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Post-Repolarization Block of Cloned Sodium Channels by Saxitoxin:
The Contribution of Pore-Region Amino Acids

Jonathan Satin, John W. Kyle, Zheng Fan, Richard Rogart, Harry A. Fozzard,
and Jonathan C. Makielski
The Cardiac Electrophysiology Laboratories, The University of Chicago, Chicago, lllinois 60637 USA

ABSTRACT Sodium channels expressed in oocytes exhibited isoform differences in phasic block by saxitoxin (STX). Neu-
ronal channels (rat lla co-expressed with 81 subunit, Br2a + B1) had slower kinetics of phasic block for pulse trains than
cardiac channels (RHI). After the membrane was repolarized from a single brief depolarizing step, a test pulse at increasing
intervals showed first a decrease in current (post-repolarization block) then eventual recovery in the presence of STX. This
block/unblock process for Br2a + g1 was 10-fold slower than that for RHI. A model accounting for these results predicts a
faster toxin dissociation rate and a slower association rate for the cardiac isoform, and it also predicts a shorter dwell time in
a putative high STX affinity conformation for the cardiac isoform. The RHI mutation (Cys3*—Phe), which was previously
shown to be neuronal-like with respect to high affinity tonic toxin block, was also neuronal-like with respect to the kinetics of
post-repolarization block, suggesting that this single amino acid is important for conferring isoform-specific transition rates
determining post-repolarization block. Because the same mutation determines both sensitivity for tonic STX block and the ki-
netics of phasic STX block, the mechanisms accounting for tonic block and phasic block share the same toxin binding site.
We conclude that the residue at position 374, in the putative pore-forming region, confers isoform-specific channel kinetics

that underlie phasic toxin block.

INTRODUCTION

Phasic, or use-dependent, block refers to the extra block that
develops in response to single or repetitive membrane de-
polarizations as opposed to tonic block, which is the block
developed with infrequent depolarizations. Phasic block is a
well known feature of STX and TTX interaction with the
relatively toxin-resistant cardiac Na* channels (Baer et al.,
1976; Cohen et al., 1981; Inoue and Pappano, 1984; Vassilev
et al., 1986; Carmeliet, 1987; Clarkson et al., 1988; Eickhorn
et al., 1990), but more recently it has become apparent that
the toxin-sensitive neuronal channels also show use depen-
dence (Salgado et al., 1986; Lonnendonker, 1989). The
modulated-receptor model proposed for phasic block by lo-
cal anesthetics (Hille, 1977) can be extended to account for
phasic block by STX and TTX. The usual interpretation of
the model is that a depolarizing step induces a higher affinity
conformation or conformations such as the open state or the
inactivated state. STX and TTX block the open state in BTX-
modified channels (e.g., Krueger et al., 1983), but such block
has not been demonstrated in unmodified channels (e.g.,
Quandt et al., 1985). For TTX, higher affinity binding does
occur to a conformation that results from a prolonged de-
polarizing potential, presumably the inactivated state (Cohen
et al., 1981). Salgado et al. (1986), however, demonstrated
in crayfish axons that extra block was also induced by de-
polarizing steps too brief to inactivate the channel. This extra
block did not develop while the membrane was depolarized,
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but after the membrane was repolarized to negative poten-
tials. This block occurring after the membrane is repolarized
we call “post-repolarization block” by analogy to the term
“post-repolarization refractoriness” (Delmar and Jalife,
1990). Post-repolarization block has been observed in other
toxin-sensitive channels (Lonnendonker, 1989; Patton and
Goldin, 1991), and it has also been observed in toxin-
resistant cardiac channels (Follmer and Yeh, 1988; Makiel-
ski et al., 1993). Post-repolarization block of native cardiac
channels by STX, however, was distinguished by a >10-fold
faster time-course than that reported for the toxin-sensitive
channels.

The a-subunits of Na channels from heart (RHI), adult
skeletal muscle (u1), and brain (Br2a) retain their charac-
teristic guanidinium affinities for tonic toxin block when ex-
pressed in the Xenopus oocyte (Cribbs et al., 1990, Noda
et al., 1989, Trimmer et al., 1989). The binding site for gua-
nidinium toxin has been identified as part of the putative pore
region (Noda et al., 1989). We have reported recently that
mutating the Cys at position 374 in RHI to either a Phe
(neuronal-specific) or Tyr (adult skeletal muscle-specific)
results in a channel with a high STX sensitivity for tonic
block more like neuronal or skeletal muscle channels than
heart (Satin et al., 1992a). The reciprocal mutation in the
Br2a channel (Phe— Cys) or the i1 channel (Tyr—Cys) re-
sulted in a Br2a, or pl mutant with toxin resistance
(Heinemann et al., 1992b; Backx et al., 1992). In regard to
phasic block, we noted that the toxin-sensitive pore-region
mutants of the cardiac channel developed STX block in re-
sponse to pulse trains slower than the toxin-resistant wild-
type (Satin et al., 1992a). In general, phasic block is less well
studied for STX and TTX than tonic block. The exact rela-
tionship between the mechanisms for tonic block and phasic
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block are unknown even for local anesthetics, and the
possibility of separate binding sites must be considered
(Butterworth and Strichartz, 1990).

In this study, we compare phasic block of cardiac and
neuronal isoforms, and demonstrate that the Cys*™* (Phe in
Br2a) residue is responsible for the isoform specific post-
repolarization block kinetics. A previously published model
for post-repolarization phasic block of cardiac myocytes
(Makielski et al., 1993) is used to propose a mechanism
underlying the isoform specific post-repolarization block ki-
netics. This model incorporates the association and disso-
ciation rates of toxin, and rates for the channel transition to
a transient, high affinity closed state. A simple difference in
the association and dissociation rates of toxin was not by
itself sufficient to explain the isoform-specific phasic block
kinetics. We must also consider the time the channel dwells
in a higher affinity closed conformation. The neuronal and
the neuronal-like cardiac mutant require a slower transition
from this higher affinity closed conformation than cardiac
channels, and consequently a longer dwell time. We con-
clude that the amino acid at position 374 (Cys in RH1, Phe
in Br2a) in the putative pore-forming region plays a role in
determining channel kinetics in addition to its importance for
toxin affinity. Because mutations at this site also account for
isoform differences in tonic block sensitivity (Satin et al.,
1992a), our results provide evidence that tonic block and
phasic block result from binding at the same site on the chan-
nel. Some of these data have been reported in abstract form
(Satin et al., 1992c).

MATERIALS AND METHODS

The preparation of cRNA and Xenopus oocytes was described previously
(Satin et al., 1992b). Point mutations were constructed by creating a po-
lymerase chain reaction (PCR) fragment that encompassed the pore-forming
region of repeat I of RHI (Satin et al., 1992a). The PCR product encom-
passing nucleotides (nt) 197 to 1162 was ligated into a subclone of RHI
(pRHI-71) that spanned from nt 445 to nt 2971. From this subclone the Nsil
(nt 553) to BamHI (nt 2956) segment was isolated and ligated into an ex-
pression vector (pXO1, Satin et al., 1992a). T7 RNA polymerase was used
to transcribe the linearized cDNA template.

The rat brain 81 subunit was cloned from a rat brain cDNA library using
PCR. A 28 base forward primer was synthesized corresponding to bp 201—
228 (Isom et al., 1992; 5'-cccaccgecttgegeggecatggggacg-3'). A 30 base
reverse primer was synthesized complementary to bp 867-896 (5'-ggcg-
gagcccagagecagegctattcagee-3'). These primers generated a PCR product
that contained the entire 81 coding sequence including 20 bp upstream of
the initiation ATG and 20 bp downstream from the termination TAG. PCR
reagents were obtained from Perkin-Elmer (Norwalk, CT), and the PCR
reactions were run in a final volume of 100 ul. PCR reactions contained:
1 pg of each primer; 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 1.5 mM MgSO,,
200 M each dNTP; 1 ng of rat brain cDNA template; and 2 Units of Taq
DNA polymerase (Perkin-Elmer). The first cycle of amplification was per-
formed as follows: 94°C for 5 min, 55°C for 90 s, and 72°C for 2 min. The
next 30 cycles were performed as follows: 94°C for 1 min, 55°C for 90 s,
72°C for 2 min. The last cycle was followed by a 10-min extension at 72°C.
The major PCR product was a band of approximately 740 bp. This fragment
was subcloned into pCRII (Invitrogene) and sequenced. The DNA sequence
exactly corresponded to that reported by Isom et al. (1992). The 81-pCRII
plasmid was linearized with BamHI and used as a template for transcription
of cRNA as previously described (Satin et al., 1992)
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Electrophysiological recordings

Xenopus oocytes were injected with 50-150 ng of cRNA. Three to ten days
after injection sodium current (f,,) was recorded from cRNA-injected oo-
cytes with a two electrode voltage clamp/bath clamp. Either a Dagan CA-1
(bath clamp) or a Dagan TEV-200 with a series resistance compensation
circuit (TEV-208, Dagan) was used to make recordings. All recordings were
made at 20-22°C in a flowing bath solution consisting of (in mM): 90 NaCl,
2.5KCl, 1 CaCl,, 1 MgCl,, and 10 HEPES, pH 7.4. The electrodes contained
3 M KCl and had resistances that ranged from 0.2 to 1.5 M{). Data were
acquired using Axobasic 1.1 software onto an Intel-486-based computer.
Data were digitized at 42 kHz and were low pass filtered at 10 kHz (—3 dB).
The large membrane area of the oocyte (about 1 mm diameter spheres; Cm
> 200 nF) prevents the command potential (V,,....) from rising fast enough
after step changes to study activation of Na currents. The peak of the Na
current ranged from about 1.5 to 3 ms after the onset of V. .. We moni-
tored and recorded the transmembrane voltage (V) as the potential dif-
ference between a third bath electrode and the voltage-sensing electrode
impaled in the oocyte. Data were discarded if there was a change in the
timecourse of V_ aftera V, step during the course of the experiment.

command
At the time of the measurement of peak Iy, V,, was within 1 mV of V...
The possible errors caused by problems with voltage control must be con-
sidered for any study of Na current in oocytes. In this study we assumed that
the peak current we measured in the second pulse of a pulse pair was a
measure of occupancy in the rested or closed states (Fig. 3). This measure
appears to be less dependent upon rapid charging of the membrane. In this
regard it is reassuring that the results for RHI in oocytes are very similar
to those reported for a voltage clamp in rat ventricular cells (Makielski et al.,
1993) where membrane charging times were less than 100 ps. In oocytes
the rise time of V, fora V.. from —100 to —~15 mV was typically less
than 600 ps. We did not capacitance- or leak-correct whole-oocyte currents.
Leak correction was unnecessary because the expressed currents in the range
studied were greater than 10-fold the amplitude of endogenous oocyte cur-
rents (predominantly relatively slow outward currents, c.f., Barish, 1983).
We never detected an endogenous oocyte Na current. TTX and STX (Cal-
biochem, LaJolla, CA) were added to the flowing bath from a concentrated
stock solution. The bath volume was generally less than 500 ul. To ensure
that a known concentration of toxin was attained 4-5 volumes of solution
were changed before recording commenced.

Post-repolarization block three-state model

A function B(#) describing the time course of fractional occupancy in the
blocked state (C-B in Fig. 4) is

B(1) = [STXJkcp (e, + /Ay — Ay) + kpckme, /(A — Ay),
where [STX] is the toxin concentration in uM and
Ay = (—k+b)2
A = (—k=b)f2
and where
€y = Ry — By(A, + kg Y([STX g ))exp(A, 1)
¢, = (Bo(A; + kpc/([STXTJkcy) — R,)exp(A,t)
¢, = (1 — exp(A2)/A; — (1 — exp(A,0)/A,
k= ke + kg + [STX kg + ke
b = ((k?) — dhec[STX kg — dkpclhec + ker))'?,

and where the rate constants account for toxin binding ke s™' uM™~! and
unbinding k. 57", and for the rates for entering kyc (™) and leaving kg
(s™") the high affinity state of the channel and R, and B, are the initial
fractional occupancies in the R and B states, respectively (R + B + C =
1). This equation was derived from the set of three simultaneous differential
equations describing the dynamic process (see Makielski et al., 1993 for
details).
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The fraction of current remaining in the second pulse of the pulse-pair
experiments was then assumed to represent the fraction of channels not
blocked (1 — B(t)) at time ¢ after the first pulse. The solution is not unique
and depends upon the initial conditions. We used two different sets of initial
values for the data normalized in two different ways. For data normalized
to first pulse (the principle way we chose to treat the data), we assumed no
initial occupancy in B, that is, we assumed the B state accounted for none
of the tonic block. For the fit on the inset of Fig. 5 B we assumed an initial
occupancy in state B, the value of which was obtained from the dose-
response relationship for first pulse block (Fig. 1). For these fits we nor-
malized the data to control currents (in the absence of STX).

B(t) was fit to the data using the SAS (Cary, NC) NLIN nonlinear least-
squares fitting procedure using the Gauss method with a CONVERGE cri-
teria of 0.0001 running on a Sun Sparcstation SLC.

RESULTS

Tonic STX block distinguishes neuronal from
cardiac Na channel isoforms

The Brain 2a Na channel a-subunit (Br2a) expressed in 0o-
cytes is more sensitive to tonic STX block than the rat heart
I (RHI) Na channel a-subunit (Fig. 1). Tonic block is defined
as the fraction of current measured in response to the first
depolarizing step after at least 60 s at a holding potential of
—100 mV for wild-type RHI and at least 150 s for the STX-
sensitive channels. A longer time at the holding potential was
required for the STX-sensitive channels because, as dem-
onstrated below, they take a longer time to recover from
phasic block. We also tested whether or not the 81 subunit
altered STX blocking affinity. The tonic-block dose response
(Fig. 1) shows that co-expression of 81 with Br2a does not
alter tonic block. For Br2a expressed in oocytes, the sodium
current (I,) decay and recovery from inactivation is slower
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FIGURE 1 Dose response for tonic block of I, by STX. Tonic block was

measured for the Br2a a-subunit alone (O); Br2a + 1 (®), the RHI mutant
Cys**—Phe (L), and for RHI alone (M). Dose responses were fit to a
single-site equation of the form: (1 + [STX]/k,,)"! where k,, is the STX
concentration causing half-block. Co-expression of the 81 subunit with the
Br2a a-subunit had no effect on the &, ,. Before application of the test pulse
the holding potential was maintained at —100 mV for at least 150 s for the
STX-sensitive channels (Br2a, Br2a + g1, and Cys*’*—Phe) and at least
60 s for RHI to allow full recovery from phasic block. The data are mean
values of four to six cells with SD bars shown only when larger than the
symbol size. The k,,, values for Br2a (5 cells), Br2a + B1 (4 cells),
Cys®™—Phe (6 cells), and RHI (6 cells) were 1.5, 1.8, 3.5, and 91 nM,
respectively.
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than I, in native preparations; however, co-expression of
Br2a with the 81 subunit (Br2a + 1) speeds the rate of
decay (Isom et al., 1992) and recovery from inactivation of
the channel. Because Br2a + B1 retains the tonic block char-
acteristics of Br2a while displaying faster, more native-like
kinetics, we studied phasic block of Br2a in the presence of
B1. We previously showed that mutating Cys>’* of RHI to the
adult skeletal muscle specific Tyr results in higher STX af-
finity (Satin et al., 1992a). Fig. 1 shows that the RHI mutant
Cys**—Phe (Phe being the Br2a-specific residue at RHI
equivalent position 374) displays tonic STX block (k,, = 3.5
nM) that is greater than wild-type RHI (k,,, = 91 nM) and
is similar to that for Br2a + B1 (k,, = 1.8 nM).

Phasic STX block of neuronal channels develops
slower than that of cardiac channels

Fig. 2 shows current traces elicited by a train of 7 ms long
depolarizing steps from —100 to —10 mV at a frequency of
2 Hz for Br2a + B1 (Fig. 2 A) and for RHI (Fig. 2 B).
Currents in the absence of STX are superimposed on currents
elicited by the 1st, 10th, and 50th pulses of the 2-Hz train in
the presence of an approximate half-tonic blocking concen-
tration of STX. Phasic block by STX is manifested as the
progressive decrease in peak current during pulse trains. The
rate of phasic block development for RHI (7 = 2.6 pulses,
Fig. 2 D) is faster than that for either Br2a + 1 (r = 9.1
pulses, Fig. 2 C) or the STX-sensitive RHI mutant
Cys*™*—Phe (1 = 18-24 pulses, n = 4, data not shown). For
all channel types tested, the normalized amplitude and rate
of development of phasic block was greater for increasing
STX concentration. The difference in the rates of develop-
ment of phasic block, however, cannot be accounted for by
differences in toxin concentration alone. When identical
STX concentrations were tested, the wild-type RHI devel-
oped phasic block faster than the toxin-sensitive Br2a + 1
and Cys*™*— Phe, and block was slower for the more toxin-
resistant Arg®”’— Asn mutant (data not shown).

Post-repolarization STX block and maintained
(inactivated) state block of RHI

A two-pulse protocol was used to assess phasic block and
recovery from inactivation. An initial depolarizing step (the
conditioning pulse) was used to elicit transitions out of the
resting state. A second depolarizing step (test pulse) followed
the conditioning pulse after a variable interval at —100 mV
to assess the fraction of channels made unavailable by the
conditioning pulse. An example of such a protocol is shown
in Fig. 3. When the conditioning pulse was brief (10 ms),
complete recovery from fast inactivation of wild-type RHI
occurred within 100 ms (Fig. 3 A, open triangles). In the
presence of 100 nM STX, three phases of block are evident
(Fig. 3, A and B, filled triangles) and can be interpreted as:
1) a fast rising phase representing recovery from inactivation,
2) afalling phase corresponding to the development of phasic
STX block, and 3) the final, slowly rising phase representing



1356 Biophysical Journal Volume 66 May 1994
. B
Brain2a + 1 Rat Heart 1
J— SRS "SUNN 155 1\ S /{_ }
50 Jarmsrx 11‘8 100 nM STX
1 c
Cc
200 nA
2ms
C D
1 1 T e an® - ML
€ €
s 957 & 95 1 e rrrrrerrvestenere
= 3nM STX - 100nM STX
%% T 40 %% 40

20
pulse #

20
pulse #

FIGURE 2 Development of phasic STX block in response to pulse trains. The rate of development of phasic block for Br2a + 81 was slower than that
for RHI. Current traces for Br2a + 1 (A) and RHI (B) in the absence of STX and in the presence of an approximately half-blocking concentration of STX
are shown in the top panels. The 1st, 10th, and 50th sweep (40th for RHI) in a 2 Hz pulse train of depolarizations from —100 to —10 mV for 7 ms are
superimposed. Peak current amplitudes were normalized to the peak current amplitude in the initial pulse and are plotted as function of pulse number for
Brain 2a + $1 (C) and for RHI (D). Peak current levels in the absence of STX (W, C and D) showed no decline during the pulse train. Peak current levels
in the presence of STX () are superimposed with a fit (—) to a single exponential function with 7 = 9.1 pulses for Br2a + B1 and 7 = 2.6 pulses

for wild-type RHI. Cells €21208a and e11104c.

unblock of STX-blocked channels. The fast recovery phase
is indistinguishable in the presence and absence of STX in
support of the notion that this is recovery from inactivation
of non-STX-bound channels. The subsequent block of chan-
nels for >100 ms after repolarization to —100 mV suggests
that extra phasic block represents binding to a state that is
only transiently available after recovery from inactivation. We
refer to this component of toxin block that occurs after repo-
larization to —100 mV as post-repolarization block. Varying the
conditioning potential between —10 and —30 mV had no effect
on the timecourse of post-repolarization block.

The development of post-repolarization block was not
recognized previously in cardiac preparations because long
(>1 s) conditioning pulses were used (Cohen et al., 1981).
Fig. 3 compares the effect of conditioning pulse duration on
STX block. In the absence of toxin, RHI currents elicited by
the two pulse protocol with a 1 s conditioning pulse recover
with an additional slow phase (Fig. 3 A, open squares) com-
pared to recovery after a 10 ms conditioning pulse (Fig. 3 A,
open triangles). This additional slow phase in the absence of
toxin and for the 1 s conditioning pulse is presumably re-
covery from slow inactivation. In the presence of 100 nM
STX (about half the tonic block concentration), the rate of

the fast phase of recovery is unaffected, but its normalized
amplitude is diminished (Fig. 3 B, filled squares). The am-
plitude of phasic block after a 1 s conditioning pulse (Fig. 3,
A and B, filled squares) is greater than that after a 10 ms
conditioning step (Fig. 3, A and B, filled triangles); however,
note that the post-repolarization block phenomenon is not
apparent after the 1 s conditioning step. Apparently, rela-
tively slow binding to a maintained state (presumably the
inactivated state) during the 1 s conditioning depolarizing
step obscures the post-repolarization block.

Estimation of kinetic parameters for
post-repolarization phasic STX block

Fig. 4 depicts the kinetic scheme and the rate constants we
used to model post-repolarization block of 7, in RHI for
two-pulse protocols with a 10 ms conditioning pulse. This
scheme is identical to the one we used to model phasic STX
block of Iy, in acutely isolated rat ventricular myocytes
(Makielski et al., 1993a) and is a simplified four-state model
for Na* channel gating in the absence of STX with resting
(R), closed (C), open (O), and inactivated (I) states. At the
resting potential, the channel is in the R state, but during a
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FIGURE 3 STX block of RHI current for two conditioning depolarization durations. Two types of phasic block of RHI are produced, depending upon
the length of the conditioning depolarization. Peak current from a second test pulse is normalized to peak current recorded from an initial conditioning pulse
that precedes the test pulse by variable intervals (see inset into Panel B). The normalized currents are then plotted against the recovery interval. Open symbols
represent data in control, solid symbols represent data in 100 nM STX, triangles represent data for a 10 ms conditioning depolarization, and squares represent
data for a 1 s conditioning depolarization. (A) Recovery data for a 10 ms conditioning depolarization in control solutions (A) were well fit (----- ) by
a single exponential (r = 12 ms, a = 1). For a 1 s conditioning depolarization in control ((J) a two exponential fit (-----) was required (1, = 12 ms,
ag, = 0.82, 7, = 401 ms, a,,, = 0.18). (B) Results from the same experiments in 100 nM STX as in A are shown and include additional data to demonstrate
that recovery is complete at longer intervals. For a 10 ms conditioning depolarization (A) the data were fit to a three exponential model (—). A fast recovery
phase (7, = 13 ms, a,,, = 1.0), a slower development of block phase (1,., = 180 ms, a,,, = 0.27), and a second slow recovery phase (7,,. = 3963 ms,
a,. = 0.27). For a 1 s conditioning depolarization (W), the data were fit to a two-exponential model (—). A fast recovery phase (1, = 17 ms, a,,, =
0.35) and a slower recovery phase (7,,,,, = 3398 ms, 4, = 0.66). In all cases the rapid recovery phase was similar () and presumably represents recovery
from inactivation. The development phase for a 10 ms conditioning depolarization in STX occurs after recovery from inactivation (post-repolarization block).
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FIGURE 4 Kinetic scheme used to model post-repolarization phasic STX
block for RHI. Rate constants for RHI either (4 ) not considering tonic block

or (B) assuming tonic block occurs via binding to the same transiently

available state (C) as phasic block. Rate constants in units of 10° M™' 57!

for kqy, and s for ke ,p, kp_,c, and kg Details of the model are included
in the text.

depolarizing step it rapidly transits through the C state to the
O state, the process called activation; it then transits to the
nonconducting inactivated state (I), the process called inac-
tivation. After repolarization to the resting potential the chan-
nel enters the C state transiently before reaching the R state,
a process called recovery. STX is postulated to bind to the
C state to give the nonconducting toxin bound conformation
C-B. The choice of the C state for toxin binding was dictated
by the transient block shown in Figs. 3 and 5. After a 10 ms
conditioning step, little or no block occurs as evidenced by
the finding that for recovery intervals of 100 ms greater than
90% of I, has recovered. Therefore, STX binding to the O

state and the I state were not considered further. Such an
assumption would not be valid for longer conditioning steps
where binding to the I state would be required to account for
the block developed (Fig. 3 A, filled squares). Because bind-
ing to the R state only would account for tonic block but not
for phasic block, we did not further consider binding to the
R state only. To simplify the model further, we did not in-
clude the C to O, O to I, or I to C rates explicitly, but rather
made the assumption that after repolarization all channels
recovered to the C state rapidly relative to the STX binding
rate. Thus, we assumed that all binding occurred after the
repolarization step and the rate constants given are those at
—100 mV.

Fig. 5 A shows the time course of RHI I, block for three
concentrations of STX in response to a two-pulse protocol,
and the solid lines represent the fit to the model with the rate
constants shown in Fig. 4 A. For these data normalized to the
conditioning pulse, the R to C transition rate was not fixed
to zero but rather was a free parameter to be fit by the pro-
gram. We also fit the model to data normalized to the control
current to determine whether the simple model could also
account for tonic block. Fig. 5 B shows the data normalized
to control, and the solid lines represent the fit to the model
with the rate constants shown in Fig. 4 B. This fitting shows
that a nonzero R to C transition rate can account for the tonic
block as well as the phasic block, without the need to pos-
tulate binding to the R state. Our data cannot discriminate



1358

g

(itest / lcondn)

0.5 - r T T T T 1
0 2 4 6 8 10
Interval (s)
B
1
€
x 1
8 i .
e
w
g_ 0.5 1 )
—~—
17
£ L 1
o T T T 1 1 1
0 2 4 6 8 10

Interval (s)

FIGURE 5 Post-repolarization phasic block by STX of I, for RHL
Normalized peak currents for three doses of STX (30 nM W, 100 nM O,
and 300 nM A) in response to the second (test) depolarization for a two-
pulse protocol (sce inset). From a holding potential of —100 mV a con-
ditioning depolarizing step to —15 mV for 10 ms was followed by a vari-
able interval at —100 mV before the test depolarization to —15 mV.
Solid lines are simultaneous fits of the three doses to the model with val-
ues for rate transitions listed in Table 1 and Fig. 4. Nearly complete re-
covery of channels for short intervals after repolarization suggests that
most channels are in a closed state from which they can open if depolar-
ized. Development of block for longer intervals suggests that phasic
block develops from a transiently available state after recovery from inac-
tivation. (A) Post-repolarization phasic block for RHI without accounting
for tonic block. Data represent peak current during test step (/,.,) normal-
ized to the peak current elicited by the conditioning step (I...4)- The
dashed line is the fit for Br2a + B (3 nM) from Fig. 6 A to demonstrate
the slower time course of post-repolarization block for STX-sensitive
channels. (B) Post-repolarization phasic block with tonic block incorpo-
rated (same data as in panel A expressed as a fraction of the current in the
absence of toxin). Current elicited by the test pulse (test) is normalized to
the peak current level measured in the absence of toxin (I, 0 toxin). (8
cells pooled, symbols *+ SD).
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between these models, and because we were concerned
mainly with post-repolarization phasic block, we restricted
further analysis to data normalized to the conditioning pulse.

Post-repolarization phasic block of Br2a + 1 has greater
amplitude and slower onset and recovery than RHI (Fig. 6
A). Data for Br2a + 1 from Fig. 6 have also been repre-
sented as a dashed line on Fig. 5 A to illustrate better these
differences. The same post-repolarization phasic block
model for RHI was used to fit the time course of phasic block
of I, for Br2a + B1 (Fig. 6; Table 1). The post-repolarization
block model predicts that both a slower dissociation rate
(Table 1) and longer dwell time in the transiently available
non-open state (Table 1) contribute to the slower neuronal
post-repolarization phasic block.

Two nonconserved residues in the putative pore-region
between RHI and Br2a are critical for conferring isoform-
specific tonic STX block (Satin et al., 1992a; Terlau et al.,
1992). To investigate whether these pore-region amino acids
affect channel kinetics as well as toxin on and off rates, we
measured the kinetics of post-repolarization block of the
RHI point mutants Arg’’’—Asn and Cys*”*—Phe. The
Arg®”— Asn mutant is even less sensitive to STX for tonic
block than RHI; Fig. 6 B shows the time-course of phasic
block for Arg*”’—Asn. Development and recovery from
block with 100 or 300 nM STX for the Arg*”’— Asn mutant
are faster than those of the wild-type RHI (compare figs. 5
A and 6 B). Comparison of the rates derived from the three-
state model shows that the dissociation rate for STX is about
5 times faster for the Arg”’— Asn mutant (Table 1). The
model also predicted that the dwell time in the transiently
available closed state is reduced for the Arg*”’— Asn mutant
(Table 1). To test for the importance of this kinetic effect, we
also modeled the time-course of Arg®’’— Asn phasic block
assuming that this point mutation affected STX binding only
and not channel gating (i.e., the C—R and R—C transitions).
We simultaneously fit the wild-type and mutant data, forcing
the R—C and C—R rates to common values for the two
isoforms while allowing the STX association and dissocia-
tion rates to be fit independently. Despite the decrease in free
parameters from 8 to 6, the simultaneous fit (not shown)
described the data well. We conclude, therefore, that the
Arg*”— Asn mutation does not alter dramatically the R—C
and C—R transitions.

The STX-sensitive RHI mutant Cys*’*—Phe exhibited
post-repolarization block kinetics that are dramatically
slower than those of RHI and were qualitatively similar to
those of the STX-sensitive Br2a + 81 (compare Fig. 6,A and
C), to those reported for crayfish axons (Salgado et al.,
1986), and to those of frog node of Ranvier (Lénnendonker,
1989). Just as for RHI, the Cys*’*—Phe mutant recovered
rapidly (within 100 ms) from inactivation. Also, just as for
RHI, post-repolarization block of the Br2a + B1 and the
Cys*’*—Phe channel occurred after recovery from fast in-
activation. However, both the rate of development and the
rate of recovery of phasic block are more than an order of
magnitude slower for the toxin-sensitive RHI mutant

Cys*™*—Phe compared to the wild-type RHI (compare Figs.
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FIGURE 6 Post-repolarization phasic block of I, for STX-sensitive
channels has slower kinetics than STX-resistant channels. The mean of peak
currents in the second test step normalized to the peak current in the con-
ditioning step from the indicated number of cells is shown for the two-pulse
protocol (inset in A) with a 10 ms conditioning depolarization as in Fig. 5.
(A) Data for the STX-sensitive Br2a + 81 (1.1 nM I, 3.3 nM ¢, and 5.5
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TABLE 1 A comparison of the STX association, dissociation
rates, and the C—R transition rates among Br2a + g1, RHI,
RH! mutants, and native channels calculated from the
post-repolarization block model

Preparation kon kore ke r
106 M~ 157! s7! s7!

RHI 12+2 047 +0.13 49+ 08
Arg®”— Asn (RHI) 32x0 2.26 + 0.38 150+ 33
Rat ventricle* 9+1 0.78 + 0.28 50*x1.1
STX-sensitive Channels

Br2a + B1 148 = 11 0.07 = 0.01 0.49 = 0.06
Cys*™*—Phe (RHI) 203 0.04 * 0.02 0.44 = 0.13

* Asymptotic SE of the parameter estimate. The R—C rate was 0 for all
channel types.
* From Makielski et al., 1993.

5 A and 6 C). The maximal amplitude of post-repolarization
block occurred after about 6 s in these STX-sensitive chan-
nels as compared with about 500 ms in the STX-resistant
channels. The 10-fold slower C—R rate for the STX-
sensitive channels (Table 1) increases the dwell time in the
high affinity state C and is critical in accounting for the tim-
ing of maximal amplitude of post-repolarization block. Al-
tering the on and off rates in this model affect only the depth
of block and the rates of recovery, but do not shift substan-
tially the timing of the maximal amplitude of post-
repolarization block. The post-repolarization block for
Cys*™*—Phe has a similar time-course as for Br2a + 1, but
the amplitude of the block is less than that of Br2a + B1. This
difference is accounted for by a sevenfold slower association
rate as determined by the model (Table 1) with no shift in the
peak amplitude of block.

Post-repolarization phasic TTX block

As a test of the model and to determine whether the mecha-
nism for TTX and STX phasic block of I, are similar, we
measured post-repolarization block of wild-type RHI in the
presence of TTX. For the model to be valid, fits to the block
by TTX or STX should lead to identical rates for the C=R
transition because in the model this step represents a con-
formational change of the non-toxin-bound channel. Fig. 7
shows data from a test pulse normalized to the peak current
for the 10 ms conditioning pulse in the presence 0of 0.3, 1, and
3 uM TTX. The data for TTX block were fit to the three-
state, four-rate model with the R— C rate fixed at 0 s, and
the C—R rate was fixed at 4.9 s™, the values obtained for

nM A STX; n = S cells), (B) Data for the STX-resistant mutant of RHI
Arg®”— Asn (100 nM M and 300 nM ¢ STX; n = 8 cells), and (C) Data
for the STX-sensitive mutant of RHI Cys***—Phe channels (3 nM B and
5 nM ¢ STX; n = 4 cells). The slow development of block for the STX-
sensitive channels is fit by the three-state model with rates in Table 1. Note
the time scale on the x axis for Br2a + B1 (panel A) and Cys***— Phe (panel
C) is ninefold slower than that shown for either RHI wild-type (Fig. 5 A)
or Arg®”— Asn (panel B). The time-course of development and recovery
from phasic block for both Br2a + 81, and Cys***—Phe is similar to that
reported for STX-sensitive channels (both native and cloned).
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FIGURE 7 Post-repolarization block of I, for RHI by TTX. The same
2 pulse protocol as depicted in Figs. 5 and 6 was used to elicit post-
repolarization phasic block. Normalized peak currents from individual ex-
periments in 0.3 pM W, 1.0 uM ¢ A, and 3.0 uM A TTX (n = 3 cells).
The lines represent fits to the three-state model. The solid lines are fits with
the transition rates k., and ky_. fixed to the values obtained for RHI
post-repolarization block by STX (4.9 and 0 s™!, respectively, as in Fig. 5
A). This fit estimated the two free parameters for toxin association and
dissociation to be kg, = 0.92 + 0.06 s7' 10° M~ and ko = 0.31 = 0.05.
The dashed line is a fit with all four parameters free (k. = 1.8 + 0.9s7,
kyc = 0, kogy = 0.6 * 0.07 57 10° MY, and ko = 0.6 = 0.5 s7%).
Increasing the number of free parameters of the fit only reduced the residual
sum of squares from 0.06 to 0.04. The rates are given as the parameter
estimate + asymptotic SE of the estimate.

RHI with STX. The fit to the post-repolarization block model
with only two free parameters yielded ko = 0.917 uM ™' s™!
and ko = 0.31s7%, and the fitted lines (see Fig. 7, solid line)
approximates the data reasonably well with a residual sum
of squares of 0.06. Fitting the data allowing all four param-
eters to be freely fitted yielded k., = 1.84 5™, ky . = 0,
kon = 0.56 pM ™! 571, and ke = 0.581 with the fitted line
shown on Fig. 7 (dashed line) and a residual sum of squares
reduced to only 0.04. We conclude that although increasing
the number of free parameters from 2 to 4 did improve the
fit as would be expected, the fit with 2 parameters is re-
markably good and supports the use of the model for TTX
with the same C—R rate as for STX.

DISCUSSION

The purpose of this study was to investigate the mechanism
for isoform differences of phasic block by STX. We have
shown that cloned cardiac (RHI), brain (Br2a), and pore-
region RHI point mutant (Cys*’*—Phe and Arg*”’— Asn) Na
channels expressed in Xenopus oocytes all exhibit three types
of block: tonic block, phasic block in response to pulse trains,
and post-repolarization block of I, by STX. Neuronal-like,
high toxin affinity channels exhibit a slower development of
block both in pulse trains (Fig. 2) and in two-pulse protocols
(Figs. 5 and 6) than low-toxin-affinity cardiac channels. Our
results suggest that the slower block kinetics in neuronal
channels (compared to that of cardiac channels) can be ac-
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counted for primarily by 1) a slower toxin dissociation rate,
and 2) a longer dwell time of the channel in the high affinity
conformation. The RHI point mutant Cys*"*—Phe, which has
similar phasic block kinetics as Br2a, also has the same dwell
time in the higher affinity phasic block conformation. These
results suggest that the residue at the position corresponding
to amino acid 374 in RHI is essential for determining
both the isoform-specific affinities for tonic block and for
the conformation transition rates accounting for post-
repolarization block.

Comparison with previous results and models

Phasic block is usually described in terms of the modulated
receptor model (Hille, 1977) as binding to a high affinity
conformation (such as the open state or the inactivated state)
during the maintained depolarization. Our model represents
a novel variation on this concept by placing the higher af-
finity state after the membrane is repolarized. Eickhorn and
colleagues (Eickhorn et al., 1990) modeled phasic block of
cardiac channels by TTX using guarded receptor formalism
with trap and guard functions determined by the Hodgkin-
Huxley model. Although accounting for inactivated state
block, it cannot account for post-repolarization block, and it
depends upon a particular gating model for the channel.
The Br2a + B1 and Cys**—Phe RHI mutant channels
have post-repolarization block kinetics similar to those of the
native toxin-sensitive channel in crayfish axons (Salgado
et al., 1986), frog Node of Ranvier (Lonnendonker, 1989),
and Br2a expressed in oocytes (Patton and Goldin, 1991).
Salgado et al. (1986), who first reported the phenomenon of
post-repolarization block, postulated a four-state model in-
volving interaction with divalent ions during the interpulse
interval. They did not offer any quantitative interpretation of
their data in terms of this model. Lonnendonker (1989) mod-
eled post-repolarization block as an exponentially declining
toxin association rate after the membrane was repolarized.
This model fit the data well, but no correlations with channel
structure or gating kinetics were made. In more recent ex-
periments Lonnendonker (1991) demonstrated that the volt-
age dependence of post-repolarization block followed more
closely the voltage dependence of inactivation than activa-
tion. Patton and Goldin (1991) suggested from their data with
Br2a channels that binding occurred to closed-state voltage-
dependent transition. They postulated that the conforma-
tional change was during activation and not inactivation be-
cause a mutant channel with slowed inactivation had the
same kinetics of toxin block. Consistent with the explanation
of Patton and Goldin, we model block as occurring to a
closed available state, but we add the refinement that block
actually occurs as the channel transits this state during the
recovery process. Lonnendonker’s observations can be rec-
onciled with this interpretation by assuming that the voltage-
dependent distribution into the high affinity closed state oc-
curs over a more negative voltage range (like inactivation)
but does not involve inactivation itself. The fact that very
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short depolarized intervals that are too brief to cause inac-
tivation yet cause post-repolarization block (Salgado et al.,
1986; Lonnendonker, 1989; Patton and Goldin, 1991) also
supports this view.

Salgado et al. (1986) and Lonnendonker (1991) proposed
that phasic block of toxin sensitive channels can be attrib-
uted, at least in part, to an indirect effect on the toxin as-
sociation site by competition with Ca ion at a site that is
further into the pore. Both toxin-resistant heart channels and
toxin-sensitive brain channels show a competitive displace-
ment of bound STX by Ca (Doyle et al., 1993). Given the
structural data that the aspartic acid immediately next to
Cys®” plays a role in Na/Ca permeability (Heinemann et al.,
1992a), it is plausible that Ca affects phasic STX block. How-
ever, phasic block of RHI still occurred in the absence of
external Ca (data not shown). More studies are needed to
elucidate possible interactions between divalent cations, Na
channel conformational changes, and block of I, by gua-
nidinium toxins.

Differences between toxin-sensitive and
toxin-resistant channels

STX and TTX binding are affected by conditions such as
divalent and monovalent concentrations, temperature, and by
the use of batrachotoxin in many studies. The varying ex-
perimental conditions leave some doubt as to whether the
described differences are isoform-specific or attributable to
study conditions. Our experiments done under identical con-
ditions with the toxin-sensitive channels Br2a + B1 and
Cys*™*—Phe show similar post-repolarization block kinetics
as those reported previously for toxin-sensitive channels
(Salgado et al., 1986; Lonnendonker, 1989; Patton and
Goldin, 1991), and the experiments with the toxin-resistant
channel RHI show the same more rapid kinetics as those
reported previously for heart (Makielski et al., 1993). We
conclude that the differences in phasic block kinetics are
specific to the different channel isoforms.

We studied post-repolarization phasic block of the Br2a
channel co-expressed with the 81 subunit to prevent accu-
mulation of inactivated channels (Isom et al., 1992). We
showed that tonic block by STX of the Br2a channel is not
altered by co-expression with the 81 subunit (Fig. 1). Al-
though we cannot exclude an effect of the 81 subunit itself
on phasic block by STX, the predominant effect of the dif-
ferences between toxin-resistant and toxin-sensitive chan-
nels appears to lie in the a-subunit and, in particular, in the
residue occupying position 374 (RHI numbering; Cys in
RH1, Phe in Br2a).

RHI wild-type compared to the STX-sensitive mutants
Cys*™*—Phe display a threefold slower association rate and
a 50-fold faster dissociation rate for STX. The tonic block
affinity of Br2a + B1 and Cys**—Phe are similar. Our
analysis, however, produces different on and off rates, sug-
gesting that the binding sites are not identical. The com-
parison of STX versus TTX rates for the RHI wild-type also
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mirror the relation observed in native channels. The asso-
ciation rates for TTX are generally >10-fold slower than for
STX, whereas the dissociation rates are similar (Guo et al.,
1987).

Structural models of the Na channel (Guy and Conti, 1990;
Lipkind and Fozzard, 1994) place the Cys®™ residue in the
outer pore. This region generally has not been associated
with gating. Our model, however, predicts that Br2a + B1
and STX-sensitive mutant of RH1, Cys**—>Phe, dwell
longer in the higher STX-affinity conformation (C in Fig. 4)
than either RHI or the less sensitive RHI mutant
Arg®”— Asn. Moreover, Br2a + B1 and the RH1 mutant
Cys*™*—Phe have nearly identical fitted transition rates for
C—R (Table 1). This implies that this residue in the pore-
forming region affects isoform-specific conformational
states of the Na channel involved in activation and recovery
from inactivation. In the skeletal muscle isoform a mutation
(Trp— Cys) adjacent to the homologous position to Cys*’ in
RH1 also affects kinetics (Tomaselli et al., 1993). This sup-
ports the prediction that Cys®™ affects gating.

Limitations and predictions of the model used for
phasic and post-repolarization block

The three-state model (Fig. 4) is not a comprehensive model
for STX block of Na channels, but it encompasses several
key features (Makielski et al., 1993) that we postulate to be
a necessary part of any larger model of toxin block. These
features are: 1) a cycle of a depolarization and a repolar-
ization induces a conformational change in the channel lead-
ing to higher STX affinity; 2) this conformation exists tran-
siently; 3) the channel must be able to open from this
conformation (that is, it is not an inactivated state); and 4)
a “back” reaction (k._,y in this case) governs dwell time in
this state and, thus, the timing of the peak block. The model
was designed to account for post-repolarization and phasic
block for brief (in this study 7-10 ms) depolarizing steps. As
pointed out earlier (Fig. 3) STX also binds to a conformation
attained during prolonged (1 s) depolarizing steps (probably
an inactivated state). Our three-state post-repolarization
model does not account for this maintained (inactivated) state
block. Although the model can account for tonic block (Fig.
4 B) without requiring binding to the resting (R) state, our
data cannot distinguish between models with and without
binding to the R state. Simulations done with a four-state
model that allowed binding to the R state (and with and
without transitions allowed between the blocked state: 6 and
8 free parameters, respectively) also accounted for the data,
as would be expected with more free parameters, but the key
features of the model noted above remained intact.
Additional considerations concern gating of the toxin-
bound state C-B. Na* channels bound and blocked by
STX and TTX have normal gating currents (Armstrong and
Bezanilla, 1974; Hanck et al., 1990), and as discussed pre-
viously for this model (Makielski et al., 1993), gating to a
high affinity or “trapped” state must occur during the de-
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polarizing step, because otherwise recovery from block
would occur during a prolonged depolarization. The location
of our putative high affinity state (C) in the context of a more
complete kinetic model for channel gating, such as those
proposed for heart (Scanley et al, 1990) and neuronal
(Vandenberg and Bezanilla, 1991) channels, must be con-
sidered. Although we place the state adjacent to the open
state (Fig. 4), this is not a necessary assumption, and it could
be placed anywhere along the activation pathway. Depend-
ing upon how far the C state is from the O state, changes in
time to peak, current decay, and latency might be expected
when activation occurs from the putative C state (a type of
Cole-Moore effect). We have modeled the transition to the
high affinity conformation as coupled to the gating process,
but this is not a necessary assumption. Alternatively, tran-
sition to the high toxin affinity conformation could be in-
dependent of (and parallel to) gating conformations.

CONCLUSION

A single amino acid (Cys*™ in RH1, Phe in Br2a) affects both
tonic and phasic block of Iy, by STX. Our analysis of the
kinetics of phasic block suggests this amino acid postulated
to be in the pore region also affects channel gating. Future
studies to define the interactions among the gating mecha-
nism, the permeation pathway, and the voltage sensor will
contribute greatly to our understanding of structure/function
relationships of voltage-gated Na channels.
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