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ABSTRACT While studying the adult rat skeletal muscle Na* channel outer vestibule, we found that certain mutations of the
lysine residue in the domain Ill P region at amino acid position 1237 of the a subunit, which is essential for the Na™ selectivity
of the channel, produced substantial changes in the inactivation process. When skeletal muscle a subunits (n1) with K1237
mutated to either serine (K1237S) or glutamic acid (K1237E) were expressed in Xenopus oocytes and depolarized for several
minutes, the channels entered a state of inactivation from which recovery was very slow, i.e., the time constants of entry into
and exit from this state were in the order of ~100 s. We refer to this process as “ultra-slow inactivation.” By contrast, wild-type
channels and channels with the charge-preserving mutation K1237R largely recovered within ~60 s, with only 20-30% of the
current showing ultra-slow recovery. Coexpression of the rat brain 81 subunit along with the K1237E « subunit tended to
accelerate the faster components of recovery from inactivation, as has been reported previously of native channels, but had
no effect on the mutation-induced ultra-slow inactivation. This implied that ultra-slow inactivation was a distinct process
different from normal inactivation. Binding to the pore of a partially blocking peptide reduced the number of channels entering
the ultra-slow inactivation state, possibly by interference with a structural rearrangement of the outer vestibule. Thus,
ultra-slow inactivation, favored by charge-altering mutations at site 1237 in u1 Na™ channels, may be analogous to C-type
inactivation in Shaker K™ channels.

INTRODUCTION

The outer vestibule of voltage-gated Nechannels is in the outer pore region of trghakeiK ™ channel have been
formed by four extracellular loops that connect transmem-shown to alter a slower process called “C-type” inactivation
brane segments 5 and 6 in each of the domains. Thedqéloshi et al., 1991; Lpez-Barneo et al., 1993). This C-type
segments fold back into the membrane to form part of thenactivation can also be altered by charged pore-blocking
ion permeation pathway (Guy and Conti, 1990; Lipkind andagents such as cadmium (Yellen et al., 1994) or tetraethyl-
Fozzard, 1994; Chiamvimonvat et al.,, 1996a, BreRe ammonium (Grissmer and Cahalan, 1989; Choi et al.,
Garca et al.,, 1996). At the turn of the domain Il loop 1991).
within the membrane, the highly conserved amino acid While performing mutational studies of K1237 we found
K1237 (amino acid numbering correspondsuth, the adult  that alteration of charge at that location induced a prominent
rat skeletal muscle isoform) has been identified as part oinactivated state from which recovery was very slow. This
the selectivity filter of the channel (Lipkind and Fozzard, inactivation process showed similar features to C-type in-
1994; Favre et al.,, 1996) based on studies showing thaictivation inShakerK © channels because it was suppressed
mutations of this residue profoundly alter the channel’s ionby the presence of an extracellular pore-blocking ligand, the
selectivity (Heinemann et al., 1992; Chiamvimonvat et al.,mutantu-conotoxin GIlIA (u-CTX), R13Q.u-CTX R13Q
1996a; Favre et al., 1996; Re-Garta et al., 1996; Tsus- was used because it only partially blocks single channel
hima et al., 1997). Amino acids located in the outer vesti-current (Becker et al., 1992), thus allowing channel gating
bule may contribute to channel gating, in addition to themechanisms to be studied when all channels are occupied
control of ion permeation. Tomaselli and his colleaguesby toxin (French et al., 1996). Preliminary reports of this
reported that the mutation W402C eliminated slow inacti-work have been published in abstract form (Todt et al.,
vation inul Na“ channels (Tomaselli et al., 1995; Balser et 1997a, b).
al., 1996).Shakerk ™ channels, as well as Nachannels,
exhibit several different inactivation processes. Mutations

METHODS

Received for publication 26 February 1998 and in final form 12 NovemberThe adult rat skeletal muscle clongup-2, was the gift OT Gail Man_del
(SUNY; Trimmer et al., 1989). We also useckanopugglobin expression

1998.
) ) vector, ul-pAlter XG, consisting of thexl coding sequence flanked by
Address reprint requests to Dr. Hannes Todt, Institute of PharmacologyXenopusglobin 5 and 3 untranslated regions in pAlter (Promega, Mad-

University of Vienna, Waehringerstrasse 13a, 1090 Vienna, Austria. Tel'ison, WI). Thepl-pAlter XG construct was provided as a gift by Randall

+43-1-4277-64137; Faxt43-1-4277-9641; E-mail: hannes.todt@univie. 1orman and Edward Johns (University of Virginia). The mutations of the
ac.at. lysine residue at amino acid position 1237 to Arg (K1237R), Ser (K1237S),
© 1999 by the Biophysical Society and Glu (K1237E) were made by three primer PCR (Bowman et al., 1990).
0006-3495/99/03/1335/11  $2.00 Oligonucleotides (length: 40mers) were designed to contain the desired
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amino acid mutation and an additional mutation which introduced a silenty air oxidation, u-CTX R13Q was purified to near-homogeneity by
Pst1 restriction site without altering amino acid coding sequence. TheHPLC. The purified peptide was characterized by quantitative amino acid
outside PCR primers used in the three primer PCR mutagenesis reactioasalysis. Owing to the limited precision of weighing lyophilized samples,
produced a fragment that encompassed unifal (3292 nt) andSacll the absolute concentration is accurate to withih0%. As a further check
(4365 nt) restriction sites. PCR products were digested kil and that the folded structure did not deviate from that of the native toxin,
Sacll, and the resulting 1070-bp fragment was gel-purified and direction-1-dimensional proton NMR spectra were recorded at 15° in aqueous
ally subcloned into the same unigéatll and Sacll restriction sites of a  solution containing 5% BD at 500 MHz. The proton shifts were similar to
modified pu1-2 construct. The entire PCR-generafetll to Sacllregion those of the native toxin. Qualitative NOE data indicated that the basic
was sequenced to verify the presence of the desired mutations as well as teecondary structure remained the same. The channel-blocking activity was
absence of spurious mutations. The region containing the desired mutaticchecked by recording from single Nachannels incorporated in planar
was subsequently shuttled f@1-pAlter XG, which consistently gave bilayers (K. Hui, I. Sierralta, and R. French, unpublished results). For
higher levels of expression, using unigBssHII (2075 nt) toSacll (4365 further details, see Chang et al. (1998).
nt) sites. Thepl constructs were linearized for preparation of RNA Data are expressed as mean$SE. Statistical comparisons were made
transcript by Sall digestion and transcribed with SP6 DNA-dependent using the two-tailed Studenttstests. Ap < 0.05 was considered as being
RNA polymerase (New England Biolabs, Beverly, MA) using reagentssignificant.
from the mCAP RNA Capping Kit (Stratagene, La Jolla, CA). The rat brain
B1 subunit of the Na channel was also subcloned into pAlterXG and
transcription prepared frorBarH1 linearized template using SP6 RNA RESULTS
polymerase (Makielski et al., 1996).

Stage V and VIXenopusoocytes were isolated from female frogs The first indication of the presence of a very slow inacti-
(NASCO, Ft. Atkinson, WI), washed with €&-free solution (90 mM  vation process was the occurrence of a progressive increase
NaCl, 2.5 mM KCI, 1 mM MgCl, 1 mM NaHPQ, and 5 mM HEPES ;, neak N& current in Xenopusoocytes expressing the

titrated to pH 7.6 wit 1 N NaOH), treated with 2 mg/ml collagenase . .

(Sigma, St. Louis, MO) for 1.5 h, and had their follicular cell layers MUtation K1237E. Typically, oocytes several days after

manually removed. Approximately 50-100 ng of cRNA was injected into injection of mRNA for these mUt.ar]_ts had a resting mem-

each oocyte with a Drummond microinjector (Broomall, PA). Oocytes brane potential of~—30 mV upon initial impalement. After

were incubated at 16°C for 12 h to 3 days before examination. establishing a negative holding potential €120 mV by
Recordings were made in the two-electrode voltage clamp Conf'gurat'OWOltage cIamp, the peak Nacurrent assessed by consecu-

using a Dagan CA-1 voltage clamp (Dagan, Minneapolis, MN). All re- _. e short test Ises increased to a stable level over a
cordings were obtained at room temperature (20—22°C). Recordings wetlév pu I v v

made in a bathing solution that consisted of (in mM): 90 NaCl, 2.5 Kcl, 1 Several minute period in K1237E, Wh?re_as in wild-type
BaCl, 1 MgCl,, and 5 mM HEPES titrated to pH 7.2 Wwitl N NaOH.  a stable current level was reached withi®0 s. After the
BaCl, was used to minimize Gd-activated Cl-currents that arose as a Na™ current had stabilized at a higher level, a subsequent

consequence of G4 entry via some of the mutant channels. Oocytes were ro|0nged depolarization was followed by a similar slow
placed in recording chambers in which the bath flow rate was 100 ml/h, an . .
recovery in K1237E (Fig. B).

the bath level was adjusted so that the total bath volume <30 w.l.
Electrodes were filled wit 3 M KCI and had resistances ef1 MQ. The
peak inward currents studied were in the range betwegérand 7 uA.
Using pCLAMPG (Axon Instruments, Foster City, CA) software, data were Recovery from ultra-slow inactivation (Fig. 1 B)

acquired at 71.4 kHz after low-pass filtration at 2 kHz3dB). Curve 4 . . ..
fitting was performed using ORIGIN 3.5 (MicroCal Software, Inc., Na" channels were inactivated by depolarizing clamp steps

Northampton, MA). The nonlinear least-squares regression method wa8f 300-s duration to—30 mV from a holding potential of
based on the Levenberg-Marquardt algorithm. The time course of recovery-120 mV. The membrane potential was then returned to the
of normalized peak inward currents was best fit with the double exponenholding potential of —120 mV, and the time course of
tial function recovery from inactivation was assessed by applying brief,
I/l, = —A, exp(—t/t) — A,exp(-t/)) + C (1)  repetitive (20-ms) test pulses t610 mV (voltage with peak
inward current) at 10- or 20-s intervals in order to measure

I, is the peak inward Na current of a test pulse under fully available fg\leveedxzeonr; Olfetrgcrg\éﬁyerTgfiﬁaiﬁggliférﬁuflasg :nggjéiloag-
conditions,r; and 7, are the time constants of the faster and the slower™"" p . y ;
component of recoveryd, andA, are the respective amplitudes of these during the interpulse interval. We did not perform a stan-
time constants, an@ is the final level of recovery that was 1.0 for all dard double-pulse protocol to assess recovery from pre-
mutants. The time course of development of the ultra-slow inactivated statpwses of 300-s duration because the time required for such
was best fit with a single exponential function: a protocol would have drastically limited data collection.

A, = S°(1 — exp(t/zy)) 2) Peak N& currents of wild-typeul and mqtant K1237R

channels recovered almost completely withi60 s. In
wherer, is the time constant of development of ultra-slow inactivation and contrast tqul and K1237R, channels carrying the mutations
S” is the final level of ultra-slow inactivation, expressed as a fraction of K1237S and K1237E did ' t letel til
total inactivation. The quality of fitting recovery from inactivation curves an Id not completely regover unti more
to monoexponential or biexponential functions was evaluated by calculatthan 300 s had elapsed. The calculated time constants of
ing the F statistic and significant differences were tested for usingthe recovery were 9-17 s for, and 75-130 s for, (Table 1).
distribution with a confidence limit of 95%. _ 7, andr, most likely represent the time constants of recov-
The u-CTX analog R13Q was synthesized by solid state synthesis on %ry from two distinct inactivated states,, the Ionger time

polystyrene-based Rink amide resin on an Applied Biosystems 431A tant of ded t t
synthesizer. The crude linear peptide was initially desalted on Sephade&onS ant or recovery, corresponded 10 a component repre-

G-10/20% acetic acid, then purified by preparative HPLG-80% ho-  Senting~20% (A, in Table 1) of the overa]l time course of
mogeneity as determined by analytical HPLC. After folding of the peptiderecovery oful and K1237R channels. This component was

wherel, is the peak inward Nacurrent of the test pulse during recovery,



Todt et al. Ultra-Slow Inactivation in Na* Channels 1337

TABLE 1 Parameters of recovery of Na* currents after a
A 300-s prepulse to —30 mV

DIII-K1237E nl K1237R K1237S K1237E
Ty 16.6*+ 0.6 11.2+ 2.3 10.2+ 1.3 8.9+ 29
T 76.9+ 22.1 74.6+ 13.7 975+ 7.4 129.3+ 10.6
A, 0.77= 0.07 0.79* 0.07 0.15+ 0.03* 0.2* 0.04*

A, 0.23+0.07 0.21=0.03  0.85% 0.03* 0.8+ 0.08*

Shown are time constants of recovery from slow inactivatign §) and
ultra-slow inactivation £,, s) following a 300-s prepulse te 30 mV, as
well as the individual amplitude#\(, A,). n = 6 for each construct. For the
protocol see legend to Fig. 1.

* Denotes significant differences from wild-typel.

B dramatically increased te-80% in channels carrying the
mutations K1237S and K1237E. This percentage could be

101 NSl A increased with longer depolarizing prepulses. More than
£ 0.8 - B g 2 90% of the mutant K1237S and K1237E channels could be
§ gj AY b4 driven into the ultra-slow inactivated state by increasing the
E 061 ; Y duration of the prepulse in our experiments to 600 s (Fig. 1
204 & $ o w1 C). Because of its long duration, may reflect recovery
8 % & KI1237R from a “very slow” inactivation process that was first ob-
£ 0.2 : Eg;: served in the squid giant axon (Adelman and Palti, 1969;
2 ool & Rudy, 1978). Fox suggested using the term “ultra-slow”

inactivation for inactivated states characterized by time con-
stants in the range of 30-200 s (Fox, 1976). The faster
component of recovery/; in Table 1) accounting for
~80% of recovery oful and K1237R channels, and for
only 15-20% of recovery of K1237S and K1237E mutants,
had a time constant 0f10 s ¢, in Table 1). By using
standard double-pulse protocols ferl « subunits ex-
o pressed inXenopusoocytes, Featherstone et al. (1996)
e A K12378 found recovery with a single time constant efl0 s at
v v K1237E —120 mV after a 60-s prepulse to 0 mV. Most likehy,
. corresponds to this reported time constant and thus reflects
f! the predominant state aflow inactivation that can be in-
duced in wild-type channels. The mutations K1237S and
0 K1237E, however, appear to favor entry into a state of
ultra-slow inactivation.
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FIGURE 1 Time course of recovery from ultra-slow inactivation. From
a holding potential of~-120 mV, the channels were inactivated by a 300-s
depolarizing step te-30 mV. After returning to—120 mV, recovery from

inactivation was monitored by repetitive test pulsest0 mV at 20-s  The time course of development of the ultra-slow inacti-
intervals with the exception of wild-typel, where in order to improve the vated state during prolonged depolarization is shown in Fig.

resolution of the time course of recovery we used 10-s inten&)Slowly h .
increasing inward currents through K1237E channels elicited by test pulsel C. From a holding potential of 120 mV, the membranes

after the holding potential was returned+d.20 mV. Test pulse duration Were depolarized for variable time periods. After returning
was 100 ms, and for better resolution only the first 60 ms of the pulse aréo the holding potential, the time course of recovery after
shown. B) Comparison of the time courses of recovery from ultra-slow agch depolarizing step was assessed by repetitive test pulses

|nact|vat|0n in nativeul, and in constructs with mutgtlons at the K1237 to —10 mV at 20-s intervals. Then the calculated amplitude
site (0 = 6 for each data point). Test pulse duration was 20 ms. The

mutations in domains Ill, in which the charge of the residue was altered,
exhibited a substantial amount of slow recovery from inactivation, whereas
wild-type n1, and the charge-conserving mutation in domain Ill, K1237R, in Eq. 1) is plotted as a function of the respective duration of the inacti-
recover much fasterQ) The time course of development of ultra-slow vating prepulse. The connecting lines are results of single exponential fits
inactivation. The membrane potential was depolarized froh20 mV to to the data points (Eqg. 2). The time constants of development of ultra-slow
—30 mV for variable lengths of time, and the time course of recovery atinactivation were 119.0+ 4.9 s, and 206.9+ 23.3 s for K1237S and
—120 mV was monitored for each prepulse duration as described in th&1237E, respectively. Number of experiments for each duration of the
legend to Fig. 1B. The time course of recovery from ultra-slow inactiva- depolarizing prepulse: K1237S s (2), 15 s (4), 30 s (6), 60 s (7), 90 s (4),
tion for each prepulse duration was then fitted with two exponentials (Egq.180 s (4), 300 s (7), 450 s (4), 600 s (7). K123BE (2), 15 s (7), 30 s (6),

1). The amplitude of the ultra-slow exponential component of recovgry ( 60 s (7), 90 s (3), 180 s (5), 300 s (6), 450 s (4), 600 s (7).

Development of ultra-slow inactivation
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of ultra-slow recovery componend§), derived from Eq. 1, p < 0.05). Coexpression of th81 subunit produced its
was plotted as a function of durations of the inactivatingmost dramatic changes in the relative amplitudes,aind
prepulses. After a 600-s depolarization, 90-100% of ther, components, as previously reported (Chang et al., 1996).
channels with the mutations K1237S or K1237E had enThe amplitude of the slower compone#itf was 84+ 6%
tered an ultra-slow mode. The time constants of developif only the « subunit was expressed. When {B& subunit
ment of ultra-slow inactivation at-30 mV were 119.0+ was coexpressed with thesubunit, the slower component
4.9 s and 206.9+ 23.3 s for K1237S and K1237E, was decreased to 15 3% (p < 0.0001). Thus, coexpres-
respectively. sion with B1 substantially accelerated recovery after the
short (1-s) depolarizing prepulse, confirming the activity of
the B1 subunit in these experiments.

Even though thg81 subunit altered recovery from inac-
Coexpression of the rgtl subunit with thex subunit of the  tivation produced by short depolarizations, recovery from
wl Na© channel speeds current decay and accelerates r#e ultra-slow inactivated state was unchanged by the pres-
covery from fast inactivation (Isom et al., 1992; Patton etence ofgl. Recovery from a long (300-s) prepulse-+@0
al., 1994; Nuss et al., 1995; Chang et al., 1996). We testethV was determined in the mutant K1237E (Fig. 2) in
whether the81 subunit had an effect on ultra-slow inacti- oocytes where expression of tg& subunit was confirmed
vation of the mutant K1237E channel. First, it was necesby the procedure described above. Ultra-slow inactivation
sary to show that thg1 subunit was expressed sufficiently was produced, as shown in Fig.BL Recovery from this
to have its expected effect on fast inactivation by measuringiltra-slow inactivation was identical to that of thesubunit
the time course of recovery after a brief (1-s) depolarizingalone, indicating that the molecular mechanism of ultra-
prepulse. The inset to Fig. 2 shows a typical short prepulsslow inactivation was different from the inactivation pro-
experiment with and without3l subunit coexpression. cess that is affected by thgl subunit.

Channels were depolarized t620 mV for 1 s and then

were allowed to recover for variable test intervals—it20

m\./..An interpulse interval of 20 s elapsed between depOModuIation of ultra-slow inactivation by the

Ianzmg pulses to assure complete recovery between pUIseﬁ1utant p-conotoxin GIIIA, R13Q

The time course of recovery was fitted with Eg. 1. Care

must be taken in comparing the resulting parameters t&tudies involving site-directed mutagenesis have demon-

those derived from analysis of recovery after long (300-strated that fast inactivation is mediated by the interaction of

600 s) prepulses because the channel is recovering fromcytoplasmic loop between the third and the fourth domains

different inactivation states as a consequence of the differand some part of the inner vestibule {Ster et al., 1989;

ent protocol. With short depolarizations and =, were ~ West et al., 1992; McPhee et al., 1994; Smith and Goldin,

16.7 = 5 ms and 3924.4- 267.6 ms if only thex subunit ~ 1997). However, the ultra-slow inactivation process seen in

was expressedn(= 6). When theB1 subunit was coex- our experiments appears to be quite different, and perhaps

pressed with thex subunit, bothr, and 7, were reduced: related to structural rearrangement of the outer vestibule

4.9+ 0.6 ms and 1968.6- 892.0 ms, respectivelyn(= 6;  near or involving the K1237 residue. Consequently, a ligand
binding within the outer vestibule of the channel pore might
interfere with the ultra-slow inactivation procegs.cono-

Coexpression of the 31 subunit

1.01 v KI237E toxin GIIA (u-CTX) is a 22-amino acid peptide toxin that
v KIBTE+p blocks the skeletal muscle Nachannel with high affinity
081 §§ (Moczydlowski et al., 1986). Furthermore, a mutant of
064 % § w-CTX, R13Q, shows residual current 625-30% of the
10 control when the toxin is bound to the channel (French et

al., 1996), allowing assessment of channel gating kinetics in
the toxin-bound state. Thi€, of u-CTX R13Q binding to
the mutant K1237E is-10 uM (unpublished data). Fig. 3
T thows the effect of a near-saturat?ngi{x Kg) concentra-
& S0 100 150 200 280 300 tion of 27 “M H-CTX R13Q on the time course of recovery
time (5) from lnactlvathn by the mutant channel K1237E. [?urmg
the control period, K1237E channels were depolarized to
FIGURE 2 Theg1 subunit has no effect on ultra-slow inactivatiggi —30 mV for 300 s and recovery from ultra-slow inactiva-
was coexpressed with the subunit carrying the DIIl K1237E mutation tion was monitored by 20-ms depolarizations fromi20
(n = 3). The stimulation protocol is identical to Fig.BL Recovery from mV to —10 mV at 20-s intervals, as before. Superfusion of
ultra-slow iqaptivation remains unchanged if compared to that seen whe@7 uM u-CTX R13Q was started, reducing peak inward
the o subunit is expressed alone £ 3). However, coexpression wifBil .
accelerated recovery from a 1-s prepulse-t80 mV as assessed with a Curre_nt by 75-80%. Thereafter, the oocyte was aga}ln de-
standard double pulse protoctiget data from single oocytes, see text for Polarized to—30 mV for 300 s and recovery of the residual
details). current at—120 mV was assessed as during control. In the

i
0.4 i i

alized peak current
o
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Vvh ™ — —_— 20-s intervals. As shown in Fig. 44-CTX R13Q signifi-

120 my T —— cantly slowed the development of ultra-slow inactivation.
9 0 27 HMR1SQ ° If residence ofu-CTX R13Q in the channel mouth re-
3_1_ ¢ duces the probability of the channel being in ultra-slow
2 recovery ‘°‘"b'°°kf@ recovery inactivated state, then the toxin-induced acceleration of
g 21 o OO°E1-° _ewrzzERRTTT recovery from ultra-slow inactivation should be concentra-
O 5] % o E7° ,;y" tion-dependent. This possibility was investigated by gradu-
§ 1 ° . fg‘”‘ e ally reducing the bath concentration of the toxin over a
e % it — period of 100 min. During wash-out of toxin in K1237E
x 5. %j §:z ] channels, consecutive recovery curves from ultra-slow in-
L 6- Wo activation were determined. The experiment in Fig. 5 dem-

o 500 1000 1500 onstrates that both the toxin-induced reduction in peak

time (s) inward current and the toxin-induced decrease in the num-
ber of channels entering the ultra-slow inactivated state

FIGURE 3 Recovery from ultra-slow inactivation in K1237E is modu- gradually approach control values with similar time courses
lated by a mutanj-conotoxin known to bind at the outer vestibule. Data g5 the toxin is slowly washed out. This apparent concentra-
points represent peak inward currents elicited by 20-ms step depolarizg-
tions to —10 mV from the indicated holding potential (Vh). During a atlon-deper!denge S.qu.eStS that the effeq:t-(ﬁTX R13Q on
toxin-free control recovery from a 300-s prepulse-t80 mV was moni- UItra'SIOW |pactlyat|0n is dependent on ogcupgtlon by R13Q
tored analogously to the protocol described for Fig3.1After recovery  Of its blocking site on the channel. The tight inverse corre-
from ultra-slow inactivation was complete, perfusion with a near-saturatinglation between the fraction of channels that are ultra-slow
concentration of 27uMu-CTX R13Q was startedarow, “27 pM  jnactivated and the estimated fraction of channels bound by
R13Q"). After the reduction of peak Nacurrent byu-CTX R13Q had R13Q (Fig. 5D) supports this contention, but also suggests

reached a steady-state level, which reflects the residual current flowin hat h h lis b d. it h I b
through partially blocked channels, the inactivation/recovery protocol wa at, even when a channel is bound, it has a small proba-

repeated. Binding ofu-CTX R13Q reduced the amount of ultra-slow Dility (~0.3) of entering the ultra-slow inactivated state.
recovery from inactivation. The inset summarizes the results of six experThis is close to the probability of ultra-slow inactivation for
iments, the peak inward currents were normalized to the level after fU”vviId-type channels (see Table 1) in the absence of the
recovery. The relative amplitude of ultra-slow component of recovery, aspeptid e.

determined by biexponential fits to recovery curvés (n Eq. 1), was

0.81 = 0.05 under control conditions, and 0.490.09 during perfusion p-CTX R:!'3Q has b_een shown to shift voltage-dependent
with 27 uM p-CTX R13Q p < 0.01), whiler, was reduced from 1126  channel activation gating, perhaps by an electrostatic effect
16.8 s at control to 66.3 13.6 s withu-CTX R13Q ¢ < 0.05). on the voltage sensor (French et al., 1996). It is, however,

absence ofi-CTX R13Q, recovery was not completed until > 1.0

several hundred seconds following the return to the holding 2

potential. During superfusion with-CTX R13Q, recovery o 0%

from ultra-slow inactivation had a much faster time course. § osd . ]
The inset to Fig. 3 summarizes six experiments. The data g e .
points were normalized to the final level of ultra-slow 3 04 P ¥

recovery and the time courses of ultra-slow recovery with 3 1

and without superfusion with-CTX R13Q were fitted with £027 &

Eq. 1. Binding of u-CTX R13Q markedly reduced the S0
amplitude of ultra-slow recovery from inactivatioA) by 0 100 200 300 400 500 600
>30%, from 0.81+ 0.05 under control conditions to prepulse duration (s)

0.49 £ 0.09 during perfusion with 2M w-CTX R13Q _ N
< 0.01.n = 6. Fi 3) . was reduced from 112.6 FIGURE 4 n-CTX RlQQ slpws entry into the ultra-slow inactivated
(p e » F19. 5). 73 ) state. During superfusion with 2gaM p-CTX R13Q, the membrane

16.8 s at control to 66.3 13.6 s withu-CTX R13Q p < potential of oocytes expressing K1237E channels was depolarized from
0.05). The latter time constant is similar to the time constant-120 mV to—30 mV for variable lengths of time, and the time course of

of the ultra-slow component of recovery in the wild-typ& recovery at—120 mV was monitored for each prepulse duration as de-
and in the charge preserving mutation K1237R (Table 1)_scr|bed |n_the _Ieg_end to Fig. B. The time course of recovery f_rom
. . ultra-slow inactivation for each prepulse duration was then fitted with two
If u-CTX R13Q cljlrectlly qlters the tlr_ne course of recov- exponentials (Eq. 1). The amplitude of the ultra-slow exponential compo-
ery from ultra-slow inactivation, the toxin should also affect nent of recovery 4, in Eq. 1) is plotted as a function of the respective
the rate of development of this inactivated state. Duringduration of the inactivating prepulse. The line represents a single expo-
superfusion with 27uM u-CTX R13Q the K1237E chan- nential fit to the data points (Eq. 2). The time constant of development of
nels were depolarized from-120 mV to —30 mV for ultra-slow inactivation was 33% 55 s fi = 6). This value was signifi-

variable lenaths of tim nd the tim r fr ver gamly different from the respective value without toxin (208623 s;p <
ariabie lengins o € a e € course ot recovery & .05; see Fig. IC). Henceu-CTX R13Q prolonged entry into the ultra-

—120 mV was monitored for each prepulse duration bysjow inactivated state consistent with a direct effecie€TX R13Q on
applying brief, repetitive (20-ms) test pulses-+td0 mV at  ultra-slow inactivation.
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FIGURE 5 The effect ofu-CTX R13Q on ultra-slow inactivation in the mutant K1237E is dependent on the toxin concentralidReqovery from
ultra-slow inactivation was determined during a toxin-free control, during superfusion wittML@-CTX R13Q, and, repeatedly, during wash-out of
n-CTX R13Q. The data points represent peak inward currents elicited by test pulses during the time course of the experiment. Channels were inactivated
by a 600-s prepulse to 30 mV (not shown), then the potential was returnee-tt?0 mV, and recovery from ultra-slow inactivation was monitored at 20-s
intervals by repetitive 20-ms test pulsest@0 mV (“control”). After recovery from ultra-slow inactivation was complete, superfusion withMIQu-CTX

R13Q was startedafrow, “start R13Q"). After the toxin-induced reduction of peak inward current had reached a steady-state level, recovery from ultra-slow
inactivation was assessed by the same prepulse/test pulse protocol that was used during control. Recovery from ultra-slow inactivationtialg substan
accelerated by:-CTX R13Q (“R13Q"top). Then, wash-out of the toxin was starteatrow, “wash out”). During wash-out, recovery from ultra-slow
inactivation was repeatedly determined by consecutive prepulse-test pulse protocols identical to control. (“wash tap). ¥BpThe normalized values

of peak inward current of each time course of recovery from ultra-slow inactivation from the experiment shéyara §lotted versus the time after the
inactivating prepulse. The time course of recovery from ultra-slow inactivation is substantially accelerptByR13Q. This acceleration is gradually
reduced during wash-out of the toxirC)(The values of peak inward current of each time course of recovery from ultra-slow inactivation shon in (
were fitted with double-exponential functions (Eqg. 1). Then, the amplitudes of the ultra-slow components of inactivation recovery were est@adted i
case A, in Eq. 1).Panel Cshows the amplitudes of the ultra-slow component of recovery from inactivation associated with each recovery @jrve in (
[abscissa is identical tAj]. The amplitude of ultra-slow inactivation correlated with the peak inward current after full recovery, a measure of the toxin
remaining. Superfusion witjp-CTX R13Q resulted in a decrease of both peak inward current (i.e., toxin block), and in a reduction of the amplitude of
ultra-slow recovery from inactivation (i.e., of the number of channels entering the ultra-slow inactivated state). During wash-out toxin lgjcadtuatys
decreased (return of peak inward current to control values). This effect was mirrored by an increase in the amplitude of recovery from ultra-slow
inactivation. Hence, the magnitude of the effecue€TX R13Q on ultra-slow inactivation is correlated with a measure of the toxin remaining in the bath.
(D) Inverse correlation between the amplitude of ultra-slow inactivation, and the estimated fraction of channels bound ljy, R33@m the experiment

shown in @). The occupancy of the channel pyCTX R13Q was calculated from the current reduction, assuming that 70% of the single channel current
is blocked (French et al., 1996 f,q = 1—{[(/l¢contro) — 0.3])/0.7}. The data can be well-fit with a linear regressiéh= —0.95;p = 0.00019). When

foouna = 1 the regression line predicts an amplitude of ultra-slow recovery®8, which approximates the amplitude of ultra-slow recovery in wild-type
channels (Table 1). Parenthetically, we note that if block of the single channel current for the channel mutant K1237E were all-or-none, ratlyer than o
70% complete, the predicted probability of ultra-slow inactivation for this protocol with all channels R13Q-bound would be decreased stightly.to

If no peptide is bound, this amplitude is predicted to be between 0.9 and 1.0; which is in agreement with the amplitude of ultra-slow inactiva8@ijn K12

in the absence of toxin. Overall, the data suggest a close relationship between channel occupancy by the toxin and the removal of ultra-siomw inactivat

worth noting that there was no conclusive evidence for acount for the toxin effect on ultra-slow inactivation. Fig. 6

parallel shift in inactivation (French and Horn, 1997). None-A shows the effect of variations in the potential of a 300 s
theless, the observed reduction of ultra-slow inactivation ininactivating prepulse on ultra-slow recovery from inactiva-
the drug-bound state might have resulted from a toxintion by the mutant channel K1237E. Recovery from ultra-
induced shift of the inactivation potential and/or the recov-slow inactivation was determined as in the experiments
ery potential. Therefore, we designed a set of experiments tshown in Fig. 1B, except that the data were acquired during
determine whether toxin-induced shifts in gating may ac-a toxin-free control and during subsequent superfusion with
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A —30 mV. Thus, a toxin-induced shift of the inactivation
potential cannot account for the reduction in ultra-slow
1.07 11 Y * A inactivation byu-CTX R13Q.
!‘ . g@ o Fig. 6 B shows the effect of variations in the recovery
= 081 gi g8 8 potential on ultra-slow recovery from inactivation. A 300-s
% os{ § 8 8 prepulse to—30 mV was introduced after which the poten-
fg e — 27 M R13Q: tial was returned to values betwee®0 mV and—150 mV.
5041 o o omv m £30mV Recovery from ultra-slow inactivation at the indicated po-
%E 2 Z :g m : ?£an tentials was assessed as described for F&. Time course
8 0 E— v -0mv and amplitude of recovery from ultra-slow inactivation had
00l & & -30mVv no substantial voltage-dependence .betweém mV and .
e T T & 3 —150 mV..Even at these very negative recovery potentials
fime (5) a substantial number of channels recovered in an ultra-slow
fashion. By comparison, superfusion wilhrCTX R13Q
reduced the number of channels recovering in an ultra-slow
B fashion at—120 mV much more than any change in recov-
1o i ery potential. Therefore, it is unlikely that an electrostatic
' g9 " - 5 8 ! g influence of the toxin on the voltage sensor during recovery
£ 08 ] §§§§ accounts for the toxin-induced reduction in ultra-slow re-
§ L ;é covery. These results support the hypothesis (h&TX
% 0% é N oy~ 20my R13Q interferes with ultra-slow inactivation by means of a
¥ 04] g o SOnvV  + -130mV direct interaction with the outer vestibule.
2 A -100mv X -140mV An additional inference may be drawn from the data in
g 0.2 27V M';E(;’V * 1s0my Fig. 6. The results argue against a strong voltage-depen-
oo _” 420 MV dence of u-CTX R13Q binding under our experimental

. ; ; : : : : conditions. If binding were significantly voltage-dependent,
0 50 100 150 200 250 300

time (s)

that would necessarily result in a voltage-dependence of its
inhibition of ultra-slow recovery. Block of open, batracho-
FIGURE 6 The reduction of ultra-slow inactivation hyCTX R13Q  toxin-modified Na" channels by varioug-CTX derivatives
does not appear to be produced by an electrostatic effect on the voltagé clearly voltage-dependent (Becker et al., 1992), as is
sensor. &) The reduction in the relative amplitude of ultra-slow inactiva- plock by the guanidinium toxins, tetrodotoxin (TTX) and
tion by u-CTX R13Q is independent of the prepulse voltage. Recovery atgaxitoxin (STX) (Moczydlowski etal., 1984a, b). However,
—120 mV from a 300-s prepulse to the indicated potentials was monitore({he voltage-d d fFTTX d STX block d
in K1237E during a drug-free control, and during perfusion withpa ,ge ependence o o an . OCk measure
u-CTX R13Q. The reduction of ultra-slow recovery from inactivation by PY allowing the block to equilibrate with closed channels at
u-CTX R13Q was similar for prepulse potentials 680 mV, 0 mV, and  hegative holding potentials is significantly less (Satin et al.,
—30 mV. Little change withu-CTX R13Q was observed at more negative 1994). Thus, the lack of voltage-dependence of th€TX
potentials 60 mV, —80 mV) where only small amounts of ultra-slow R13Q effect in our experiments appears to reflect the lower
recovery were observed under control conditions (overlap of symbols forv It itivity of the int ti fth blocking toxi
control with data points acquired during superfusion wit€TX R13Q). O age sensiuvity otthe |n'erac lon of these blocking OXIDS
No controls were obtained for the prepulse potentid0 mV because of ~ With closed Na channels in the absence of batrachotoxin.

the difficulty to maintain stable clamp conditions for prolonged periods at

very depolarized potentials. Number of experiments (contr@TX

R13Q): +30 mV (0/5), 0 mV (8/8),-30 mV (11/11),—60 mV (6/6), and

—80 mV (6/6). B) The reduction of ultra-slow inactivation by-CTX DISCUSSION

R13Q in K1237E cannot be reproduced by changes in recovery potential. .
Recovery from a 300-s prepulse +80 mV was monitored analogously to W€ have shown that there is a very slow component of the

the protocol in Fig. 1B at different recovery potentials (mV/number of inactivation oful Na“ channels. If channels are depolar-
experiments):~90/8, —100/9, ~110/8,—~120/13,-130/8,-140/5,-150/3. jzed to—30 mV for 300 s,~20% of the wild-type channels
The time courses of the recovery from ultra-slow inactivation show little enter into this “very slow” inactivation process. However,

dependence on the investigated recovery potentials. JFBdX R13Q-in- . . .
duced reduction of ultra-slow inactivation at a recovery potentiat 520 mV replacement of K1237, a channel residue involved in the

(R13Q, 27uM; same data as inset to Fig. 3, affeCTX R13Q) could notbe ~ S€lectivity process, by either serine or glutamic acid dra-
reproduced by changing the recovery potential under drug-free conditiongnatically increased the very slow componentt80% of
Thus, toxin-induced shifts in recovery potential are unlikely to account for thethe overall inactivation process under our standard proto-
reduction in ultra-slow inactivation by-CTX R13Q. cols. Time constants of entry into and exit from this state
were 100-200 s. A very slow inactivation process has been
described for squid giant axon Nahannels (Adelman and
27 uM p-CTX R13Q. Presence of the toxin substantially Palti, 1969; Rudy, 1978), called “ultra-slow” inactivation by
reduced the amplitude of the ultra-slow recovery componenkox (1976), and probably underlies the requirement for
from inactivation after prepulses t630 mV, 0 mV, and prolonged, strong hyperpolarization to observe voltage ac-
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tivation of channels purified and reconstituted from eelComparison to C-type inactivation of
electric organ (Correa et al., 1990). The similarity of theK* channels
time constants of that process with the one we observe&+

with the p.1 K1237S and K1237E mutations led us to use I., 1991). Fast inactivation is associated with the cytoplas-

Fox's terminology. In contrast to the mutations K1237S an mic N-terminus, and can be removed by deletion of critical

K1237E, the charge-preserving mutation K1237R did nOtparts of that segment, thereby revealing a second, slower
increase the component of the ultra-slow inactivation pro- L ' o

) " inactivation process that has been called C-type inactivation
cess. Thus, alteration of charge at the K1237 position fa, activation p P

d entrv of the ch Is into ultra-slow inactivation b (Hoshi et al., 1991). This slow inactivation process is mod-
vored entry of the channels Into ultra-siow ihactivation by e by external tetraethylammonium (TEAblock (Griss-
long depolarizations.

. . ____mer and Cahalan, 1989; Choi et al., 1991) and external K
There are several lines of evidence that ultra-slow INACH gnez-Barneo et al., 1993: Baukrowitz and Yellen, 1995).

tivation is a unique state. In our standard protocol, dEpOIarMutations of residues in the external mouth of the K
izations shorter than 600 s yielded a biexponential recoverypannel alter this C-type inactivation (Hoshi et al., 1991:
time course, with an additional faster time constant-d Lopez-Bamneo et al., 1993). ’ '

s. The inactivated state with this more rapid recovery and C-type inactivation appears to involve structural rear-
with this smaller time constant may correspond to0 “slow” ;angements of the K channel outer vestibule. When T449
inactivation, which has been repeatedly observed in wildyf Shakeris mutated to cysteine, C-type inactivation is
type Na" channels (Nuss et al., 1995, 1996; Featherstone &hodulated by state-dependent binding/block by? Car

al., 1996). Slow inactivation can be producedift Na" 72+ (vellen et al., 1994). Cysteine at position 449 and
channelx subunits by depolarizing prepulses as short as 1-gysteine substitutions at positions 448 or 450 are dramati-
duration. If the time course of recovery of peakNaward  cajlly more reactive with sulfhydryl reagents when the chan-
current following such short prepulses is fitted with two pe| is in the C-type inactivation state, and C448 can spon-
exponentials, the calculated time constants are on the ordesneously form disulfide bonds in the inactivated state (Liu
of several milliseconds (“fast inactivation”) and on the orderet al., 1996). These and other observations have been inter-
of several seconds (“slow inactivation”; Balser et al., 1996).preted to indicate that C-type inactivation requires a struc-
In the mutant K1237E, recovery from inactivation producedtural rearrangement of the outer pore of the channel, and
by a short (1-s) depolarizing prepulse also follows a doublethat blocking ions or molecules can modify the inactivation
exponential time course, suggesting states analogous to bogiiocess by binding in the critical region.

fast and slow inactivation in this mutant (Fig. 2). Hence, the In Na* channels, fast inactivation is also mediated by an
mutation does not appear to produce any substantial abnointracellular structure: the domains IlI-IV linker (West et
malities in recovery from short depolarizations. al.,, 1992). However, it is plausible to consider that the
ultra-slow inactivation process revealed by the K1237 mu-
tations might be related to a structural rearrangement on the
Na" channel outer mouth in an analogous way to that 6f K
channel C-type inactivation. We tested this idea by exam-
A second line of evidence is that coexpression of e  ining the effect of block with a Nachannel blocking ligand
subunit with thex subunit affects slow inactivation, but not on ultra-slow inactivation.

ultra-slow inactivation. Wild-typg.1 Na* channels show a

substantial amount of slow inactivation when thsubunit

is expressed alone Xenopusoocytes. Coexpression of the Block of ultra-slow inactivation by u-CTX R13Q

B1 subunit reduces the number of channels entering a sloWeyeral molecules are known to block the Nehannel by
inactivation process and speeds their recovery (Zhou et a'binding in the outer channel vestibule. The guanidinium
1991; Balser et al., 1996; Chang et al., 1996). The mechapxins tetrodotoxin (TTX) and saxitoxin (STX) interact with
nism of thisp1 subunit effect is not completely understood. myltiple residues in the outer mouth (Terlau et al., 1991).
The B1 subunit may affect folding of the subunit during  However, their affinities are markedly reduced by K1237
cytoplasmic processing, or it may interact with the inacti-mutations and they completely block the curreptsCTX
vation process after membrane insertion of the channel. Ag|IIA blocks skeletal muscle Nachannels with high af-
shown in Fig. 2, the amount of slow inactivation (but not finity, and its binding site is also in the channel's outer
ultra-slow inactivation) in the mutant K1237E is also sub-vestibule (Cruz et al., 1985; Moczydlowski et al., 1986;
stantially reduced by coexpression with {Besubunit. This  Becker et al., 1992; Dudley et al., 1995; French et al., 1996;
again indicates that the mutation itself does not corrupt the&hang et al., 1998). The toxin mutgmCTX R13Q has the
mechanism of the fast and slow components of inactivationinteresting property that binding only partially occludes the
In contrast, thg31 subunit fails to influence the ultra-slow channel, reducing but not abolishing single channel current
inactivation process seen with the K1237 mutants, implyingBecker et al., 1992; French et al., 1996; Chang et al., 1998).
that the mechanism of ultra-slow inactivation is different Therefore, the effect of its binding on channel gating kinet-
from that of fast inactivation. ics can be monitored by recording this residual current. In

channels have several inactivation mechanisms (Choi et

Coexpression with the 81 subunit
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Na" channels with the K1237E mutation we found that thision recognition and permeation. Our results underline the
molecule destabilized the ultra-slow inactivated state botlimportance of K1237 in channel function. We find that
by slowing entry into the state (Fig. 4) and accelerating exitthanging the charge at this position permits development of
from the state (Fig. 3). The concentration-dependence of tha non-conducting state of the channel from which recovery
toxin effect on ultra-slow recovery (Fig. 5) suggested thateven at hyperpolarized potentials is very slow. One mech-
r-CTX R13Q was affecting only toxin bound channels. anism by which the charge in position 1237 might stabilize
Also, this effect was independent of a range of prepulse anthe structure of the outer vestibule is through salt-bridge
recovery potentials too large to be explained by an electroformation or through other interactions with nearby resi-
static influence of the charged toxin on the nearby voltagedues, and study of combinations of mutations may provide
sensing systems or the surface potential (Fig. 6; French dtirther insight into a molecular mechanism. It is not difficult
al., 1996). The data are consistent with the idea that bindin¢gp imagine that a conformational change in this critical part
of u-CTX R13Q to the channel mutant K1237E favors aof the pore could render the channel non-conducting.
conformation of the channel which, with respect to ultra- The loss of channel selectivity is not completely linked to
slow inactivation, behaves very much like the wild-type ultra-slow inactivation, however. Recently, it has been dem-
channel in the absence of the peptide. onstrated that replacement of extracellular'N@ans by

The reduction of ultra-slow inactivation pyCTX R13Q  impermeant ions reduces the open probability of than-
in K1237E may be analogous to the effects of TEAnd  nels (Townsend et al., 1997) and enhances their slow inac-
K* on C-type inactivation inShakerK™* channels. The tivation (Townsend and Horn, 1997). These data strongly
mechanism of.-CTX R13Q is unclear, however. One pos- suggest that permeant ions can themselves influence the
sibility is that u-CTX may physically impede structural channel structure (Yellen, 1997). We ask whether ultra-slow
changes in the Nachannel vestibule involved in generating inactivation, favored by mutations of K1237, is linked to the
the ultra-slow inactivated state. Jf-CTX R13Q affects a change in the permeation properties of the channel that are
structural rearrangement, it is unlikely that the effect isalso produced by this mutation. Favre et al. (1996) found
directly on K1237. Mutant cycle analysis shows that thethat the charge-preserving mutation K1237R caused loss of
strongest interactions qf-CTX R13 with the outer vesti- selectivity between Naand K. However, our study dem-
bule are extracellular to K1237 and with E403 and E758onstrated that this mutation did not produce ultra-slow in-
(Dudley et al., 1995; Chang et al., 1998). Consequentlyactivation. Based upon the known interactions of the toxin
structural rearrangements prevented ¥CTX R13Q are with the channel, the modifying effect @i-CTX R13Q is
more likely to be produced by widespread interactions ofnot likely to be by a direct interaction with the residue at
the toxin with the outer vestibule of the channel. position 1237, but rather at a more superficial site. This
suggests that the conformational stability conferred by
K1237 may broadly involve the vestibule. In this regard the
modification of ultra-slow inactivation by-CTX R13Q in
Na“ channels may be different from the effect of TEAN
K1237 has been identified as part of the selectivity apparaC-type inactivation inShakerK ™ channels. TEA appears
tus of the channel. Terlau et al. (1991) initially proposedto inhibit C-type inactivation only if it enters deeply into the
that one residue from each of the four P loops—D400 pore (Molina et al., 1997). C-type inactivation has thus been
E755, K1237, and A1529—are adjacent in the pore andguggested to involve a conformational change restricted to a
play a critical role in ion permeation. Their evidence waslocal site in the pore (Molina et al., 1997) and TEAnay
that these residues are important for TTX and STX bindingact as a “foot in the door” to impede a localized pore
and block, for channel conductance, and for selectivityclosure. Ultra-slow inactivation in Nachannels, however,
(Heinemann et al., 1992). This proposal has received comappears to be caused by a more complex rearrangement of
siderable support from additional mutational studies of thehe outer pore of the channgl-CTX R13Q may act as a
Na" channel (Chiamvimonvat et al., 1996a; Chang et al./splint” in the outer vestibule, stabilizing the structure of
1998; Tsushima et al., 1997), from modeling of the molec-this region of the channel.
ular structure of the outer vestibule (Lipkind and Fozzard,
1994), and from mutation of analogous residues in th&"Ca
Chan_nel P |00pS (Yang et al., 1993; Ellinor et al, 1995;The authors thank Yu Huang, Bei Li, and Gayle Tonkovich for their
Schlief et al., 1996). K1237 was shown to be the key residuchnical assistance, and Dr. Jonathan Satin for helpful discussions. Thanks
regulating ion selectivity in the Nachannel (Favre et al., are due to Dr. Denis McMaster of the Peptide Synthesis Laboratory,
1996) and permeation (Sun et al., 1997). These residues al&iversity of Calgary Faculty of Medicine, for providing the peptide
control access of outside local anesthetic drugs to their inngt CTX R13Q.
pore binding site (Sunami et al., 1997). This work was supported by HL-P01-20592 from the National Institutes of

Sun et al. (1997) have hypothesized that K1237 interactgealth and by a grant from the Max Kade Foundation, Inc., New York (to

with the adiacent carboxvl resid in th lectivity ring t H.T.). Research support was also provided by the Medical Research
| carboxyl resiaues € selec y rng 0Co ncil of Canada (MRC), and R.J.F. received salary support as an MRC
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