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Gating of Cardiac Na* Channels in Excised Membrane Patches after
Modification by a-Chymotrypsin

Carmen Valenzuela* and Paul B. Bennett, Jr.
Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232 USA

ABSTRACT Single cardiac Na* channels were investigated after intracellular proteolysis to remove the fast inactivation pro-
cess in an attempt to elucidate the mechanisms of channel gating and the role of slow inactivation. Na* channels were studied
in inside-out patches excised from guinea-pig ventricular myocytes both before and after very brief exposure (2—4 min) to the
endopeptidase, a-chymotrypsin. Enzyme exposure times were chosen to maximize removal of fast inactivation and to minimize
potential nonspecific damage to the channel. After proteolysis, the single channel current-voltage relationship was approximatetly
linear with a slope conductance of 18 = 2.5 pS. Na* channel reversal potentials measured before and after proteolysis by
a-chymotrypsin were not changed. The unitary current amplitude was not altered after channel modification suggesting little or
no effect on channel conductance. Channel open times were increased after removal of fast inactivation and were voltage-
dependent, ranging between 0.7 (—70 mV) and 3.2 (—10 mV) ms. Open times increased with membrane potential reaching
a maximum at —10 mV; at more positive membrane potentials, open times decreased again. Fast inactivation appeared to be
completely removed by a-chymotrypsin and slow inactivation became more apparent suggesting that fast and slow inactivation
normally compete, and that fast inactivation dominates in unmodified channels. This finding is not consistent with a slow
inactivated state that can only be entered through the fast inactivated state, since removal of fast inactivation does not eliminate
slow inactivation. The data indicate that cardiac Na* channels can enter the slow inactivated state by a pathway that bypasses
the fast inactivated state and that the likelihood of entering the slow inactivated state increases after removal of fast inactivation.

INTRODUCTION

Current through voltage gated Na* channels drives the up-
stroke of the cellular action potential and in cardiac cells this
supports electrical conduction initiating the excitation-
contraction coupling process (Brown et al., 1981; Fozzard
et al.,, 1985; Fozzard and Hanck, 1992; Catterall, 1986;
Catterall, 1988). It is generally accepted that Na* channels
exist in at least three primary classes of kinetically defined
states: closed (but available to open), open and inactivated
(closed but not available to open). The mechanisms of Na*
channel gating and the relationship between Na* channel
activation and inactivation have been the focus of consid-
erable investigational effort (Hodgkin and Huxley, 1952;
Goldman and Schauf, 1972; Armstrong and Bezanilla, 1977;
Bezanilla and Armstrong, 1977; Gillespie and Meves, 1980;
Bean, 1981; Patlak and Horn, 1982; Oxford, 1981; Vanden-
berg and Horn, 1984; Gonoi and Hille, 1987). Understanding
gating mechanisms is especially important for cardiac Na*
channels in order to understand mechanisms of antiarrhyth-
mic drug action. Differences between neuronal and cardiac
Na* channels have been noted at both the functional and
molecular levels (Kirsch and Brown, 1989; Noda et al., 1984;
Noda et al., 1986; Rogart et al., 1989). Although it is gen-
erally accepted that Na* channels can inactivate from both
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closed and open states, the importance of these two pathways
of inactivation are different in heart and nerve (Lawrence
etal., 1991; Berman et al., 1989; Aldrich et al., 1983). Studies
of mammalian neuronally derived, TTX-sensitive Na* chan-
nels in GH, pituitary cells (Gonoi and Hille, 1987) and N18
neuroblastoma cells (Cota and Armstrong, 1989) have re-
vealed a marked increase in sodium current and a negative
shift in the conductance-voltage relationship after enzymatic
removal of fast inactivation. These results support a model
of Na* channel inactivation developed by Aldrich et al.
(1983). Their model states that voltage-independent inacti-
vation is strongly coupled to activation and it occurs from
both open and closed states of the channel. Their data showed
that neuronally derived channels usually opened only once
before “irreversibly” entering the inactivated state. Data de-
rived from cardiac Na* channels suggest that this model is
not appropriate (Kunze et al., 1985; Yue et al., 1989). Cardiac
channels have a greater tendency to reopen at membrane
potentials between —60 and —30 mV. In addition, the volt-
age dependence of cardiac Na* channel open times has been
controversial. Nilius (1988) has concluded that the open
times were not voltage dependent, whereas Grant and
Starmer (1987), Scanley et al. (1990), and Lawrence et al.
(1991) have provided evidence that they are voltage-depend-
ent. An important goal for cardiac ion channel biophysics is
to assign an appropriate state diagram for channel gating and
to begin to determine individual rate constants. Our approach
toward this goal has been to try and simplify the channel
gating by eliminating certain transitions.

In addition to fast inactivation, a much slower gating pro-
cesses exists which has been referred to as slow inactivation
(Rudy, 1978; Rudy, 1981; Saikawa and Carmeliet, 1982;
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Gintant et al., 1984; Clarkson et al., 1984; Patlak and Ortiz,
1985; Quandt, 1987). A number of observations suggest the
importance of slow inactivation in cardiac cells: 1) it may
mediate suppressed excitability in regions that are depolar-
ized for prolonged periods (ischemia); 2) certain agents that
suppress cardiac excitability bind relatively selectively to
slow inactivated Na* channels; 3) Na* channels that inac-
tivate slowly may maintain the action potential plateau. Nev-
ertheless, there is little or no information on mechanisms of
slow inactivation at the single channel level for cardiac Na*
channels. Is slow inactivation in heart a separate and inde-
pendent process from fast inactivation? Is the slow inacti-
vated state entered by way of the fast inactivated state?

In an effort to better understand mechanisms of gating in
cardiac Na* channels including both fast and slow inacti-
vation, we have utilized single channel recordings from ex-
cised membrane patches where fast inactivation was re-
moved by very brief exposure of the cytoplasmic surface to
the endopeptidase, a-chymotrypsin. Excised patches permit-
ted very brief exposures to the enzyme to minimize damage
to less accessible protein domains. The removal of inacti-
vation by peptide cleaving enzymes may have advantages
over toxins that slow the inactivation process, especially for
subsequent pharmacological studies of open channel block
where there is a potential for interactions between drugs and
toxin.

MATERIALS AND METHODS

Cell isolations

Ventricular myocytes were obtained from 200- to 250-g guinea pigs by
standard collagenase dispersion (Farmer et al., 1983; Valenzuela and Ben-
nett, 1991). Hearts were mounted on a Langerdorff apparatus and perfused
with a nominally calcium-free Joklik medium for 3 min, followed by a
10-min perfusion with Joklik medium containing also 0.06% collagenase
(153 U/mg; Worthington, type 2, Freehold, NJ), 0.02% trypsin (GIBCO,
Grand Island, NY) and 50 uM CaCl,. The hearts were then minced and
gently agitated in a high potassium (KB) solution (Isenberg and Kldckner,
1982). Cells were washed three times in KB media and stored in this solution
for 2 h at room temperature. The cells were then transferred to an enriched
medium 199 (Sigma Chemical Co., St. Louis, MO) and maintained in an
incubator at 37°C. Only rod-shaped cells with clear cross-striations in a 1.8
mM Ca®* solution were used. The isolated cells were transferred to a 0.5-ml
chamber mounted on the stage of an inverted microscope for voltage clamp
studies.

Solutions

The cells were superfused at 1 ml/min with a Tyrode solution of the fol-
lowing composition (mM): NaCl, 145; CaCl,, 1.8; MgCl,, 1.0; KCl, 4.0;
glucose, 10; HEPES, 10; titrated to pH 7.35 with NaOH. The patch electrode
was filled with a solution containing (mM): NaCl, 145; MgCl,, 2.0; CaCl,,
0.1; HEPES, 10; titrated to pH 7.35 with NaOH. After establishment of a
gigaohm seal the bath solution was changed to a solution containing (mM):
NaF, 10; CsF, 110; CsCl, 20; MgCl,, 2.0; EGTA, 2; HEPES, 10; titrated to
pH 7.35 with CsOH. a-Chymotrypsin (type VII, TLCK-treated to avoid
trypsin activity, Sigma) was dissolved in a solution containing (mM): CsCl,
80; CsF, 80; EGTA, 10; HEPES, 10; titrated to pH 7.35 with CsOH.

Patch clamp recordings

All experiments were done at room temperature (22°C). The inside-out
configuration of the patch-clamp method (Hamill et al., 1981) was used.
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Recordings were made with an Axopatch-1C patch clamp amplifier (Axon
Instruments, Burlingame, CA). Patch pipettes were constructed from star-
bore capillary tubes (Radnoti Glass Technology, Monrovia, CA) and heat
polished after being coated near the tip with a hydrophobic polymer (Syl-
gard, Dow Corning). Electrodes with resistances of 5-10 M{) were used.

Membrane patches were excised by lifting a cell from the bottom of the
bath into a jet of solution. The force of this stream of solution removed the
cell from the pipette leaving an excised inside-out patch. After collection
of control data, the excised patch was briefly exposed to a-chymotrypsin
(0.4 mg/ml; TLCK-treated, Sigma). The exposure was terminated when Na™*
channels failed to inactivate during a strong depolarization (0 mV). This
effect was obtained in 2-5 min and the enzyme solution was then replaced
with the standard internal solution described above.

Voltage-clamp command pulses were generated by a 12-bit digital-to-
analog converter. Membrane currents were filtered at 2 kHz (—3 dB) by a
four-pole Bessel filter before sampling at 20 kHz by a 12-bit analog-to-
digital converter. In specific experiments data were filtered at 5 kHz before
sampling. This was done in an attempt to reduce the number of missed brief
closures at the lower filter setting. The majority of data were collected with
a 2-kHz filter. The differences in open times with these filter settings oc-
curred for open times <200 s and we usually excluded these brief openings
from our analysis. Therefore, the state lifetimes reported may be distorted
by omission of these events. Sampled data were stored on the hard disk of
a microcomputer for later analysis. No corrections were made for electrode
junction potentials which were less than 3 mV. Pulse protocols were gen-
erally delivered once every 5 s unless indicated otherwise and the standard
holding potential was —120 mV. The standard test pulse duration as 50 ms
unless indicated otherwise.

Data analysis

Capacitative and linear leakage currents were subtracted by averaging the
traces without activity and subtracting the averaged “null” from each trace.
Data were analyzed with custom software written in BASIC (Microsoft,
QuickBASIC) using an event detection scheme based on a half-amplitude
criterion as described by Colquhoun and Sigworth (1983). Single channels
recordings were first analyzed by generation of amplitude histograms which
allowed identification of current levels associated with channel openings.
Amplitude histograms were fitted with Gaussian curves using a simplex
algorithm. The mean and standard deviation (SD) of the all points current
amplitude histograms were then used in further analysis of open and closed
durations. Fig. 1 illustrates this approach. In the analysis of openings, we
noted occasional openings or closing to what appeared to be a substate level.
Since these events were rare, we did not segregate them in the analysis and
any such openings or closings were considered to be full openings or
closings.

Open channel probabilities were calculated by dividing the ensemble
average current by the product of the unitary current (obtained from am-
plitude histograms) and the number of Na* channels in the patch. The num-
ber of channels in a patch was estimated by a binomial analysis (Patlak and
Horn, 1982) and from the maximum number of overlapping events at the
beginning of a voltage step. The mean open times were determined by
averaging the open times list obtained as described above or by fitting an
exponential function to the binned distribution of open times. Patches with
more than three channels were not used for determining lifetime histograms,
and only patches with one channel were used for latency analysis. Analysis
of simulated data indicated that our programs could reliably register the open
times when three or fewer channels were in a patch. Closed times were
estimated by fitting sums of exponentials to the observed closed time dis-
tributions. Ensemble average currents were usually obtained from 96 and
128 sweeps. Results are expressed as mean and standard errors where ap-
propriate or as indicated in the figure legends.

RESULTS

The activity of Na* channels and corresponding ensemble
averages recorded from an excised patch at a transmembrane
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FIGURE 1 Measurement of single channel
current amplitudes by all points amplitude his-
tograms. The voltage protocol is indicated.
Upon stepping the membrane potential to —10
mV, achymotrypsin modified Na* channel be-
gan opening. The digitized current samples
were sorted into bins to form histograms (left)
of current levels. Histograms show open and
closed distributions from records in addition to

Closed
SD = 0.16 pA

Gating of Cardiac Na* Channels

the one shown. Gaussian curves (solid lines)
were fitted to the distributions to obtain a
means and standard deviations. Beneath the
raw current tracing is a computer generated
reconstruction of the opening and closing of
the channel. The solid line was obtained from
a 50% criterion; the additional closures (dotted
lines) were obtained using a 3-SD excursion
criterion (see Materials and Methods).

potential of —30 mV are shown in Fig. 2. The channel ac-
tivities before (control, A) and after (B) enzymatic modifi-
cation are shown. In the control records (A) most of the
openings of the Na* channel appear at the beginning of the
depolarizing step. Reopenings were few and long-lasting
bursts of openings were absent. The ensemble averaged Na*
current reaches a peak and inactivates in <10 ms.

Fig. 2 B shows records obtained after covalent modifica-
tion of channels by a-chymotrypsin. The openings of the
modified channel were longer and reopenings were more
common than in the control consistent with successful re-
moval of the fast inactivation process. The single channel
open amplitudes were similar in control and after treatment
with the enzyme, suggesting that the conductance of the
channel was not modified by a-chymotrypsin.

Single channel conductance

We estimated the single channel current amplitude by sorting
the digitized records into “all points” histograms. Current

# Samples
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amplitude histograms obtained at three different membrane
potentials after proteolysis are shown in Fig. 3. These form
distributions around the major current levels. For different
voltage steps, the distributions corresponding to the open
channel shift on the x-axis due to changes in driving force for
Na* through the channel,

Fig. 4 A shows mean single channel current obtained from
amplitude histograms as a function of membrane potential
(i-V) before and after channel modification by a-chymo-
trypsin. The extrapolated reversal potential and the conduc-
tance of the channel were similar. Under the conditions used
in these experiments, the equilibrium potential predicted by
the Nernst equation is +68 mV. The extrapolated reversal
potential determined from a linear approximation by least
squares regression of the data in control and after covalent
modification by a-chymotrypsin was predicted by the Nernst
relationship within the limits of measurement error. The
single channel slope conductance was 16.3 £ 1.9 pS in con-
trol and 18.1 * 2.5 pS (NS; n = 15) after covalent modi-
fication with a-chymotrypsin. These slope conductance
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FIGURE 2 Single Na* channel currents and en-
semble averages in an inside-out patch in control
(A) and after removal of fast inactivation (B). The
patch was held at —160 mV for 1 s between pulses
to —30 mV.
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FIGURE 3 Current amplitude histograms obtained after removal of inactivation with a-chymotrypsin. Histograms recorded at three different test potentials
are shown: ~40 (A), —20 (B), and 0 mV (C). The holding potential was —140 mV. The closed channel mean (peak) is centered near 0 pA, and the open

channel peaks shift right for larger voltage steps as the driving force (Eq,, —
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FIGURE 4 (A)Current-voltage (i-V) relationships in control and after (A)
removal of inactivation. Data are means obtained from 6 experiments with
2 times the SEM indicated in each direction. The dashed line has a slope
of 16 pS and an x-intercept (reversal potential) of +73 mV. (B) Current-
voltage relationship obtained by ramping the clamp voltage from —90 to
+110 mV in a channel with inactivation removed. As the ramp voltage
passed —60 mV the channel began to open and flicker closed. Brief outward
openings can be observed beyond the reversal potential. The line through
the data has a slope of 18 pS.

estimates are similar to those previously described (Kunze
et al, 1985; Berman et al., 1989) and suggest that
a-chymotrypsin did not significantly alter the permeation
properties of the channel under the conditions employed
here.

We further investigated the effects of a-chymotrypsin on
the single channel conductance using voltage clamp ramps.
This allowed a direct estimate of the reversal potential of the
Na* current and the single channel conductance over a range

E,,) for current through the channel decreases.

of membrane potentials. These measurements were not pos-
sible for channels with fast inactivation intact. Fig. 4 B shows
single a-chymotrypsin-modified Na* channel current during
such a voltage ramp. Upon ramping the membrane potential
from —90 to +110 mV, the channel began opening at po-
tentials positive to —60 mV. During a ramp the channel
would sometimes close and then reopen. The slope conduc-
tances estimated by fitting a linear function to the data ex-
cluding the closures gave similar values to those obtained
from the amplitude histograms. These data suggest that the
reversal potential was not changed by these brief exposures
to the enzyme. Attempts to fit the data with the Goldman-
Hodgkin-Katz current equation (see Hille, 1992) were un-
successful. This equation produced too much rectification
which suggests that another permeation model may be
more appropriate.

Voltage-dependent gating of a-chymotrypsin
modified channels

Under control conditions, open durations of Na* channels
became slightly longer between —40 and 0 mV and a channel
typically opened fewer than two times before inactivating. At
more negative membrane potentials (between —70 and —50
mV) open times were briefer and channels were more likely
to open, close and reopen repeatedly. After removal of fast
inactivation, the voltage dependence of the open times did
not change qualitatively: open times increased with depo-
larization and reopenings were more common at more nega-
tive potentials. This behavior was analyzed in more detail by
creating open and close duration histograms from openings
obtained at different membrane potentials. Fig. 5 shows the
distribution of open times at two different step potentials
(—20 and 0 mV). Also shown are the superposition of fitted
exponential functions which gives the mean of the distribu-
tion and shows that the majority of openings were accounted
for by a single open state. The average open time at —10 mV
was 3.2 * 0.55 ms (n = 6). The use of two exponentials,
as would be necessary for two open states, did not
improve the fit.

Open times as a function of membrane potential are sum-
marized in Fig. 6 (fop). The open times were relatively short
at negative step potentials (<—50 mV) and increased with
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FIGURE 5 Open time histograms of modified Na* channels at two dif-
ferent membrane potentials: —20 and 0 mV. Channel open durations were
sorted into 0.25-ms bins and the number of opening durations falling into
each bin are shown. The line superimposed on each histogram represents
the fit of an exponential distribution (one open state) with the means of the
distributions (7,,,) indicated in the figure. The insets show individual
records of channel openings at these membrane potentials. Open times in-
creased with depolarization over the range of membrane potentials between
=70 mV up to —10 mV.

greater step potentials. At test potentials more positive than
—10 mV, the observed open times decreased again. For an
ion channel that behaves according to Markovian kinetics,
the open lifetime of the channel is equal to the reciprocal sum
of the rate constants leaving the open state. Since channels
with inactivation removed were kinetically simpler than in-
tact channels (the O = I transition is eliminated), we esti-
mated the closing rate constant as the reciprocal of the open
times. We assumed that after removal of fast inactivation
only one pathway exits the open state. Therefore, the recip-
rocal of the open time is a direct measure of this closing rate
constant.

8
C,<0 B = (Topen) ™"

open

B
Co = 0 =1y,

Fast inactivation
removed

Fast inactivation intact Closing rate

Fig. 6 (bottom) plots the voltage dependence of this ap-
parent rate constant and shows the predicted voltage depen-
dence derived from reaction rate theory (Stevens, 1978)
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FIGURE 6 (A) Relationship between the mean open times and the test
potential before (open symbols) and after (@) treatment with a-chymo-
trypsin. The open symbols indicate open times with fast inactivation intact.
The circles represent means and SE of open times in 3 or more patches after
removal of fast inactivation. The inverted triangles and diamonds are data
from two different patches where open times could be determined over the
indicated voltage range in the same patch. The open hexagons are averaged
data from different patches with intact inactivation. @, increase in open
times after removal of fast inactivation. The open times were voltage de-
pendent and were not a simple monotonic function of membrane potential.
The dashed curves show the predicted open times when using the closing
rate from Fig. 6 B and a voltage-independent inactivation rate constant of
400 or 1500/s (7, = {B + ¥} ". (B) Reciprocal of the mean open times
(B = closing rate) as a function of membrane potential. Values are plotted
on a logarithmic ordinate and show that after this transform the relationship
is not linear. The dortted curve is the best fit of the relationship predicted from
reaction rate theory: AG = —RT - In(B/v) where v = x - kT/h; B is the closing
rate constant, R is the gas constant, k is Boltzmann’s constant, T is tem-
perature, 4 is Planck’s constant and « is a transmission coefficient (usually
assumed to be 1). The value of ¥ is ~6 X 10'2s™! and it is the attempt rate
for crossing the barrier; it gives the upper limit for the transition frequency.
The barrier heights for this transition ranged between 13 and 14 kcal/mol
(+10 to —70 mV) under these conditions.

where the energy barriers separating the open and close states
range between 13 and 14 kcal/mol (dashed line in Fig. 6).

Slow Na* channel inactivation

Following channel proteolysis we observed numerous con-
secutive records where no channel openings occurred. These
“null records” appeared in clusters between sweeps with ap-
parently normal opening behavior. A Runs analysis (Bendat
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FIGURE 7 (A) Prolonged closed times of a channel after removal of fast
inactivation. Channel openings were measured after applying a test pulse to
0mV from a holding potential of —130 mV. The ensemble average of 96 tracings
is shown along with individual records. As seen in the ensemble average, no time-
dependent inactivation was observed during the voltage clamp step. Under these
conditions the available channels are expected to have a high probability (near
1) of opening. Nevertheless, numerous tracings with no openings were observed
as if the channel is unavailable to open. (B) Sixty-four consecutive records (left
bottom to top to right bottom to top). Recordings were made once every 3 s,
therefore 15 consecutive blank tracings represents over 45 s where the channel
was unavailable to open. Note in sweep 42 (10th from bottom right) which is
the last sweep with an opening before a long period without openings, the channel
appears to enter the slow inactivated state from the open state.
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and Piersol, 1986) on the clustering of the null records in-
dicated that they did not occur randomly. The statistical prob-
ability of observing such a clustering was vanishingly small
(p < 0.001). These ensembles of null records appeared to

occur randomly during long periods of successive records
as if the channel occasionally entered a long lived closed
or inactivated state. This observation was more likely
when more positive membrane potentials were applied. A
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representative example of this behavior is shown in Fig. 7,
which contains channel activity during a membrane potential
step to 0 mV. Fig. 7 A shows ten consecutive sweeps. Even
at this strong depolarization, numerous closings and reopen-
ings were observed, indicating that P, was not 1 at 0 mV.
After closing in the sixth record the channel did not reopen
for more than 10 s. Fig. 7 B shows a similar pattern of be-
havior in a recording of 64 consecutive sweeps. Note how the
channel normally opens with each step depolarization, but
there are long occurrences of failure to open, even though the
holding potential was —130 mV and the test step was 0 mV.
In sweep 42 the channel is open but then closes approxi-
mately halfway through the sweep and does not reopen in 14
additional steps over 42 s.

We tested for the voltage dependence of this apparent slow
inactivation process using two different voltage clamp pro-
tocols. In one, a standard double pulse protocol was used with
a 2-s conditioning pre-pulse to different membrane potentials
(between —120 and +20 mV); the fraction of Na* channels
available to open during a test pulse to —10 mV was esti-
mated from ensemble averages. For practical reasons it was
difficult to use numerous very long pre-pulses to induce slow
inactivation, therefore 2-s pre-pulses were used as a com-
promise. Although these pre-pulses were sufficient to induce
slow inactivation, a true steady state may not have been
achieved. Thus, the measured slope and the midpoint of the
relationship may not reflect the actual steady state partition-
ing into the slow inactivated state, although the errors are not
expected to be large. Fig. 8 A shows a typical experiment
using this protocol. Even when the fast inactivation was re-
moved, a slower voltage-dependent component of inactiva-
tion was still present. The results are summarized in Fig. 8
B. These results were fitted using a Boltzmann equation,
where the V,, was —64 mV. This is much more positive than
the midpoint obtained for fast inactivation in these same
cells and patches (—95 to —110 mV after whole-cell di-
alysis or patch excision) but it is very close to the mid-
point for slow inactivation reported by Rudy (1978) and
Kunze et al. (1985).

In another group of experiments, a 60-s conditioning pre-
pulse to 0 mV was applied before the test pulse to —40 mV.
In these experiments there was a large decrease of the open
probability after the long pre-pulse (Fig. 9). This decrease in
open probability resulted from an increase in the fraction of
null records. Fig. 9 shows an example of the behavior of the
Na* channel, before and after channel modification with
a~chymotrypsin. Current in each trace was integrated and
plotted as a function of time. This display shows the open
probability (fractional open time) of each sweep. On the left,
the P, in each sweep is shown either with or without a
pre-pulse. The open probability was greatly increased after
a-chymotrypsin treatment; however, a 60-s pre-pulse to
0 mV caused a large decrease in the open probability
(right). The average P, ., before and after removal of fast
inactivation and after insertion of the pre-pulse is shown
above the diary.
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FIGURE 8 Voltage dependence of slow inactivation. (A) Ensemble av-
erages of obtained from a standard two- pulse inactivation protocol. Av-
erages were selected to show maximum inward current (pre-pulse to —70
mV) and a pre-pulse that reduced the ensemble average by ~50% (pre-pulse
to —60 mV). Note the absence of any apparent time dependent inactivation
during the test pulse (to —10 mV). The brief gap between the pre-pulse and
test pulse was used to assure that all test pulses came from the same potential
and it had no effect on the current during the test pulse. (B) Averaged
steady-state current obtained during test pulses to —10 mV as a function of
the pre-pulse voltage step. The solid curve represents the fit of a Boltzmann
relationship. The membrane potential for half-maximal inactivation (V,,)
was —64 mV and the fitted slope factor of 4.05 mV. Note that even for large
pre-pulse potentials, complete inactivation did not occur.

DISCUSSION

Early work in nerve established that the fast inactivation
process was eliminated by internal exposure to pronase
(Armstrong et al., 1973). This lead to the hypothesis that
inactivation resulted from a peptide tethered to the intracel-
lular surface of the channel protein, and that this “peptide ball
on a chain” could occlude the open pore and produce the
channel inactivation. Recent evidence has implicated a cy-
toplasmic protein structural component that links transmem-
brane domains III and IV of the Na* channel protein in the
fast inactivation process (Stiithmer et al., 1989; Moorman
et al., 1990; Vassilev et al., 1989; West et al., 1992). Thus,
removal of fast inactivation is one strategy (Patlak and Horn,
1982) to isolate the closed-open transitions (C = O).

We have investigated the gating of cardiac Na* channels
after treatment with the proteolytic enzyme a-chymotrypsin
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FIGURE 9 The effect of a pre-pulse on channel
opening probability. (Top) Bar graph shows the aver-
age * 2 SEM of N - P, during control (before ex-
posure to a-chymotrypsin), after removal of fast inac-
tivation, and during a pre-pulse after removal of fast
inactivation. The averages were obtained from the
records shown in the diary analysis in the bottom panel.
(Bottom) Diary of Na* channel activity in a patch con-
taining three (N = 3) channels after removal of the fast
inactivation. The fractional opentime (N - P,.,) in each
record is plotted as a function of time during the ex-
periment. Each vertical bar represents a recording dur-
ing a voltage jump to —40 mV. a-Chymotrypsin was pd

applied and washed out during the time indicated by the E
arrow and the box on the x-axis. The means of each

group of tracings are also shown by the dotted lines and
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are shown in the bar graph in the top panel. A pre-pulse
to 0 mV reduced the likelihood of channel opening
during the voltage jump to —40 mV.

0.0 -

in an attempt to remove fast inactivation. The simplest in-
terpretation of our data is that a-chymotrypsin proteolysis
cleaves a part of the channel protein that normally causes fast
inactivation, resulting in removal of fast inactivation. This
interpretation is consistent with the original data supporting
an intracellular part of the channel protein that can block
conduction. It is also consistent with the recent mutagenesis
data demonstrating that the III-1V interdomain, a presumed
intracellular loop, is intimately involved with fast inactiva-
tion. This is the interpretation we favor. An alternative in-
terpretation is that a-chymotrypsin causes a slowing of nor-
mal fast inactivation. However, even in this case, our
interpretation (see below) regarding the higher order depen-
dence of the closing rate on membrane potential is still valid
as discussed in detail below.

The main results of this study were: 1) the conductance of
enzymatically modified Na* channels were not significantly
altered; 2) open times in modified Na* channels were in-
creased relative to control which is consistent with removal
of a kinetic pathway out of the open state; 3) the open times
were voltage-dependent; 4) channels with fast inactivation
removed retained a slower inactivation process that was also
voltage-dependent.

Channel conductance

The averaged conductance measured in a-chymotrypsin-
modified channels (18.1 * 2.5 pS) was not statistically dif-
ferent from non-modified Na* channels (16.3 = 1.9 pS). The
results suggest that the brief treatment of Na* channels with
a-chymotrypsin as used in these experiments did not alter the
activation kinetics or the permeation properties of the chan-
nel, and appeared to remove primarily the fast inactivation
process (Patlak and Horn, 1982; Sheets and Hanck, 1993).
Our results differ somewhat from those obtained during ex-
periments requiring long and continued exposure to the en-
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zyme as seen during whole-cell measurements in guinea pig
ventricular myocytes (Clarkson, 1990). After more pro-
longed exposure to the enzyme, a shift of the I-V relationship
is observed as well as an increase in Na* current. Sheets and
Hanck (1993) observed only a slight increase (16%) in whole
cell Na* current after dialysis of canine Purkinje cells with
a-chymotrypsin. Our results extend their work and that of
Clarkson (1990) by showing that the increase in macroscopic
Na* current does not result from an increase single channel
conductance. A part of the increase seen in earlier studies
may have resulted from the observed shift of the activa-
tion curve caused by prolonged exposure to the enzyme.
However, Sheets and Hanck (1993) have nicely shown
that the observed shift of the activation curve resulted
entirely from the time dependent changes that occur upon
whole cell dialysis. In our study with excised patches, the
time of exposure to the a-chymotrypsin action was much
shorter (2-5 min) and caused no shift of the gating pa-
rameters. This supports their interpretation. The addi-
tional effects caused by prolonged enzyme exposure in
the whole-cell mode could results from a greater degree
of proteolysis as the enzyme has time to react with less
accessible regions of the channel (Zwerling et al., 1991).
This is expected to occur at any exposed regions that
contain a preferred amino acid substrate sequence for
a-chymotrypsin. The only additional basis for selectivity
of a-chymotrypsin is the accessibility of the cleavage
sites (Zwerling et al., 1991); brief exposure times such as
we have used would only permit the most accessible sites
to be attacked. Access to the “fast inactivation gate” is
expected to occur easily, since the approximately 60
amino acids linking domains III and IV of the channel
(HI-1V linker) is a putative extramembranous, intracel-
lular domain.

a-chymotrypsin is an endopeptidase that is specific for
peptide bonds where the carboxyl terminal residue is con-
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tributed by tyrosine, tryptophan or phenylalanine (Tyr-X,
Phe-X, or Tryp-X). Vassilev et al. (1989) have demonstrated
that antibodies directed toward the intracellular peptide seg-
ment connecting domains III and IV (the III-IV linker) can
disrupt channel inactivation. Stiithmer et al. (1989) demon-
strated that mutations in this region altered channel inacti-
vation. Potential sites for a-chymotrypsin cleavage in the
cardiac III-IV linker region, are phenylalanine 1487 and the
tyrosines at position 1495 and 1496 and 1518. Very recently,
West et al. (1992) have demonstrated the phenylalanine
equivalent to 1487 of the rat brain Na* channel isoform is
important for inactivation.

Channel gating

Figures 5 and 6 indicate the voltage dependence of the open
times. We observed that the channel open durations were
prolonged as membrane potential was made less negative.
There has been controversy as to whether the open times of
cardiac Na* channels with intact fast inactivation are volt-
age-dependent. Nilius (1988) has concluded that the open
times were not voltage-dependent, whereas Grant and
Starmer (1987), Yue et al. (1989) and Berman et al. (1989)
have provided evidence that they are voltage-dependent. Our
own data show a small voltage dependence of the open times
for channels where inactivation is intact, and this can be
explained entirely by the voltage dependence of the closing
rate (see Fig. 6 A). We considered the possibility that the
observed voltage dependence of the open times in our ex-
periments was an artifact caused by limited recording band-
width or inappropriate threshold detection for opening and
closing. If brief closures were observed at low voltages but
became briefer and were increasingly missed at stronger de-
polarization, then open times that did not change with voltage
would appear to become longer because brief closures would
be missed. In this case, two shorter openings would be
counted as one longer opening. We explored the latter pos-
sibility by re-measuring the open times using criteria of ex-
cursions of 3 and 4 SD from the mean open level. This would
be more likely to detect brief closures that did not fully reach
the 50% level and therefore would have gone undetected.
Although this method gave more openings that were briefer,
the voltage dependence was still apparent and the detected
closures did not become briefer with greater membrane po-
tential steps which indicates that the voltage dependence is
not simply a measurement artifact. Also, missed closures
could not account for the decrease in open times that was
observed at positive membrane potentials.

If open channels can directly enter another state or enter
the slow inactivated state then after removal of fast inacti-
vation there is still more than one pathway from the open
state. Zilberter and Motin (1991) have suggested the exist-
ence of two fast inactivated states detected by a two-stage
action of trypsin. Our data show that after a-chymotrypsin
the channels behave like the stage II that they describe.
Therefore, the intermediate (stage I) proteolysis that they
described was not observed by us using a-chymotrypsin.
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Since the open times are equal to the reciprocal sum of the
rate constants leaving the open state, our estimates of the
closing rate constant (8) will be in error to the extent that the
rate constant for transition into the another inactivated state
is of similar magnitude as the closing rate constant. This also
could give rise to the non-log-linear plot of the reciprocal
open times (Fig. 6). We do not believe this is the case, how-
ever, because these rate constants must differ by more than
an order of magnitude, since there is no perceptible inacti-
vation of the ensemble average during the test pulse shown
in Figs. 7 and 8. Hence, the channel is much more likely to
close or remain open (C = O) than to enter the slow inac-
tivated state within a few hundred milliseconds. If for the
sake of argument, we assume that 3% slow inactivation has
occurred undetected during 50 millisecond, then an upper
limit (A/A, = 5008+, (y +§ ) = —In(0.97)/50 = 0.6
s~1) can be placed on the rate constant for entering the slow
inactivated state. Neither rate constant can be larger than 0.6
s~!. This simplified calculation assumes a first order 2-state
interaction with the slow inactivated state (reasonable pro-
vided that the rate constants for open-closed transition (C =
0) and the rate constants for slow inactivation are greatly
different). Since the sum of the two rate constants approxi-
mates the reciprocal of slow inactivation time constant
(Ut = (y4+8,) = ~0.6 s77), an estimate of the apparent
time constant for slow inactivation is ~1.6 s near 0 mV,
which is similar to that observed by Clarkson (1990). The
rate constants for entering or leaving the slow inactivated
state (1/7,; = (v4+8;) = ~0.6 s™*) must be much smaller
than the rate constant for closing (2000-300 s™!) and thus the
open times largely reflect this single closing rate constant.
This also places limits on the rate constant for fast inacti-
vation. When fast inactivation is intact the open times are
shorter because of the contribution from the rate constant (y;)
into the fast inactivated state (e.g., 7', = B + ¥)- With
fast inactivation intact, open times range between 0.3 and 1.5
ms (Nilius, 1988; Kunze et al, 1985; Grant and Starmer,
1987) over the range of potentials we have explored (see Fig.
6). This suggests that the rate constant for entry into the fast
inactivated state ('y;) must be on the order of 400 s™!. This
value gives open times of 0.4 to 1.4 ms over the range of
membrane potentials we have examined (see Fig. 6 A, dashed
lines). It also produces macroscopic currents with appropri-
ate kinetics over this range of membrane potentials. While
our data do not address whether the fast inactivation rate
constant is voltage-dependent, a minimal voltage depen-
dence of this rate constant is consistent with known mo-
lecular features of the channel. The fast inactivation rate con-
stant (y;) is not expected to be very voltage dependent if it
describes movement of a part of the channel protein, (e.g.,
HI-IV linker domain) that is not in the electrical field (Arm-
strong and Bezanilla, 1977; Stithmer et al., 1989). Even so,
the open times can show a moderate voltage dependence
because of the contribution from the closing rate constant (8)
which is voltage-dependent (see Fig. 6, dashed lines).

The voltage dependence of the channel open times suggest
that closing of the channel requires movement of a charge or
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dipole. The nonlinear nature of the logarithmic voltage de-
pendence of the closing rate constant suggest that membrane
field-induced dipoles may also influence gating (Stevens,
1978). A nonlinear voltage dependence has been observed
in gating of end plate ACh channels of Rana temporia
(Anderson and Stevens, 1973) and in mammalian potassium
channels (Balser et al., 1990). The theoretical basis for such
a voltage dependence of rate constants is discusses in detail
by Stevens (1978).

Since gating of the channel presumably involves a rear-
rangement of atoms in the protein, the structure(s) respon-
sible must sense the membrane field strength. Thus, it must
achieve sufficient energy from thermal motion or other
sources to traverse the energy barrier that separates the open
and closed states. We estimated the height of this barrier from
reaction rate theory. The activation energy for the closing
reaction ranged between 13 and 14 kcal/mol over this range
of membrane potentials as indicated by the dotted curve in
Fig. 6 B. These values are similar to the barrier heights ob-
tained for a gating transition of the Drosophila A channel
(Zagotta and Aldrich, 1990).

Slow inactivation is not removed by
a-chymotrypsin

Figures 7 and 9 indicate that prolonged closures occur after
a-chymotrypsin modification. If internal proteolysis re-
moves fast inactivation and leaves slow inactivation intact,
then this suggests that these two processes are distinct and
involve different domains in the Na‘* channel structure.
These results allow us to rule out certain models for slow
inactivation. Because slow inactivation remains after re-
moval of fast inactivation, the channel must be able to enter
the slow inactivated state(s) without having to pass through
the fast inactivated state(s).
C,sC=0=l,=1

slow

Scheme A
Ifast Ifast
34 N 400s7! I
c, = C = 0 C—0
AN =06s' 1]
Islow Islow
Scheme B

In Scheme A, channels first enter the fast inactivated state
followed by a much slower transition into the slow inacti-
vated state. In this case removal of the pathway into the fast
inactivated state would also eliminate slow inactivation. In
Scheme B, open channels can enter either the fast or the slow
inactivated state. This is similar to the model proposed by
Rudy (1978) for slow inactivation in Myxicola axons. In his
model, channels would preferentially enter the fast inacti-
vated state unless extremely long depolarizations (or very
rapid stimulations) occurred. Only a small fraction of the
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channels would normally enter the slow inactivated state. For
simplicity transitions between fast and slow inactivated
states have been omitted from Scheme B; however, these
transitions must also exist because it is possible to induce
slow inactivation after the channels have undergone fast in-
activation. This model is simplified on the right (Scheme B)
with an estimate of the rate constant for fast inactivation from
the open state. We can place limits on the magnitude of the
slow inactivated state interactions, in that we know the ag-
gregate of the rate constants involved must be smaller than
about 0.6 s~!. The fact that we cannot resolve the exact tran-
sition rate constants is indicated by the imprecise location of
the arrows leading to the slow inactivated state. Qur data are
also consistent with a competition between the fast and slow
inactivation process. After enzymatic modification, the like-
lihood of null sweeps was increased, presumably because
after removal of fast inactivation the channel could more
readily enter a long-lived slow inactivated state. When fast
inactivation was intact, channels would typically open once
and become fast inactivated. We never observed large num-
bers of consecutive null records in control experiments as we
did after remove of fast inactivation. Under control condi-
tions, channels almost always opened at least once upon de-
polarization: only 11 of the 96 (12%) records used to create
the ensemble average in Fig. 2 were nulls. After removal of
fast inactivation, 41 of 128 records (32%) had no openings.
This can account for the observation that the ensemble cur-
rent is of similar magnitude before and after removal of fast
inactivation. If fast inactivation is intact, the large rate con-
stant (400 s™') for entry into the fast inactivated state domi-
nates the reaction (y; < 1 s™') and channels would infre-
quently enter the slow inactivated state. After removal of fast
inactivation, channels can more readily enter the slow in-
activated state, since there is no competition from the fast
inactivated state.
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