101.2+ 0.9 mV,k = 9.9 = 0.8;n = 10) is greater at all
mainly from the fast inactivated state, with a single-expo-voltages compared tpl (V,, = —44.9*+ 0.5 mV,k =
nential time constant of 1.Z 0.08 ms (Table 1). In con- 10.1* 0.4;n = 5). In addition, the fit from Fig. 4C can be
trast, Y1586K recovers mostly from the atypical inactivatedused to predict the steady-state probability of not being
state with a single-exponential time constant of 116.3.6  atypically inactivated, which is/(B + «). The theoretical
ms (Table 1). midpoint for atypical inactivation from this fit is-97.9 mV

Entry into atypical inactivation is shown in Fig.03 The  for Y1586K, which agrees reasonably well with the exper-
protocol uses an intervening 50-ms hyperpolarizationimentally determined midpoint of 101.2 mV. The inacti-
(=140 mV) to allow recovery from the fast-inactivated vation between-120 mV and—70 mV in Y1586K is due
state. In response to depolarization to 0 mV for variousmostly to atypical inactivation, whereas inactivation at
times from 2 ms to 1 s, Y1586Kn(= 5) inactivates with a greater depolarizations probably reflects some entry into
time constant of~20 ms. After 100 ms at 0 mV, Y1586K slow inactivation. Support for this conclusion comes from
is ~60% inactivated, whileu1 (n = 4) shows little inacti- the inactivation seen iml with this protocol at voltages
vation. Longer depolarizations begin to induce significantabove —60 mV as well as data from slow inactivation
slow inactivation inul and Y1586K (e.g., see Fig. 7). protocols (see below).

Atypical inactivation exhibits a voltage dependence. Fig.
4 A shows the voltage dependence of atypical inactivation
fjeve_lopr_nent, and Fig. & shows recovery from atypical Atypical inactivation in Y1586K is kinetically
inactivation at several voltages. The time constants fromdistinct from typical fast and slow inactivation
Fig. 4,AandB, are plotted versus voltage in FigC4 These
data were fit with the equation presented in Materials andSlow inactivation can be kinetically isolated from fast in-
Methods, i.e.7 = (B + «) %, wherea is the rate for leaving  activation inu1 with the use of a double-pulse protocol. The
the atypical inactivated statg, is the rate for entering the protocol uses the same interpulse hyperpolarization between
inactivated state, B(V) = pB(0)expWVik), «a(V) = the conditioning pulse and the test pulse as in the atypical
«(0)expV/K), a(0) and B(0) are the rate constants at O inactivation protocol that allows recovery of fast-inactivated
mV, V is the test voltage, anklis the voltage dependence channels (see Fig.A, insej. Based on the recovery pattern
factor (O’'Leary, 1998). The parameters for the fit arefrom a 2-ms pulse (Fig. 8), initial experiments comparing
a(0)=77x10°ms %, B0)=1.4ms* k,,=88mV, unlandY1586K used a 50-ms interpulse hyperpolarization
Kgp, = 12.4 mV. to —140 mV to allow recovery from fast inactivation.
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FIGURE 3 Recovery from short depolarizations is slower in Y1586K thamlinData (exponential fits of means SEM) in A, B, andC are from the
same cells expressing either Y158aK= 5) or w1 (n = 3). (A) Recovery from a 2-ms depolarization #b60 mV is slower in Y15856K®, — — —)than

in ul but is not statistically differentB) Recovery from an 8-ms depolarizationr is fast and follows a single exponential, while recovery in Y1586K
is slow and follows a double exponential, suggesting recovery from two inactivation states, fast and “atypjdaétgvery from 100-ms depolarization

is slow in Y1586K and is mostly from the atypical inactivation state, whilerecovers mostly from fast inactivation. Time constants of the exponential
fits are listed in Table 1.0) Short depolarizations produce inactivation in Y1586K= 5) but little to no inactivation inul (n = 4). Voltage protocol
and representative traces are shown in the insets.

Fig. 5 A shows that Y1586K inactivates much more using a different interpulse interval. The data from FigC 3
rapidly thanul when a 50-ms interpulse is used in the slowsuggest that recovery in Y1586K from the atypical inacti-
inactivation protocol. The data for Y1586K can be fit with vation state takes-500 ms. Therefore, we used a 500-ms
a three-exponential function (Table 2). The first time con-interpulse interval in the slow inactivation protocol for
stant of ~ 20 ms corresponds to entry into the atypical Y1586K to allow recovery from the atypical inactivated
inactivation state. The other two time constant2(s,~40  state. When Y1586Kn = 10) is allowed to recover for 500
s) describe entry into typical slow inactivation states that arens at —140 mV, the protocol produces a Y1586K slow
comparable to slow inactivation in wild-typel (Table 1). inactivation profile similar to that oful (Fig. 5A), with

Further support for the presence of an atypical inactivatime constants of 3.5 0.3 s (60%) and 43.6 9.4 s (34%).
tion state in Y1586K comes from additional experimentsThese results suggest that development of typical slow
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TABLE 1 Recovery from short depolarizations for wild-type Y1586D than inul (0.21+ 0.01 msn = 11; 0.22+ 0.01
p1 and NaCh mutants ms, n = 11, respectivelyp < 0.001) but did not differ
Recovery from short depolarization 50 mV: betweenul and Y1586A (0.27+ 0.01 ms,n = 9).
time constants (ms); component (%) Recovery from short depolarizations (2, 8, or 100 ms) in
Channel i 2-ms pulse 8-ms pulse 100-ms pulse  the mutant Y1586R, which carries a positive charge (as does
Wild-type w1 [3] 1.1+ 0.02 1.4+ 0.07 1.7+ 0.08 lysine, K), is similar to that in Y1586K. The recovery
Y1586K [5] 1.3+ 0.06 1.4+ 0.1 (67) 110.3+ 3.6 profile of Y1586R from an 8-ms depolarization includes a
65.7+ 6.7 (34) component comparable to the atypical inactivation observed
Y1586R [3] 19201 Sg'ff S'g gég 575579 in Y1586K (Table 1). Substitution of an amino acid with no
Y1586A [4] 12+ 002 1.7+ 0.07 1.6+ 0.09 charge (alanine, A) in the mutant Y1586A or with a nega-

Y1586D [5] 1.0+ 0.03 1.2+ 0.05 1.4+ 0.07 tive charge (aspartic acid, D) in Y1586D produces time
constants of recovery from short depolarization more sim-
ilar to that of w1 than to that of Y1586K (Table 1).

inactivation is functionally similar in Y1586K angl and Development of atypical inactivation at 0 mV (data from

that the difference in inactivation phenotype betweeh other volta.ges. not.shown) in these mutants is plotted in Fig.
and Y1586K with the 50-ms interpulse is due to the presS A Inactivation in the mutants Y1586An(= 3) and

ence of an atypical inactivation state in Y1586K that is Y1986D (@ = 4) is similar to that inul. In contrast,
distinct from typ|Ca| fast and slow inactivation. Y1586R (ﬁl = 4) shows an intermediate inactivation proflle

that is more similar to that of Y1586K than to that i
. L (Fig. 6 A). Also, the voltage-dependent time constants of

Steady-state and recovery from slow inactivation ¢y into and recovery from atypical inactivation in Y1586R
differ between Y1586K and p1 (n = 4) are quite similar to that of Y1586K (Fig. B).
Y1586K shows a dramatic negative shift113.9 + 0.1 Support for the role of a positive charge in atypical
mV) in the steady-states() slow inactivation curve (50-ms inactivation also comes from the distinction in steady-state
interpulse) compared witpl (—74.2+ 1.1 mV; Fig. 5B; atypical inactivation &) between the mutants Y1586D
p < 0.001; Table 2). This shift, although smaller, is still (negatively charged) and Y1586A (uncharged) and the pos-
present when a 500-ms hyperpolarization interpulse is useitively charged mutants Y1586K and Y1586R (Fig.Gj.
(-105.6* 1.0 mV;n = 8;p < 0.001; Fig. B). In addition, ~ Thea,, curve for Y1586R ¥, = =99.9+ 0.3 mV, k =
recovery from slow inactivation is slower in Y1586K than 10.9 + 0.2; n = 5) resembles Y1586K, while the other
in u1 (Fig. 5C and Table 2). These results demonstrate thamutants are similar taul (Y1586A:V,,, = —41.5+ 1.5
the lysine (K) substitution at position Y1586 alters typical my, k = 10.9+ 1.4,n = 5; Y1586D:V,,, = —55.3+ 0.9
slow inactivation and produces atypical inactivation. mV, k = 12.5+ 0.8,n = 6; Fig. 6 C). The predicted/,,

of steady-state atypical inactivation from the fit of the

Other amino acid substitutions at position Y1586 inactivation time constants (Fig.® for Y1586R is—102.5

B ) ) _ . mV, which is similar to the experimentally determin¥g,
To evaluate the role of a specific amino acid substitutionys _g9g9 9 mv.

(i.e., lysine, K) in the atypical inactivation, we also studied |, Y1586R, the slow inactivation protocol (50-ms inter-

NaCh mutants V.Vith positively charged arginine (Y1586R)’pulse) produces an inactivation profile similar to that of
uncharged alanine (Y1586A), and negatively charged asy

P : 5 Y1586K, i.e., typical inactivation state and t |
partic acid (Y1586D) substituted at the Y1586 position. . bor, 1.6, an alypical inacfivafion state and two siow
) ) inactivation states (Fig. A and Table 2). Y1586R is also
All of these mutants (Y1586R) = 5; Y1586A,n = 6; o .
- . . - similar to Y1586K when the protocol has a 500-ms inter-
Y1586D,n = 4) had right-shifted activation (conductance- lse. The slow inactivation ti tants with a 500
voltage) curvesy < 0.001 versugwl), although the slopes pulse. | € S$\1vsgg; |v:i|gn |me4 c;nz 2” S W'770/a (;ms
of the curves were not statistically different from thatudf mterpﬂ sem r}— ) are 4.2= 0.5 ms ( _°) and
(Y1586R: —14.3+ 6.7 mV,k = 8.8 = 4.5 mV; Y1586A: 49.2 * 125 ms (22%). Sl_Jbstltqun of an amino a(_:ld
—225+1.6mV,k=10.8+ 1.5 mV; Y1586D:—18.4 + (alanlne, A) with no Charge in the mutant Y1586A or with
0.5mV,k = 9.7 = 0.5 mV). TheV,,, of the steady-state fast & neg_ativg ch_arge (aspartic acid, D)_in_ Y1586D produces
inactivation ) curves for the mutants were Y1586R, Slow inactivation phenotypes more similar to thosepdf
—~91.9+ 0.7mV (p < 0.001 vsul); Y1586A,—84.0= 0.1  (Fig. 7A and Table 2).
mV (N.S.); Y1586D,—81.6 = 0.2 mV (N.S.). The slope The steady-state slow inactivatios,) curves also dem-
factors k) for the h,, curves were less steep for the mutantsonstrate a similarity between Y1586K and Y1586R. Fig. 7
than forul (Y1586R: 9.4+ 0.6 mV,p < 0.001; Y1586A: B shows that substitution of the positively charged arginine
6.6+ 0.1 mV,p<0.01;Y1586D: 6.4~ 0.2 mV,p<0.05). in Y1586R produces as, phenotype like that of Y1586K
Macroscopic current decay was faster in Y1586R andTable 2). Thes, values for the mutants Y1586A and
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FIGURE 4 Atypical inactivation in Y1586K is voltage depended). Development of atypical inactivation in Y1586IK & 5) is prominent at voltages
above~ —100 mV. Cells were stepped to voltages frerml20 to 0 mV for various times, hyperpolarized to allow recovery of fast-inactivated channels,
and then depolarized with a test pulsett60 mV to measure peak Na current. The voltage protocol is in the ifjeRgcovery of Y1586K1f = 4) from
atypical inactivation (100 ms at 0 mV) at voltages betwedrt0 mV and—110 mV. Cells were stepped to voltages to 0 mV for 100 ms to induce atypical
inactivation, stepped to voltages from140 to —110 mV for various times, hyperpolarized to allow recovery of fast-inactivated channels, and then
depolarized with a test pulse t650 mV. The voltage protocol is in the inse€)(Voltage dependence of atypical inactivation (development and recovery)
is shown as a fit of the atypical inactivation time constants (see Materials and Methods) for development (time constaftafidmecovery (time
constants fronB). (D) Steady-state atypical inactivation using a 5-s prepulse. Y1586K € —101.2+ 0.9 mV,k = 9.9 = 0.8;n = 10) exhibits much

more inactivation at all voltages comparedutt (V,, = —44.9+ 0.5 mV,k = 10.1* 0.4;n = 5).

Y1586D are more similar to that @il (Fig. 7B and Table DISCUSSION

2). Recovery from slow inactivation differs somewhat be- _ ) o ] )
tweenpl and the mutants. In general, the mutants with &N this study we have characterized activation and inactiva-
charged substitution (Y1586R and Y1586D) are similar totion in arat skeletal muscle NaCh mutant (Y1586K) that has
Y1586K, while recovery from slow inactivation in the un- & single amino acid substitution, lysine (K) for tyrosine (Y),
charged Y1586A more closely resembles thagin(Table — at position 1586 in domain 4—segment 6 (D4-S6). Although
2). These results demonstrate that a positive charge plays &1586K has activation and fast inactivation kinetics that
important role in the inactivation phenotype of Y1586K anddiffer somewhat from those of wild-typ@l, the more
that this substitution affects typical slow inactivation and marked difference is that Y1586K recovers more slowly and
produces atypical inactivation. with a different time course thapl from relatively short
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A depolarizations. The altered recovery in Y1586K is due to
1.0 .

& 5 entry into an additional, intermediate “atypical” inactivation
e B Wild-type p1 state that is distinct from typical fast and slow inactivation.
L O Y1586K Other amino acid substitutions at Y1586 show that the
2. positive charge of lysine (K) plays an important role in the
8 Y1586K inactivation phenotype of Y1586K. We hypothesize that a
% / Soomsinterpulse  yenolarization-induced conformational change alters the
relative position of the D4-S6 segment and that atypical
inactivation in Y1586K is due to an electrostatic interaction
within or near the inner pore region.
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Compared withul, whole-cell macroscopic current decay
is faster, the steady-state fast inactivatibp)(curve is less
B Wild-type p1 steep, and the activation (conductance-voltage) curve is
O Y1586K shifted in the positive direction in the mutant Y1586K.
Changes in these parameters are not uncommon with point
mutations and may reflect disruption of molecular cooper-
ativity within the NaCh molecule during gating. For exam-
ple, alteration of cooperative molecular interactions can
explain shifts in midpoints and reduction in slopes of fast-
gating curves for voltage-gated ion channels (Tytgat and
s Hess, 1992).
N g B The differences in activation and fast inactivation may or
) R T may not be the direct result of the positive charge in the
200 48 160 160 20 100 80 80 40 20 0 20 lysine substitution. For example, current decay in Y1586R
(positively charged) is similar to that in Y1586K (also
Prepulse Voltage (mV) positively charged), but Y1586D (negatively charged) is
also similar to Y1586K. In contrast, current decay in the
uncharged alanine substitution Y1586A is similar to that in
wild-type p1. It may be that the presence of any charge (
or —) at Y1586 can accelerate macroscopic fast inactiva-
§§’ tion, possibly by altering normal intramolecular interactions
(e.g., formation of the inactivation docking site) during fast

+50 mV inactivation.
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0.7
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Vhoa At Vol Y1586K recovers from relatively short depolarizations of 8

01 1 10 100 or 100 ms much more slowly and with a different time
Time at -140 mV (s) course compared with wild-typgl. The double-exponen-
tial recovery profile from 8-ms depolarization clearly dem-
FIGURE 5 () The standard slow inactivation protocaige), where the  gnstrates that Y1586K is recovering from two inactivation

cell is depolarized to 0 mV for various times, hyperpolarized to allow P :
recovery of fast-inactivated channels, and then depolarized with a test pulssetates' After 100 ms of depOIanzatlon' from Whlm

to +50 mV, shows entry into atypical inactivation for Y1586K € 8),
which is much faster than slow inactivation il (n = 14). Modification

of the protocol to a 500-ms interpulse (to allow recovery from atypical
inactivation) demonstrates that development of typical slow inactivation is.
still present in Y1586K1f = 10). Mean datat SEM were fit with triple- period fi = 8). Mean datat SEM were fit with Boltzmann functiond/, ,,
(Y1586K — 50 ms) or double-exponentialf; Y1586K — 500 ms) andk values are presented in Table €) Recovery from slow inactivation
functions. The voltage protocol is shown in the inset. Time constants arés slower in Y1586K (i = 8) than inul (n = 7). Mean data- SEM were
presented in Table 2B} Steady-state slow inactivation is more negative fit with double-exponential functions. The voltage protocol is shown in the
for Y1586K (n = 8) than forul (n = 8), even with a 500-ms interpulse inset. Time constants are presented in Table 2.
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TABLE 2 Atypical and slow inactivation in wild-type n1 and NaCh mutants

781

Entry into atypical and slow inactivation (at 0 mV):

Recovery from slow

inactivation (at—140 mV):

time constants (s);

Steady-state slow
inactivation:V,,

Channel fi] time constants (s); component (%) component (%) 1] (mV); slopek [n]

Wild-type ul [14] — 2.0+ 0.05 (80) 34.2¢ 6.6 (11) 0.24+ 0.03 (58) 742+ 1.1
3.2+ 0.3(37) 10.0= 0.9

(7] (8]
Y1586K [8] 0.02+ 0.002 (62) 2.2+ 0.6 (31) 43.1+ 50.5 (8) 1.1+ 0.1 (52) —113.9+ 0.2
12.7+ 2.1 (46) 10.0= 0.2

(8] (8]
Y1586R [4] 0.07 = 0.01 (62) 3.1+ 3.7 (23) 16.4+ 39.1 (9) 3.4+ 0.8 (33) —-111.4*x11
50.2+ 8.2 (66) 10.6= 0.9

(5] (7]
Y1586A [5] — 1.3+ 0.03 (88) 137.8- 21.1 (12) 0.33£ 0.02 (72) —-76.7+-0.4
10.4* 3.4 (14) 9.2+ 0.4

(4] (4]
Y1586D [8] — 3.5+ 0.3(85) 24.3+ 10.7 (13) 0.81+ 0.1 (45) —72.8+0.2
9.4+ 1.2 (48) 8.4+ 0.1

(4] (5]

recovers rapidly, Y1586K recovers more slowly becausewith a longer interpulse hyperpolarization (500 ms) that
most of the channels have entered this additional inactivaallows recovery from atypical inactivation demonstrate that
tion state. We have termed this inactivation state “atypical’development of typical slow inactivation in Y1586K is still
because it is kinetically distinct from “typical” fast and slow functionally present and similar to that pl. In Y1586K,
inactivation. recovery from slow inactivation is slower and thgcurve
Short depolarizations show that entry into the atypicalis shifted in the hyperpolarized direction compareduth
inactivation state in Y1586K is rapid and monoexponentialThis could be due to a stabilization of the slow inactivation
and demonstrate that Y1586K can enter this atypical statstate by the 1586K residue in Y1586K. However, we be-
from the fast-inactivated state. Studies of the voltage delieve that atypical inactivation is kinetically distinct from
pendence of typical fast and slow inactivation (O’Leary,typical slow inactivation and may be dependent on a mo-
1998) show that typical fast inactivation-isl0 times faster lecular mechanism that is different from (but possibly not
and that typical slow inactivation is 10 times slower than exclusive of) either fast or slow inactivation.
the atypical inactivation presented here. These data further
support the conclusion that atypical inactivation is distinct . . L
from typical fast and slow inactivation. In addition to entry Other amino gmd SUbSt't_Ut'O"_S at Y1586 suggest
into atypical inactivation from the fast-inactivated state, the_that the posmv_e charg_je in IyS|r_1e p_Iays.. an
fit of the atypical inactivation time constants suggest almportant role in atypical inactivation in Y1586K
two-state model where Y1586K can enter the atypical in\We used other amino acid substitutions to evaluate the role
activation state from the closed state (Hodgkin and Huxleyof a specific amino acid residue (i.e., lysine, K) in atypical
1952; O’Leary, 1998). A simple state diagram illustrating inactivation. We substituted positively charged arginine
the additional atypical inactivation state in Y1586K is pre- (Y1586R), uncharged alanine (Y1586A), and negatively
sented in Fig. 8 (slow inactivation has been omitted forcharged aspartic acid (Y1586D) at the Y1586 position.
clarity). It is not known if atypical inactivation can be Inactivation in Y1586R (positively charged) resembled that
reached from the open state. of Y1586K, that is, Y1586R also exhibits rapid inactivation
in response to short depolarizations that appears to be entry
into the atypical inactivation state. In contrast, the other
substitutions (Y1586A, no charge; Y1586D, negatively
charged) show little inactivation to the same protocol and
In wild-type nl, little slow inactivation is evident with resemble wild-typeul rather than Y1586K. In addition, the
depolarization less than 500 ms. However, Y1586K inactitime constants of inactivation (entry and recovery) and the
vates readily 70% inactivation) within this time. The data from the steady-state atypical inactivation protoag) (
time constant for entry into this atypical inactivation statein Y1586R also resemble the atypical inactivation pheno-
(~20 ms) is much slower than entry into typical fast inac-type of Y1586K. These results lend support to the hypoth-
tivation (~200-300us) but much faster than entry into esis that the positive charge on lysine (K) in the Y1586K
typical slow inactivation -2 s). Experiments in Y1586K mutant plays a prominent role in producing the atypical

Atypical inactivation is distinct from
slow inactivation
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= Y1586A inactivation phenotype. The effect on inactivation of the
A Wl & Y1586D lysine (K) substitution at Y1586 may be unique to this
4 o Y1586R . . . . .
particular residue because lysine substitutions at other
nearby positions in D4-S6 have little or no effect on inac-
tivation (Wright et al., 1998).

T

Substitutions at Y1586 affect steady-state slow
inactivation and recovery from slow inactivation

Y1586D
1nA

Lims

= My

0.3 +50mV

ms In the two mutants with positively charged amino acid
05w At substitutions, Y1586K and Y1586R, steady-state slow in-
- o ey 140,‘,‘, oy activation &) is shifted in the negative direction and is
1 Ve J0ms Vooa more complete than in wild-typgl. The shift is apparent
' ' o 1o even with a 500-ms interpulse hyperpolarization to allow
recovery from atypical inactivation. In contrast, the other

Time at 0 mV (ms)
B i substitutions (Y1586A and Y1586D) resemble wild-typk
Y1586K recovery
1000 4 I

Normalized Current

0.2 100ms  Y1586R
0.8nA

OmV

Y1586K development in s, phenotype, demonstrating that a positive charge at
Y1586R recovery Y1586 also alters steady-state slow inactivation in addition
Y1586R development to producing atypical inactivation. Reports have shown ef-
fects on slow inactivation with point mutations in D4-S6
(Cannon and Strittmatter, 1993) and in D1-S6 (Wang and
Wang, 1998; Takahashi and Cannon, 1999), suggesting that
the S6 transmembrane segment may play an important role
in NaCh slow inactivation phenotype. In all of the mutants,
steady-state slow inactivation is more complete thapin
at depolarized potentials-40 mV to 0 mV). One interpre-
tation of this result is that the Y1586 residue plays an
o 2 0 w0 & 40 important role in the noninactivating component of steady-
Voltage (mV) state slow inactivation observed in wild-typel.
C Recovery from slow inactivation differs in time constants
Wild-type p1 and components amongl and the mutants. The differ-
mggz’g ences could be due to indirect electrostatic stabilization/
Y1586K destabilization effects on specific slow inactivation states or
Y1586R to alterations in cooperative molecular mechanisms. These
results illustrate the complex molecular nature of slow in-
activation in NaChs (O'Reilly et al., 1999).
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Potential mechanism for atypical
inactivation in Y1586K

024

-40mV -140m M4mv

00 H0mVEE—— S0ms Voo Localized conformational changes associated with different

480 60 140 20 00 80 60 40 20 0 20 kinetic states in NaChs has been suggested by studies of

Prepulse voltage (mV) local anesthetic binding (Hille, 1977; Ragsdale et al., 1994;
Wright et al., 1998). In particular, the D4-S6 segment in

FIGURE 6 Other amino acid substitutions at Y1586 suggest that aNaChs is thought to undergo relative positional changes
positive charge is important for atypical inactivatiord) (Cells were during transitions in channel state (Wl’ight et al., 1998;

depolarized to 0 mV for various times from 2 ms to 1 s, hyperpolarized tov\/an and Wan 1999) Conformational chanaes involvin
allow recovery of fast-inactivated channels, and then depolarized with a 9 9 ’ 9 9

test pulse to+50 mV. The voltage protocol is in the inset. Inactivation in
the uncharged substitution in Y1586A € 3) and the negative charged
substitution in Y1586Dr{ = 4) resembleul, while the positively charged
Y1586R fi = 4) inactivates more readilyBj Voltage dependence of (C) the steady-state (5 s) atypical inactivation protodosé) shows the
inactivation (100 ms at 0 mV) in Y1586R (= 4) is similar to that in  similarity between Y1586K (data from Fig. B) and Y1586R Y,,, =
Y1586K (data from Fig. 4£C). The curves represent a fit of the data with —99.9+ 0.3 mV,k = 10.9 * 0.2;n = 5) compared to Y1586A\,,, =
the equationr = (8 + )%, wherer is the time constant of entry into or —41.5* 1.5 mV,k = 10.9* 1.4;n = 5), Y1586D {,,, = —55.3* 0.9
recovery from the atypical inactivated statejs the rate for leaving the mV, k= 125+ 0.8;n = 6), andul (data from Fig. 43). The curves are
atypical inactivated state, arftis the rate for entering the inactivated state. from a Boltzmann fit of the mean data.
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FIGURE 7 Data collection and exponential fits were performed as in Fig. 5. Time constants are presented in Pablée ir(activation phenotype
of Y1586R f1 = 4) is similar to that of Y1586K (data from Fig. A). The inactivation phenotype in Y1586 & 8) or in Y1586A @ = 5) is similar
to that of u1 (data from Fig. 5A). (B) Steady-state slow inactivation is similar between the positively charged substitutions, Y1586R @nd Y1586K
(data from Fig. 5B). Steady-state slow inactivation for the negatively charged Y15868 6) and the uncharged Y1586A & 4) is similar to that of
nl (data from Fig. 5B).

D4-S6 during depolarization would alter the relative posi- Another potential mechanism for atypical inactivation

tion of residue 1586K. This dynamic rearrangement couldhat we cannot eliminate is a transient occlusion of the inner
result in an electrostatic interaction with an as yet undeterpore by the 1586K residue. For example, the relative dif-
mined substrate (e.g., negatively charged residuelec- ference in partition energies between lysine (K) and the
trons) producing a molecularly unique inactivated state thahative tyrosine (Y) residue (Guy, 1985) may result in an

is separate from typical fast and slow inactivation. altered position of the charged lysine at a hydrophobic-

Atypical inactivation could share some common molec-hydrophilic interface (e.g., the inner pore region).

ular components with typical inactivation. For example, the In conclusion, we propose that atypical inactivation in

1586K residue could interact with the molecular entitiesY1586K is dependent on a depolarization-induced confor-
responsible for the normal gating process (e.g., chargenational change that results in an altered position of the
movement) on a time scale that is kinetically different from D4-S6 region. We hypothesize that a change in the relative
that of either typical fast or slow inactivation. Measurementposition of the positively charged 1586K residue results in
of gating currents or charge immobilization (Armstrong andan intramolecular electrostatic interaction in or near the
Bezanilla, 1977; Cha et al., 1999) could provide additionalinner pore that transiently blocks the permeation pathway.
information on this potential mechanism for atypical inac-

tivation in Y1586K.
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