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Abstract Calcium ions block the open configuration and
antagonise the tonic binding of TTX to the closed state of
sodium channels in very different ranges of extracellular
concentration, [Ca] o. We measured the open-state block in
channels expressed in Xenopus oocytes by a-subunits from
rat brain (rBlla) or adult rat skeletal muscle (rSkM1). Re-
cordings of instantaneous tail-currents from cell-attached
macro patches show that the binding of Ca®* to the block-
ing site has adissociation constant of about 20 mM at 0 mV
and senses about 30% of the membrane potential drop,
whereas the concentration of half-inhibition of TTX-bind-
ingislessthan1 mM andvoltage-insensitive. Assuming that
both effects involve a single binding site, a simple model
predicts that the state-dependency of the dissociation con-
stant entails positive shifts of activation and faster kinetics
of deactivation at increasing [Ca] . The shifts of activation
measured for rBIIA and rSkM 1 channels are comparablein
size to those predicted by the model, which accounts aso
for the observed larger shifts of the rBI1A-mutant K226Q as
a consequence of its reduced voltage-sensitivity. Shifts at-
tributable to surface-charge screening effects seem smaller
inthe oocytethanin native cell-membranes. The experimen-
tal [Ca] o-dependence of deactivation kineticsisalso consis-
tent with the model and with the idea that Ca?*-binding
changesto the same extent, but in opposite directions, the ac-
tivationfree-energiesof both opening and closingtransitions.
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Introduction

Extracellular divalent cations modulate the properties of
the sodium-channel by blocking the channel (Nilius 1988;
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Pusch 1990a; Woodhull 1973) and by modifying its acti-
vation asif their binding stabilises its resting state (Fran-
kenhaeuser and Hodgkin 1957; Hille 1992). The positive
shift of the vol tage dependence of activation at increasing
extracellular Ca**"-concentration, [Ca] o, has been gener-
ally attributed exclusively to changes of the membrane
surface potential due to the more efficient screening of
fixed negative charges of the extracellular membrane face
by the divalent cations (Frankenhaeuser and Hodgkin
1957; Hille 1968, 1975; Hille et al. 1975; McLaughlin et
al. 1971). The surface charge theory can account for a
whole variety of observed shifts, including those asso-
ciated with pH changes or with changesin the concentra-
tions of monovalent cations, by assuming several types of
titratable groups and the additional neutralisation of pairs
of adjacent acidic groups by complexation with divalent
cations. However, there is no unique choice of the fitting
parameters and no independent way of estimating them.
By assuming one basic and two acidic surface groupswith
different densities and pK values and various dissociation
constants for different divalent cations, Hilleet al. (1975)
found that awide range of interdependent surface proper-
ties could yield areasonable fit of the data.
Alternatively, Armstrong and Cota (1991) argued that
the similarity between the increase of the activation-shifts
with [Ca] 5 and the [ Ca] o-dependence of the activated so-
dium conductance suggests that cal cium ions blocking the
extracellular entrance of the sodium pore may also inter-
fere directly with the gating mechanism of the channel.
Calcium ions bind to the outer pore-vestibule of closed
channels with high affinity, antagonising the binding of
saxitoxin (STX) and tetrodotoxin (TTX) at submillimolar
concentrations (Conti et al. 1996; Doyle et al. 1993),
whereas the data reported here and in previous works on
various preparations (Armstrong and Cota 1991; Pusch
1990a; Woodhull 1973) show that the block of open chan-
nels occurs at much higher [Ca] 5 values, with dissociation
constants of tensof mM at 0 mV. If the affinity for Ca?* in
the open state is lower, then the transition from the closed
to the open conformation is less favoured when the chan-
nel is occupied by a calcium ion. So far there has been no



theoretical evaluation of how this effect could influence
the voltage-dependence of the activation of sodium cur-
rents. In this paper we develop asimple theory of the phe-
nomenon and compare it with our measurements of Ca?*-
block and activation shifts of sodium channels expressed
heterologously in Xenopus oocytes. We shall argue that
most of the shifts observed in this preparation may result
from the state-dependence of the interaction of Ca®* with
the channel protein.

Methods

Measurements were performed on a-subunits of sodium
channelsfromrat brain (rBIIA; Noda et al. (1986)) or from
adult rat skeletal muscle (rSkM1; Trimmer et al. (1989)) ex-
pressed by Xenopus laevis oocytes previously injected with
the appropriate cRNA. In some experiments rSkM 1-chan-
nels were co-expressed with the rat brain 31-subunit (Isom
et a. 1992) in order to reduce the slowly inactivating mode
of these channels (Patton et al. 1994). In general, the slow
mode of both rBIIA and rSkM 1 channel swas suppressed us-
ing conditioning depolarisations (Moran et al. 1977). The
cRNA’'sweretranscribed in vitro from the recombinant plas-
mids using a commercial kit (mMessage mMachine, Am-
bion, USA). The oocytes were injected with 6 to 25 ng of
cRNA and incubated for 2 to 8 days at 18°C in Barth's so-
lution. Sodium currents were measured from cell-attached
membrane macro-patches using standard patch-clamp am-
plifiers(EPC-7, List Electronic, Germany; or Axopatch 200c,
Axon Instruments, USA) (Stihmer 1992). The silicone-
coated, fire-polished patch pipettes, from aluminium-silicate
glass (Hilgemberg, Germany), were filled with extracel lular
solutions containing various fixed-osmolarity combinations
of NaCl (117.5t0 102.5 mM) and CaCl,, (0.2to 10 mM) plus
2.5 mM-KCl and 10 mM-HEPES at pH = 7.4. The pipette
resistance was between 0.6 and 1.2 MQ. During the meas-
urements the oocytes were maintained in a bathing solution
with the following composition (inmM): KCI 120, TRIS-CI
20, EGTA 5, pH 7.3. In this high-K™ solution the cell poten-
tial was close to zero (2 mV) and the membrane potential
across the patch, V, was assumed to be just opposite to the
pipette potential. The output of the patch clamp amplifier was
filtered with a home-made low-pass four-pole Bessdl filter,
or with the built-in filter of the Axopatch amplifier, with a
cut-off frequency of 20 or 50 kHz. Datawere sampled at 100
or 200 kHz. Stimulation and acquisition protocolswere con-
trolled by the software package Pulse-PulseFit (Heka, Ger-
many) running on a Macintosh microcomputer with a 16 bit
AD/DA interface (ITC-16, Instrutech, USA). Linear current
responses were measured from sub-threshold stimulations
and digitally subtracted. All experimentsweredone at acon-
trolled temperature of 15 + 1°C. For the off-line data analy-
sis, including iterative model-fitting procedures, we used
purpose-made programs written in the meta-language Igor
(Wavemetrics, USA).
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Results
Analysis of Ca-block of open channels

The voltage-dependence of the open-channel current can
be evaluated from theinstantaneoustail-currents measured
from macroscopic current records. Patches yielding large
currents (>400 pA of maximum peak current) are stimu-
lated with a fixed pre-pulse to a potentia V, that causes
the opening of a large fraction of channels followed by
steps to various tail potentials, V. The current, I, driven
at V through the channels that are open at the end of the
prepulse is estimated by extrapolation of the initial time
course after the step. Sample records from two such ex-
periments on rSkM1 at [Calp=0.2mM and [Cd]g =
20 mM are shown in Figs. 1A and 1B.

Each panel shows the pulse protocol (top), the current
recordings on afull time scale (middle) and atime expan-
sion of the same records near the onset of the tail voltage
step (bottom). In both experiments the prepulse yielded
about 90% activation of the peak sodium conductance, al-
though V,, was 30 mV more positive at [Ca]g = 10 mM
owing to the calcium induced shift of activation discussed
later (see Fig. 3). Asshown in the bottom part of Figs. 1A
and 1B, the kinetics of tail current relaxations for poten-
tials less negative than 30 mV below V,, are relatively
slow. In these cases the initia tail current can be deter-
mined by linear extrapolation to the time, t,, needed to
reach about 90% of the current jump for stepsto therever-
sal potential. For more negative potentialsthetail currents
were well fitted by single exponential relaxations at any
timelater than t, plusthereciprocal of thefilter cut-off fre-
guency and the initial current was determined by extrapo-
lating these exponential fits to the time ty. The most no-
ticeablefeature of the dataof Fig. 1isthat, in contrast with
its monotonic increase for more negative voltages in low
[Ca], the absolute value of the initial tail current in the
high [Ca] solutionissmaller at —100 mV than at -60 mV.
Another important observation is that the kinetics of tail
deactivation at hyperpolarising potentials are much faster
in the high [Ca] 5 solution.

Figure 2A showstail |-V plotsfrom the experiments of
Figs. 1A and 1B, and from a similar measurement on an-
other patch at [Ca] 5 = 1.8 mM. For comparison, since the
amplitude of the tail currents depends on the number of
channels in the patch and on the amount of activation at
the end of the pre-pulse, the currents at [Ca] = 0.2 mM
and [Calp =10 mM have been scaled to yield approxi-
mately the same slope conductance as those at
[Ca]lo = 1.8 MM near the reversal potential. It is seen that
the 1-V relation at negative potentials becomes progres-
sively more strongly rectifying at increasing [Ca] 5. A rec-
tification larger than expected from the differencein Na'-
concentration across the patch is also detectable at posi-
tive potentials owing to the voltage-dependent block by
some uncontrolled level of intracellular Mg®* (Lin et al.
1991; Pusch 1990b; Pusch et al. 1989). However, a much
stronger rectification is seen for V <-30mV at [Ca]g =
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Fig. 1A, B The effect of extracellular Ca?* on the tail current re-
laxations of rSkMp1 channels. Representative records from similar
experiments on two different cell-attached patches obtained with
pipette-solutions containing [Ca]lg = 0.2 mM (A) or with [Calp =
10 mM (B). Each panel shows the double-step protocol in the upper
part and the current records on afull time scale in the middle sec-
tion. The bottom parts show the same recordings near the onset of
the tail voltage step on avery expanded time scale, to illustrate the
method of measurement of deactivation kineticsand “instantaneous”
tail currents. Thevertical dashed lines show the effective time of tail
onset, t,, at which the tail current for steps to the reversal potential
(=70 mV, in this case) isreduced to about 10% of itsinitial value. In
these recordings, obtained with abandwidth of 50 kHz, t,1agged the
first visibletail change by 2 samplingintervals, i.e. 20 ps. Initial val-
ues of slowly relaxing tail currents were measured by linear extra-
polation to t,. For more negative potentials (e.g. at —100 mV in A
and at —100 and —60 mV in B) the extrapolation of the tail currents
to ty was obtained from single-exponential fits that also yielded the
time constant of deactivation, 14

1.8 and 10 mM owing to the voltage-dependent block of
the open channel by Ca®*. In the case of [Ca]g = 10 mM
the I-V relationship has a negative slope-conductance for
V <50 mV. In order to describe quantitatively the effect
of calcium block we fitted tail 1-V measurements accord-
ing to the relation:
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where KQ represents the dissociation constant of Ca?*
from the blocking site at V =0, v,, is the e-fold voltage-
sensitivity of Ca2*-binding and | ,(V) isthe sodium current
expected in the absence of cal cium block. We assumed al so
the 14(V) is adequately described by the Goldman-Hodg-
kin-Katz egquation (Hille 1992):
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whereV,, isthe reversal potential of the sodium currents
and I is the asymptotic cord-conductance in the limit
V - (—0). For each experiment in agiven patch and [Ca] 5
conditions tail 1-V plots were fitted by the combined
Egs. (1) and (2) to obtain estimates of the four parameters
K®, v, [ and V. Thelast two parameters varied widely
from patch to patch, because I is a scaling factor mainly
determined by the number of channelsin the patch and by
the amount of activation at the end of the pre-pulse, and
because V., depends on the amount of sodium present in
the oocyte cytoplasm. For convenience of presentation, the
three experiments illustrated in Fig. 2 were chosen from
patches that had approximately the same value of V.,
(~70 mV), andthecurrentsat [Ca] o = 0.2 mM and [Ca] 5 =
10 mM were scaled to those at [Ca] 5 = 1.8 mM according
to the estimates of T".
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Fig. 2A Plots of the initial tail currents vs tail potential from the
experiments of Fig. 1 and from a similar experiment with [Cal =
1.8 mM. The scale of the ordinates is for the 1.8 mM data. For the
sake of comparison, the currents at [Calg = 0.2 mM and [Ca], =
10 mM were scaled to yield approximately the same conductance
near the reversal potential (~+70 mV) according to the different es-
timates of " from the fit of each experiment with Egs. (1) and (2).
Thecontinuouslinesthroughthedataat [Cal o = 1.8 mM and at[Ca] o
=10 mM show such least-squares fits, obtained, respectively, for
KO =19mM, v, =48 mV and for K& =20 mM, v, = 38 mV. The
line through the data at [Ca] = 0.2 mM is the best fit for K and
v}, fixed to their mean estimates of 22 mM and 45 mV (Table 1).
B [Ca] o-dependence of the time constant, 14, of the exponential de-
activation of rSkM1 channels for tail potentials between —120 and
—70 mV. The plots show mean estimates (+ s.d) from various experi-
ments on different cell-attached patches with [Ca]o =0.2 (n = 3),
[Calp=1.8 (n=4) and [Calp =10 mM (n = 3). The decrease of T4
with [Cal g is significantly more pronounced at |ess negative poten-
tials and cannot be described by a simple positive shift of the volt-
age-dependence of deactivation kinetics. The solid lines through the
dataarebest fitswith Egs. (9)—(11) according to the model described
in Theory, obtained for B, (0) = 444 s, 2, = 0.8, & = &, = 0.49

The continuous lines through the inward-current data
for [Calg =1.8 mM and for [Calg =10 mM are least-
squares fits with Egs. (1) and (2) obtained, respectively,
for K& = 19 mM and v, = 48 mV, and for KQ = 20 mM
and v, = 38 mV. The data for [Ca] = 0.2 mM could not
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Table1l Parameters of the block by Ca?* of open Na-channels

Phenotype KQ/mm v/mv n
rBI1A 19+7 40+ 6 6
rSkM1 22+7 45+ 7 11
(*) BIIA 14+6 28+7

(*) rBIIA—K226Q 15+4 34+5

* Estimatesfromthe single-channel dataof Pusch (1990a) at [Ca] o =
1.8 mM, using Eg. (1) for V =0and V = -50 mV

be used to get independent estimates of K@ and vy, be-
cause at thislow concentration the blocking effect of cal-
cium ions is expected to exceed 20% only at voltages
more negative than —110 mV. The line fitting these data
inFig. 2 was obtained by fixing K and vy, to their mean
estimated values (K =22mM; v, =45mV) from
measurements at higher [Ca] (Table 1). Since the cor-
rection introduced in this case by the blocking effect is
very small, the goodness of the fit validates the use of
Eq. (1) for the description of the currents through cal-
cium-free channels.

As in the examples of Fig. 2A, the estimates of KQ
and v, obtained from experiments on rSkM1 channels
a [Cap= 1.8mM (n=5), [Cadpg=5mM (n=23),
or [Calo=10mM (n=3), did not show any systematic
[Ca]o-dependence, validating the analysis of the
[Ca] o-dependence of the block according to Eg. (1).
Tablel summarises our results for rSkM1 channels
and for 6 experiments on rBIIA channels at ;Ca]o=
1.8 mM. It is seen that the mean estimates of KQ and v,
for the two isoforms are in very good agreement, as ex-
pected from the fact that both channels should have
the same pore structure. There is also a fair agreement
between our Ca?*-block parameters and those estimated
from single-channel recordings by Pusch (1990a) for
rBIIA and for its point mutation K226Q. For later analy-
sis we assumed that the binding of Ca* to the open pore
of rSkM1, rBIIA, and K226Q is characterised by K(Q =
21 mM and v, =42 mV.

Figure 2B illustrates the other major effect of extracel-
lular calcium on tail current relaxations. The figure shows
plots of the mean estimates of the time constant of the ex-
ponential tail deactivation, ty, for tail potentials between
—120 and =70 mV. The data are from experiments on
rSkM1 channels at [Ca]p = 0.2, [Ca] =1.8 and [Ca]p =
10 mM. The most obvious effect of increasing [Ca] is a
systematic decrease of 14 that is progressively more pro-
nounced at |ess negative potentials: e.g. the ratio between
thevaluesof 14 at [Calg = 0.2 MM and [Ca] 5 = 10 mM in-
creases monotonically from 1.4 at =120 mV to 2.2 at
—70 mV. The last feature cannot be explained by a general
positive shift of the effective voltage sensed by the gating
structures of the channels, as expected by the mere screen-
ing or neutralisation of the membrane surface charge at in-
creasing [Ca 5. The solid linesthrough the data of Fig. 2B
show the expectations of a model discussed later that as-
sumes that the presence of a bound calcium ion interferes
with gating.
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Fig. 3 Voltage-dependence of sodium-channel activation measured
in the same experiments of Fig. 1. The solid lines are |east-sguares
fits of the data according to Eq. (3) with: vg=85mV, V5, =
—41.5mV ([Ca]lp = 0.2 mM); vg=9.9mV,V,,, =-30.5mV ([Ca] g =
1.8 mM); vg=9.6 mV, V4, =-22.5mV ([Calp = 10 mM)

Analysis of Ca-effects on activation

Following the classical analysis of Hodgkin and Huxley
(1952) the voltage-dependence of the activation of sodium
channelsisdescribed in terms of theratio | jeq/(V — Vo),
wherel ., denotesthe peak current in responseto thevolt-
age step to V. A better estimate of the activation probabil -
ity, Po, particularly at high [Ca] values, should account
for the non-linearity of the open-channel current by nor-
malising | pez to the measured instantaneous -V relation-
ships. Activation curves obtained in thisway for the same
experiments of Fig. 2A areshowninFig. 3. We found that
other conceptual improvements of Py estimates, e.g. re-
placing | peq With the extrapolation of the inactivation de-
cay, do not change significantly the two principal param-
eters of the activation curve, whose main characteristics
are described by a simple Boltzmann relation:

1
3
V12— 3)

1repl ]

where V4, is the half-activation voltage and v, is a slope
factor characteristic the steepness of Py (V) at V =V .
L east-squaresfitsof thedataaccordingto Eq. (3) areshown
inFig. 3by solid lines. They were obtained for similar val -
ues of vg (between 8.5 and 9.9 mV), with V4, increasing
with [Ca] from —42 mV at [Ca]g = 0.2 mM to—23 mV at
[Calo = 10 mM. The rigthward shift of sodium activation
curvesuponincreasing [Ca] o isawell known effect (Fran-
kenhaeuser and Hodgkin 1957; Hille 1968, 1975; Hille
et al. 1975).

Equation (3) has a rigorous mechanistic interpretation
only in the case of two-state channels, whereas it is well
known that sodium channels have a multiplicity of closed
states. However, athough it would yield a better descrip-
tion of the foot of the activation curve, fitting the data ac-
cording to the third power of the Hodgkin-Huxley (1952)
activation parameter mwould not change significantly the

Po (V) =

[Cal, / mM
18 —
B
16 4 K226Q
14 -
. i
g 124 % BIIA
> 10 T § T
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8 - = =
6 - rSkM1
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Fig. 4 Plots of the sodium-channel activation parameters V,, (A)
and vg (B) as afunction of [Ca]. Our present data for rSkMpl and
rBI1A channels (filled symbols) are plotted together with data from
Pusch (19904) for rBIIA (open squares) and for its mutant K226Q
(opencircles). Thedashed linesin A and thesolid linesin B areleast-
squares fits according to the pure state-dependent model, Egs. (7)
and (8). The solid lines in A are better flts including shlfts of the
half-activation voltage due to the pure Ca?*-screening (no binding)
of charged groups on the outer membrane surface of the oocyte. The
groups are of the same type but have only 40% of the surface den-
sity hypothesised by model 11 of Hille et al. (1975). In standard
Ringer’s solution the estimated free surface-charge and surface po-
tential are —0.3 e/nm? and —47 mV

estimates of the mid-voltage and of the maximum slope.
Thedataof Pusch (19904a) that we discusslater were given
in terms of the fitted HH parametersV ,, and z,,,, character-
ising the equilibrium voltage and the valence of them* gat-
ing particle”. Itiseasily shown that these quantities can be
converted to V,,, and v estimates through the relations
(T=15°C): V1o/mV=V /mV+33.4/z,, v/mV=20.1/z,,.
Plots of our mean estimates of the activation parame-
tersfor rSkM1 as afunction of [Ca] are shown in Fig. 4,
together with similar data from Pusch (1990a) for rBIIA
and for its mutant K226Q (Stihmer et al. 1989). It is seen
that rBIIA and rSkM1 have practically the same v, i.e.
identical voltage-sensitivities. The half-activation voltage



of rSkM 1 isabout 8 mV more negative thant hat of rBIIA,
but in both casesthe increase with [Ca] 5 is about the same.
Much greater differences characterise the K226Q muta-
tion. As originally reported by Stiihmer et al. (1989), this
mutant hasamarked positive shift of V ,, (by about 25 mV
at [Calp=1.8mM) and a decreased voltage sensitivity,
shown in Fig. 4B as aroughly 50% increase of v¢. A fur-
ther peculiarity of K226Q, noticed by Pusch (19904a), isa
marked increase of sensitivity to [Ca], changes: changing
[Ca]p from 0 to 8 mM shifts the mean V4, of K226Q by
about 35 mV, almost twice as much as in the wild type
rBIIA (=19 mV) or in rSKMpul (=22 mV). The solid lines
through the various sets of datain Fig. 4 were drawn ac-
cording to the theory described below, which attributes a
major portion of the [Ca] o-dependent shifts to the state-
dependency of calcium binding to the ion pore.

Theory

Disregarding inactivation and assuming asingle open state
(see e.g. Horn and Vandenberg 1994) the voltage depen-
dence of the activation of sodium currents can be described
by the scheme:

Scheme [1]

where O is the open state, { C} represents the set of pos-
sibleclosed states, a (V) and B (V) aretheequilibrium rates
of opening and closing transitions, rel ated to the open-state
equilibrium probability, Po(V), by:

a(v) _ Po(V) _
B(V) " Rg (V)

Itis easily verified that by approximating the voltage-
dependence of Py (V) with Eq. (3) we imply that:

Po (V)
1-Po (V) '

a(Vv) _ -V [
B(V) eXpB H

Apart from effects of surface-charge screening that
change the voltage drop experienced by the voltage-sen-
sors of the channel, an additional dependence of a (V) and
B(V) on [Cal, is expected a priori if the binding of Ca®*
interfereswith transitionswithin { C} statesor with{C} to
O transitions. For simplicity, and in the absence of any ex-
perimental evidence that the calcium binding affinity of
the closed channel is state dependent, we shall assume that
only {C} to O transitions are affected by the presence of a
bound calcium ion. We can then expand scheme [1] as:

(4)

{C } ao(V) o
DO Bo(v) °
[Calo H o [Cao Scheme[2]
KC 1 ! KO
{Cl} a (V) o
vy Ot
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where the subscripts 1 and O indicate binding or not of a
calcium ion, with dissociation constant K for all closed
states and K, for the open state. Disregarding Ca®*-per-
meation and the probability of cyclic reactions driven by
the Ca®* free-energy gradient, the microscopic reversibil-
ity of scheme [2] requires that:

R

al(V)

where the voltage dependence of K 5 reveal ed by the open-
channel block is introduced explicitly, whereas K is as-
sumed to be voltage-independent on the basis of the anal -
ysisof TTX-Ca?" interactionsin the closed channel (Conti
et al. 1996). Equation (5) implies that the free-energy
difference between the open and closed states, AG =
Go—-G¢c = kT x In(B/a), is changed by the presence of a
bound Ca?* because of two effects: 1) the different inter-
action of the ion with the two conformations of the chan-
nel protein changes AG by kT x In(KQ/K); 2) the open-
ing of the channel exposes the ion to afraction RT/(2Fvy,)
of the membrane voltage drop and involves, therefore, an
additional AG of kT x (V/vg). Using Eq. (5) it is easily
shown that scheme [2] reduces to scheme [1] if:

©)

[Ca]o exp
a(V):ao(V) KO Erva
BV) "B 1[G

C

Expressing a (V)/B(V) and aq(V)/By(V) according to
Eq. (4) this relation becomes:

[Calo
eXp@V_V\S/UZQ t 1+ﬁvbﬁa E\/ Vyza

Kc

(6)

where V,,, and v, are the parameters that characterise the
gating properties at [Ca] o = 0. Equation 6 cannot be iden-
tically verified at all voltages V, but thisisnot amajor ob-
stacle for our present analysis, which is only concerned
with estimating V,,, and the slope parameter v.. For that
purpose we just need to impose in Eq. (6) the identity of
the two members and of their derivativesat V =V ,. The
first condition yields:

a
a
DB (7)
@ﬁ- K(OO) eXpE— Vi EH

The second condition yields:

1 1 1 1
1_1_1 . 8
Vs Vg Vp KO V12 ®)

1+—_0
[Calo

O
*PHy, H
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For given values of KQ, v, and K, Egs. (7) and (8) de-
fineimplicitly V4, and vg asfunctions of [Ca) . In partic-
ular, Eq. (8) predictsasmall monotonic increase of vy with
[Ca] o towards the asymptotic value:

VvV *
max —
VS - b * VS

Vp ~ Vs

Likewise, Eq. (7) predicts a monotonic increase of V,;,
with [Ca] 5 towards the asymptotic value:

*
1/2

max —y/* max
Viz =Vi2 +Vv3 v

| KOO
+In—=

Kc H

Scheme [2] also predicts asimple[Ca] o-dependence of

thetail current kineticsat deactivating potentials, such that
0 and a, arenegligiblewith respect to 3, and 3;. At these
voltages the open channel probability as expected to de-
cay exponentially with atime constant, 14, given by there-
lation:

Ko (V) +[Calo g0}
Ko (V) +[Calo

=Bo (V) (9)

1
T4 (V)
where By (V) is the decay rate of the tail currentsin zero
calcium and where 3, (V)/Bo (V) isthe factor by which the
rate constant of the closing transition is increased in the
presence of abound calciumion. Thisfactor isdetermined
by the calcium-induced decrease in the free energy of ac-
tivation of the closing transition which should be a frac-
tion of theincreasein AG of the{C} — Oreaction. There-
fore, according to Eq. (5), we expect for B, (V)/By(V) the
following expression:

B(V) _ KO _ yO
Bo (V) expg"” oy B

where §; and &, represent the fraction of the two contribu-
tions to the change in AG, discussed in connection with
Eq. (5), afforded by the closing transition. If a bound cal-
cium ion has equal and opposite effects on the activation
barriersfor the opening and closing transitions, we expect
0, = 0, = 0.5. Notice that Eq. (9) predicts that if B,/Bg is
voltage independent (&, = 0) the exponential dependence
of Ko onV would maketheratio of thelow- to high-[Ca] o
valuesof 14 decreasewith V, whereasthistendency iscoun-
teracted for o, > 0 by the exponential increase of 3,/By so
that the overall effect on Tt ratios may be just opposite.
In order to evaluate the predictions of the above simple
model, we must use somereasonablevalueof K. Theonly
experimental data providing estimates for this parameter
are obtained from studies of the antagonistic action of Ca?*
on the binding of TTX and STX, whose receptor pocket
likely includes the Ca?*-binding site. In the sodium chan-
nels of reconstituted vesiclesfrom native cardiac and brain
tissue the binding of radioactive labelled STX is antagon-
ised at increasing extracel lular Ca?*-concentrations(Doyle
et al. 1993). Although the membrane potential of these
preparations is undefined, it is fair to assume that the data

(10)

relate to closed configurations because the steady-state
open probability of native sodium channelsis very low at
any voltage. At the site of competition, Doyleet al. (1993)
measured a dissociation constant for Ca?*-binding,
Kca~ 0.34 mM, whereas for Na*-binding the estimate is
Kna~34 mM (Doyle et al. 1993; Weigele and Barchi
1978). A comparable value, Ko, ~ 0.16 mM, was esti-
mated for the binding of Ca?" to resting rBIIA channels
from measurements of the use-dependence of TTX-block
by attributing the effect to the removal of the inhibition by
Ca?* (Conti et al. 1996). The latter analysis also indicated
that K, isfairly independent of voltage, as al so suggested
by the close agreement between the estimate of Conti et al.
(1996) for V < —-100 mV and that of Doyleet al. (1993) for
depolarised conditions.

A number of other observationsgivecircumstantial sup-
port to the idea of ahigh affinity binding of Ca?* to closed
channels. The antagonism between Ca?* and cations occu-
pying the cytoplasmic side of the sodium pore may explain
the apparent interaction of TTX with local anaesthetics
(Cahalan and Almers 1979) or with thiazin dyes (Arm-
strong and Croop 1982) if one assumes that TTX reduces
anormally high probability of calcium binding, thereby re-
lieving the repulsion of the drugs. Also the modification
of gating currentsby STX or TTX (Heggeness and Starkus
1986; Keynes et al. 1991) might arise indirectly from the
displacement of Ca?* by the toxins if the binding of Ca®*
interfereswith gating, as proposed by Armstrong and Cota
(1991) and supported by the present work. The above
guoted effects are quite substantial in normal conditions.
Therefore, if they are attributed to unbinding of Ca®*, they
are consistent with K, values lower than the physiol ogi-
cal [Ca]o.

To compare the predictions of Egs. (7) and (8) with our
datawe assumed K = 0.72 mM, avalue derived using the
estimate K-, = 0.16 mM obtained by Conti et al. (1996)
for the oocyte preparation and taking into account that the
effective dissociation constant is increased by the factor
(1 + [Na]/K ) due to competition with Na". For the open
channel parameters we assumed the mean estimates
KQ =21 mM and v, = 42 mV asinvariant characteristics
of the three phenotypes of Fig. 4. We solved numerically
Egs. (7) and (8) searching for each set of datafor one phe-
notype the values of V;,, and \, yielding the minimum x?.
Thebest fitsobtained in thisway are shown by dashed lines
inFig. 4A and by the continuouslinesof Fig. 4B. Itisclear
that the mere inclusion of the state-dependent binding can
account for most of the observed [Ca],-dependence
of V. Also the tendency of the v measurements to in-
crease with [Ca]g is consistent with the model, although
this feature cannot be used in support of the model, owing
to the large scatter of the data.

Our model does not exclude the possibility that a sig-
nificant contribution to the shifts of V4,, may also arise
from the decrease with [Ca] of the negative surface po-
tential at the outer surface of the oocyte membrane. Such
contribution, supposedly identical for the three phenoty-
pesof Fig. 3, wasincluded by allowing V ,, to changewith
[Ca], as expected from the screening of titratable surface



groups of the type postulated by Hilleet al. (1975) for the
frog node membrane. We did not assume, however, any
specific binding of Ca®* to the negative groups and we
looked for best fits of the data of Fig. 4A by allowing the
densities of the surface groups to be scaled by acommon
factor. Asexpected, adding the surface-charge correction
significantly improved thefit of the data, as shown by the
continuous lines of Fig. 4A. The improvement was in-
sensitive to the type of surface-charge model used: the
best scaling factor was 0.22 for the high-density model |
of Hille et a. (1975), and was 0.4 for the lower density
model 1. At [Calo= 1.8 mM both models yield
—0.3 e/nm? as the best estimate of the free surface-charge
density and a surface potential of about —47 mV. Afterin-
cluding the effect of surface-charge screening we esti-
mate that the contribution of state-dependence effects to
the total shift observed upon raising [Ca] from 0.2 to
10 mM is 66% for rSkM1, 69% for rBIIA and 79% for
the mutant K226Q.

The model discussed above also provides a good de-
scription of the [Ca],-dependence of deactivation kinet-
ics. The solid lines through the data of Fig. 2B were ob-
tained from the least-squares fit to Egs. (9) and (10) as-
suming a small [Ca] o-dependent shift of both By(V) and
B4 (V) dueto the above estimated surface charge screening
(from0.3 mV at[Ca]5 = 0.2t08.0 mV at[Ca] 5 = 10 mM),
and a voltage dependence of B,(V) of the type:

Bo (V) =Bo (0)exp-z4 FY T

RTU ()

where z4 isthe gating charge of the closing transition. The
best overall fit of the data of Fig. 2B and of similar data at
[Calo=5mM (not shown) was obtained for (y(0) =
444 571,24 =0.8,and §, = 8, = 0.49. Thus, the effect of ex-
tracellular calcium on deactivation kinetics is consistent
with Ca?* changing by about the same extent (but in op-
posite directions) the free energy of activation of both the
opening and the closing transition.

Discussion

We asked in this paper to what extent the different calcium-
binding affinity of the sodium-channel in the open and
closed states may account for the shifts of the sodium acti-
vation curve, that would be thusrelated to adirect influence
of calcium on gating as proposed by Armstrong and Cota
(1991). The model that we have used to estimate this effect
assumesthat the presence of abound calciumionintheouter
vestibule or at the selectitivity filter of the channel modifies
only the open-close transitions. Despite its oversimplifica-
tion thismodel does show that amajor portion of the [Ca] o-
dependent shifts observed for sodium channelsexpressedin
oocytes is indeed consistent with the state-dependence of
calcium binding estimated for the same preparation.
Although adding to the state-dependent model the shifts
due to the screening of negative surface charges improves
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the fit of our data, this contribution seems rather low in
comparison to other membrane preparations. Intheir study
of the pituitary cell line GH3 Armstrong and Cota (1991)
report shifts of V4, by +27 mV and by +47 mV uponrais-
ing [Ca] from 0.2 to 10 mM and 50 mM. From their ac-
tivation curves and calcium-block data we roughly esti-
mate for preparation their Vj,~-55mV, v,~7mV,
KQ ~70mM and v, ~30mV. Assuming K. =0.55 at
their sodium concentration of 80 mM, the shifts attributed
by our model to the state-dependence of calcium binding
are +16 mV and +22 mV, i.e. only 59% and 39% of those
observed. We suppose that the density of surface charges
in this preparation is higher and that the shifts due to their
screening by Ca?* are consequently larger and have arel-
ativeweight that increases consistently with [Ca] 5. A sim-
ilar conclusion can be drawn for the frog node preparation,
wherechanging[Ca] o from0to20 mM at constant [Na] o =
140 mM shifts sodium activation by about +40 mV (Hille
et al. 1975). For that system V5 ~ 50 mV, v ~ 7 mV, the
block parameters are KQ =53mM and v, ~48 mV
(Woodhull, 1973), and the corresponding shift predicted
by our model withK = 0.64 mM is20.5 mV,i.e.only 51%
of that observed. Theideathat the oocyte membrane has a
lower density of negative surface chargesisalso supported
gualitatively by the observation that the sodium channels
expressed in thismodel membranehaveasubstantially less
negative Vi, than in the native environment. At
[Calp =1.8 mM the V4, of our rBIIA channels is about
—30 mV ascompared to valuesin the range—50 to —-55 mV
measured in the frog node or in GH3 cells. The larger de-
polarisation needed to activate the channels in the oocyte
might just compensate a less negative surface potential on
the outer membrane face.

A remarkable success of our model is the fair descrip-
tion of the substantially different shifts of K226Q and wild-
type channels using a fixed set of parameters for the inter-
action of Ca?* with the sodium pore. The invariance of the
interaction with the open poreis directly supported by our
measurementson rSkMpl and rBI1A which agreewell with
the Ca?*-block properties of rBIIA and of mutant K226Q
reported by Pusch (1990a). That rSkMpl and rBIIA have
the same Ca?*-binding propertiesin the closed stateis sup-
ported by the fact that they show the same [Ca]5-depen-
dence of the use-dependent block by TTX (unpublished re-
sults). Asfor K226Q, it is unlikely that a point mutation at
the cytoplasmic end of segment S4-1 affects the binding
properties of the extracellular pore domain. Our model ex-
plains the much larger shifts of mutant K226Q as a mere
consequence of the lower voltage sensitivity and intrinsic
shift of the activation curve. Ignoring state-dependent ef-
fects, the surface-charge theory could explain the pheno-
typic variation of the calcium shifts only by assuming a
change of the extracellularly exposed charge near the volt-
age-sensing structures of the channel. Indeed, several
charge mutations in the segments $4-1 and S4-11 show in-
trinsic shifts of activation that may be associated with alo-
cal change of theexposed chargeson either side of the chan-
nel (Stihmer et a. 1989). In particular, the positive shift of
mutant K226Q may result from the neutralisation of a pos-
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itive charge normally exposed to the cytoplasmic side.
However, such achangewould not affect the chargeson the
extracellular face of the membrane and there s, therefore,
no plausible explanation of the increased [Ca] o-sensitivity
of K226Q in terms of surface-charge effects.

The only essential assumption that we have used for
modelling [Ca], effectsisthat the binding of calciumions
to the outer pore of sodium channels is state dependent,
guiteregardless of the precise mechanism that causes such
dependence. We have shown on purpose that even for the
most simple case in which a bound calcium ion modifies
only the open-close transitions we expect [Ca] g effects of
a size comparable to those observed, but we cannot ex-
clude the possibility that direct interactions of Ca?* with
the charged groups that are responsible for the voltage de-
pendence of activation gvoltage sensors) contribute to the
state dependence of Ca“*-binding. Likewise, speaking of
asingle Ca?*-binding site might beinappropriateif the ac-
tivation of a channel and/or the opening of its permeation
pathway involve structural changes of the outer pore-
mouth that effectively change the molecular configuration
of the Ca®*-binding pocket. Nevertheless, it is important
to stressthat our model isalso consistent with the view that
the voltage sensors of the sodium channel do not interfere
with its outer-pore structure and that the opening does not
modify the short-range Ca®* binding interactions, because
changes of the binding-energy of the order of those ob-
served (kT In(KQ/Kc) = 3.4 kT) may easily result from
changesin long-range el ectrostatic interactions with other
groups or regions of the channel protein that do not shape
the binding pocket. Indeed, it is plausible that Ca®* blocks
the open pore at a site located just before the barrier of the
pore selectivity filter and interactsfrom there with charged
or polar structures that gate the cytoplasmic pore entrance
and are likely distinct from the voltage-sensing structures
that enable or disable their operation.
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