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ABSTRACT Various experiments have suggested that the S4 segment in voltage-dependent Na* and K* channels
is in contact with a solvent-accessible cavity. We explore the consequences of the existence of such a cavity through
the electrostatic effects on the gating currents of Shaker K* channels under conditions of reduced ionic strength S.
We observe that ~10-fold reductions of intracellular S produce reductions of the measured gating charge of
~10%. These effects continue at even lower values of S. The reduction of gating charge when Sis reduced by 10-
fold at the extracellular surface is much smaller (~2%). Shifts of the Q(V) curve because of a reduced S are small
(<10 mV in size), which is consistent with very little fixed surface charge. Continuum electrostatic calculations
show that the S effects on gating charge can be explained by the alteration of the local potential in an intracellular
conical cavity of 20-24-A depth and 12-A aperture, and a smaller extracellular cavity of 3-A depth and the same ap-
erture. In this case, the attenuation of the membrane potential at low Sleads to reduction of the apparent gating
charge. We suggest that this cavity is made by a bundle of transmembrane helices, and that the gating charge

movement occurs by translocation of charged residues across a thin septum of ~3-7 A thickness.
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INTRODUCTION

Gating of voltage-dependent channels occurs by the in-
teraction of the membrane electric field with charged
residues in the channel protein. It now seems clear that
the main voltage-sensing elements are the charges of
basic amino acid residues in the S4 transmembrane do-
main, and that gating involves movement of the S4 in
the membrane potential field. This movement has
been measured indirectly by monitoring state-depen-
dent modification of introduced cysteines or directly by
voltage clamp fluorometry (Yang and Horn, 1995; Man-
nuzzu et al., 1996; Yang et al., 1996; Cha and Bezanilla,
1997). The charge movement produced by this confor-
mational change in Na* and K* channels has been
measured to be in the range of 7-13 e, (Hirschberg et
al., 1995; Aggarwal and MacKinnon, 1996; Seoh et al.,
1996; Islas and Sigworth, 1999).

Early theories of how the S4 is able to transduce a
voltage change into a conformational change assumed
an a-helical conformation and had the segment under-
going a screw-like outward motion. This interpretation
makes use of the assumption that the large charge
movement has to be produced by the interaction of the
voltage sensor with an electric potential that is imposed
across the full thickness of the plasma membrane,
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roughly 30 A. For example, four 25-A-long a-helices
with four equally spaced positive charges in a linear
field on a 25-A membrane would have to be displaced
almost 20 A normal to the membrane plane to produce
12 e, of gating charge. Such a translocation of an a he-
lix is a conformational change of unprecedented mag-
nitude in a membrane protein.

It has been demonstrated that the accessibility of in-
troduced cysteine residues in S4 to soluble sulfhydryl
modifying agents is state-dependent and occurs in a
manner consistent with the movement of the S4 voltage
sensor, transporting residues from the intracellular to
the extracellular face of the channel upon depolariza-
tion (Yang and Horn, 1995; Larsson et al., 1996; Baker
et al.,, 1998). In view of the accessibility patterns of the
S4 in the Na* channel, Yang and Horn (1995) pro-
posed that the S4 is actually located in a water-filled cav-
ity contiguous with the intracellular solution that has
been called the gating pore or “canaliculus” (Gold-
stein, 1996). Larsson et al. (1996) demonstrated that in
the Shaker S4, modification of introduced cysteines is
consistent with a picture in which the S$4 is able to move
a small distance and still produce the large charge
movement measured. These observations implied that
the membrane potential might be highly focused in a
small region around the S4 and that as in the Na*
channel, a region of high dielectric constant might sur-
round the Shaker S4. In a remarkable set of experi-
ments, Starace et al. (1997) provided evidence that the
region in which most of the membrane potential falls
across the channel must be very small to account for ex-
periments in which a single histidine substitution al-
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TABLE 1

Composition of Solutions

Intracellular

Pipet Pipet Intracellular control Intracellular Extracellular Extracellular
Solution normal K K NMDG Cs 24 12 12 (Cs) control 28 16
K-Asp 0 150 150 0 0 0 0 0 0 0
NMDG-Asp 140 0 0 148 0 0 2 0 150 0
KCl 5 2 2 2 0 5 0 0 5 10 2
GCsCl 0 0 0 0 150 0 0 2 0 0 0
HEPES 5 5 5 5 5 5 5 5 10 10 5
EGTA 0 0 5 5 5 5 2 2 0 0 0
MgCl, 2 2 1 1 1 1 1 1 2 1
CaCly 1.8 1.8 0 0 0 0 0 0 1 1
Sucrose 0 0 0 0 0 295 300 300 0 295 300
N 305 319 318 318 318 24 12 12 325 28 16

Composition of solutions used in these experiments; concentrations are given in mM. The pH was adjusted to 7.3 for intracellular solutions and 7.4 for

extracellular solutions. At these pH values, Ca-EGTA is mainly divalent and HEPES is a zwitterion (neutral). The measured osmolarity of the solutions

ranged from 340 to 355 mOsm/kg. *Values are measured in millimolar.

lows for proton transport in a pH gradient, as if the his-
tidine completed a narrow pore. Taken together, all of
this evidence seems to suggest that the membrane po-
tential is highly focused in a small region around the
S4, and that the space around the S4 may be sur-
rounded by a solute-accessible region. These may be
clever design elements necessary to obtain a large
charge movement with a relatively small conforma-
tional change, since the gating charges would then
traverse only a small distance to be translocated across
most of the membrane potential.

If this arrangement of a water-filled region around the
voltage sensor is correct, the electric field may have a
complicated shape in the gating pore. For example, it
has been demonstrated that cavities within water-soluble
proteins produce large focusing effects of the local elec-
tric field and that the effects of ionic strength and pH
on the electric field in these cavities can be large (Klap-
per et al., 1986; Rashin et al., 1986). In an integral mem-
brane protein such as an ion channel, the ionic strength
of the electrolyte solution in the extracellular and intra-
cellular regions determines the Debye length and, thus,
affects the local electric field. If some of the voltage sens-
ing charges lie in cavities, it is possible that altering the
local electrical field by manipulation of ionic strength
could affect the size of the effective gating charge.

In the experiments presented in this report, we seek
to investigate the effects of low ionic strength on
charge movement of the Shaker potassium channel, and
possibly to estimate the size of the cavity in which the
voltage sensor lies. We investigate, through calculations
with the linearized Poisson-Boltzmann equation, the
size of the ionic screening effects on a simulated gating
pore and seek to interpret these in terms of possible ge-
ometries for the proposed gating pore.

MATERIALS AND METHODS

Channels and Oocyte Preparation

The inactivation-removed Shaker 29-4 channel ShA (Hoshi et al.
1990) and the nonconducting W434F mutant ShAF, (Perozo et
al., 1993) were subcloned in the vector pGEM and linearized
with Notl. In vitro transcription was done with T7 polymerase,
and mRNA was stored at a concentration of 1 pug/pl.

Xenopus laevis oocytes were harvested under anesthesia and de-
folliculated by incubation with collagenase 1A in Ca**-free OR2
media for 1 h. Oocytes were kept at 20°C in a solution ([in mM]:
96 NaCl, 1.8 CaCl,, 1 MgCl,, and 5 HEPES), and injected 1 or 2 d
after harvesting with 50 nl of mRNA with a Nanostepper (Drum-
mond Co.) using pipets of 20-um diam. Oocytes were used in ex-
periments 1-7 d after injection.

Solutions

Low Ssolutions were prepared with sucrose or mannitol to main-
tain osmolarity and avoid osmotic water transport across the
membrane that could produce concentration gradients. The
concentration of divalent ions was kept constant in both high
and low § solutions to avoid specific effects. We tried as much as
possible to keep the same concentration of permeant ions to cir-
cumvent their known effects on gating. The composition of solu-
tions is listed in Table I.

Electrical Recordings

Gating currents from ShAF and ionic currents from ShA chan-
nels were recorded in the inside-out patch configuration for test-
ing the effects of ionic strength on the intracellular side of the
channel, whereas the cut-open oocyte technique and conven-
tional two-electrode voltage clamp were used to examine extra-
cellular effects. Patches were obtained from mRNA-injected oo-
cytes using borosilicate glass pipets that had a resistance of 1-4
M. Patches were excised into a control solution and locally per-
fused using a pipet of 20-50 pm in diameter positioned ~10 wm
from the patch. Currents were filtered at 5 kHz (—3 dB Bessel
characteristic) and sampled at 100 kHz using an EPC-9 amplifier
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(HEKA Elektronik). 20 or more sweeps were averaged. Linear
leak and capacitive currents were subtracted using a —P/4 proto-
col with a leak holding potential of —120 mV.

Cut-open oocyte voltage clamp recording was done with an am-
plifier (model CA-1B; Dagan Corp.). A modification to the exter-
nal solution perfusion system in the cut-open chamber was used.
The top and guard chambers were perfused at the same time to
avoid gradients in solution composition between these chambers.
For two-microelectrode voltage clamp, a Warner Instruments am-
plifier (OC-725) was used. Current and voltage microelectrodes
had a resistance of 400 k(), and were filled with 1 M KCI.

Data Analysis

Estimation of the number of channels in a patch of membrane
was done by nonstationary noise analysis (Sigworth, 1980; Heine-
mann and Conti, 1992). The mean and variance were calculated
from 50 to 60 current traces elicited by depolarizing steps to the
indicated membrane potential filtered at 5 kHz. Pulses were deliv-
ered at 0.5-s intervals. The variance estimation made use of
groups of four sweeps to reduce the influence of drifting baselines
and channel rundown. The pulsed data were displayed in the
form of mean—variance relationships and fitted to the equation

9
2 oo
o =il-=,
N
where ¢?is the variance, [ is the mean current, i is the single
channel current, and Nis the number of channels. The maximal
open probability was then obtained as

1

— Imax

pmax - Ni .

For estimation of the gating current noise, the nonstationary
variance was calculated from 1,000 sweeps (in groups of four) to
minimize the effects of the baseline current drift. Data were sam-
pled at 100 kHz and filtered at 5 kHz. Q(V') data were fitted to a
Boltzmann function of the form:

QJﬂle
I+ CXP[—qg( V—Vy5)/ k1]

Qv) =

where Q,,, is the charge at saturated voltages, V5 is the voltage
of half activation and ¢, is the effective charge; kT has its usual
meaning. Values are expressed as the mean * standard error.

Simulations

The linearized Poisson-Boltzmann equation (see Eq. 5) was
solved analytically for the one-dimensional case. For the more
complex geometries, it was solved numerically in cylindrical co-
ordinates using the finite difference algorithm of Jordan et al.
(1989). The implementation was done using Matlab (The Math
Works, Inc., version 5) running on a Macintosh G3 computer.
Proper convergence, using a grid size of 0.5 A in both the radial
(r) and the z direction, was reached in 16,000 iterations, and
took ~4 min for a grid of 60 X 110 A. The boundary conditions
were set such that the potential at the bottom of the integration
box, which corresponds to the intracellular solution, is unity and
at the top (extracellular solution) it is zero. The radial compo-
nent of the electric field was also set to zero at the cylindrical
(r = 60 A) boundary. The integration was carried out to 40 A be-
yond the membrane in the intracellular and extracellular solu-
tions. The accuracy of the calculation was checked by solving for
a point charge and comparing with the analytical expression for
the point-charge problem (Bockris and Reddy, 1973).
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RESULTS

Electrostatic Effects of Tonic Strength on Shaker
Gating Currents

The experimentally measured charge movement from
gating currents is the product of the moving charge
and its coupling to the local electrostatic potential (Sig-
worth, 1994). The charge in an arbitrary state \ of the
channel is given by

= Zqiéi)\’ (1)

where the sum is over all the charges ¢; of the protein
in state A. The quantity §,, is given by

_ 99(\Y)

6i}\ aV

(2)

V=0

Thus, 3, is the “electrical distance” of the i charge,
and represents the degree of coupling between the lo-
cal potential ¢, and the membrane potential V. The
steady-state charge measured in the external circuit at a
membrane potential V depends on the state occupan-
cies p, according to

n

Qo = z J\AE Y (3)

A=1

The measured charge movement is then given by

Q(V) = Qext(V) - th( Vo) s (4)

where V, is a reference potential typically chosen to have
the channels in a fully deactivated state. It can be seen
that only charges ¢; that move relative to the electric
field (8;, changes with changes in \) contribute to Q(V).
Any manipulation that alters the relationship between V
and ¢, (and therefore changes 8;,) can change the mag-
nitude of Q. The magnitude of the change in the local
potential is expected to be a function of the physical
conformation of the channel and the lipid bilayer.

We set out to investigate the effects of the electro-
static environment on the gating charge movement in
Shaker K* channels through manipulation of the ionic
strength (S), and interpret the results in terms of the
possible local environment and conformation of the S4
voltage sensor.

The Electrical Potential Distribution in Lipid
Bilayer Membranes

If a potential difference is imposed across a lipid bi-
layer, bathed in both sides by an electrolyte solution,
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the potential adopts a characteristic distribution. The
potential inside the lipid bilayer decays as a linear func-
tion of distance. Outside the membrane, in the electro-
Iyte solution, it decays as an exponential function of
distance, because of the redistribution of mobile ions
in solution. This is best illustrated by a continuum cal-
culation based on classical electrostatics. The electrical
potential in a region of space can be described by the
macroscopic Poisson-Boltzmann equation. For small
potentials, the linearized Poisson-Boltzmann equation
holds, which in the case of zero fixed surface charge
density has the form

OE0 ¢] @K =0, (5)

where ¢ represents the space-dependent electrical po-
tential, £ is the space-dependent dielectric constant,
and the decay constant k? is given by

_ 4mé?

2 0 2
K = EkTZciZi’
7

where k™! has units of distance and is called the Debye
length; ¢ is the concentration of ionic species ¢, and z; is
the valence.

Roux (1997) has obtained an analytical solution to
the linearized Poisson-Boltzmann equation in one di-
mension for a membrane potential V; in a membrane
of thickness d by matching the boundary conditions to
make ¢ and V¢ continuous across the membrane
boundaries. Let z = 0 be the inner membrane bound-
ary and z = d be the outer membrane boundary, then
the analytical expressions for ¢ are:

(6)

Distance (A)

ionic strength in the outside solution is
fixed at 318 mM (k! = 7.6 A) and, in the
intracellular side, it is reduced from 318 to
24 mM (k! = 29.1A) and 12 mM (k™! =
9.7 A). The imposed membrane potential
is =100 mV. The fraction of membrane po-
tential that decays in the intracellular bath
is 0.75, 2.1, and 2.8% of the total potential,
respectively. The potential decays exponen-
tially on the internal and external side of
the membrane and linearly in the mem-
brane region. Note the different scales
used to represent the potential in the solu-
tions and in the membrane.

hS)
I
e o
=
| <
T

SS
—Kd+2

m

g and g, are the dielectric constants of the solution
and the membrane, respectively. Using this analytical
expression, the potential distribution across a lipid bi-
layer of thickness d = 30 A was calculated, when a po-
tential of —100 mV is imposed across it (Fig. 1). The
potential in the membrane decays linearly, and the po-
tential in the bath decays according to the Debye-
Hiuckel exponential. The fraction of the transmem-
brane potential that decays in the bath is a function of
the electrostatic shielding of the solution. For a 1:1
electrolyte and g, = 80, the Debye length is given by

(- = 137ATmM™”
/\/S )

where Sis the ionic strength, which is given by

S = ZCiDZ?,

where ¢; and z; are the concentration and the valence of
ion i, respectively.

In the case of a physiological solution with § = 300
mM, only 0.75% of the total potential decays in the so-
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FiGure 2. Effects of low ionic strength solution (24 mM) on the
gating charge movement in Shaker. (A) Gating current traces at
+20 mV from a holding potential of <90 mV, before (continuous
trace) and after (dotted trace) perfusion on the intracellular side
of a patch. The dashed curve is the gating current predicted by the
model, corresponding to the high S current. (B) The variance of
the gating current at +20 mV calculated from fluctuation analysis
of the gating current. The continuous trace is the variance in the
control solution, and the dotted trace is the variance in the low
ionic strength solution. A reduction of 10% in the charge predicts
areduction of 20% in the gating charge variance. The light curves
superimposed in the variance are the prediction according to Eq.
8. The gating current was calculated according to the simple irre-
versible scheme:

oL BN,

o

SCHEME 1.

with o = 2,380 571, ¢;/¢, = 0.011e,, and B = 2440 s~! for the high
ionic strength; and o = 2,500 571, ¢; /¢, = 0.005, and B = 2390 s~!
for low ionic strength. (C) The Q(V) relationship for the patch in
A. Open symbols are the charge in low ionic strength (24 mM)
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Iution. When Sis reduced to 20 or 10 mM, the fraction
of potential decaying in the solution increases to 2 and
2.8%, respectively (Fig. 1). Thus, if the charge move-
ment occurs by displacement of the gating charge from
one side to the other of the membrane, then in the
case of low S, less potential will drop across the mem-
brane itself. This will produce a reduction in the &
and, in consequence, a slight reduction in the mea-
sured charge movement. A more complicated situation
is to be expected if the charge movement does not in-
volve simple displacement of charged residues from
one side of the membrane to the other. As was dis-
cussed previously, a clear view of the 3-D organization
of transmembrane segments is lacking, but cysteine
modification experiments suggest that most of the S4
residues are accessible to the aqueous phase. These re-
sults lead to the idea that the S4 transmembrane seg-
ment may be surrounded by a solvent-accessible cavity.
If this is the case, one expects a larger reduction of the
charge with low values of S, and the magnitude of the
reduction will be a function of the shape of the cavity.

Intracellular Ionic Strength Effects

The mutant Shaker channel ShAF was used to record
gating currents. This construct contains the W434F mu-
tation that suppresses ionic currents by promoting an
inactivation process while leaving the voltage-depen-
dent activation process relatively untouched, allowing
for recordings of charge movement without the use of
a blocking agent (Perozo et al., 1993; Yang et al., 1997).
Currents were recorded in the inside-out configuration
of the patch-clamp technique, and the intracellular
face was exposed to low S solutions. The tonicity of the
solutions was maintained by substituting sucrose for the
main electrolyte to avoid osmotic effects (Zimmerberg
etal,, 1990; Rayner et al., 1992; Starkus et al., 1995).

The main result is illustrated by Fig. 2 A. After excision
of the patch into a solution of § = 324 mM, gating cur-
rents were recorded. Subsequently, the patch was locally
perfused with a solution of lowered S. The amount of
the charge was calculated from integration of the gating
current at potentials where the charge has saturated. Ex-
posure to a solution of S = 24 mM reduces the charge by
8.7 = 3.5% (n = 6). This reduction happens with little
shift in the voltage dependence of charge movement
(Fig. 2 C). The fact that the reduction of S does not shift
the Q(V) curve suggests that the net surface charge in
the intracellular part of Shaker channels is very small.

and closed symbols are the control (318 mM). Continuous curves
are fits to the Boltzmann activation function (see MATERIALS AND
METHODS). The following are parameters of the fit for 24 mM:
Q= 29.3 fC, V5 = —42.6 mV, and ¢,= 3.1 e,. For 318 mM:
Q= 31.91C, V5= —39.6 mV, and ¢,= 3.0 e,
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spikes of the current at the be-
ginning of the OFF gating
current trace are produced by
an artifact of leak subtrac-
tion. (B) Traces at the indi-
cated potential from the same
patch in A before (continu-
ous line) and after (dotted
line) perfusion with the low
ionic strength solution in an
expanded time scale. (C) The
full Q(V) relationship. Open
symbols are the charge in low
ionic strength and closed sym-
bols are the control. A reduc-
tion of ~16% in the charge is
apparent from this patch. The
continuous curves are fits to a
Boltzmann function. The dot-
ted curve is the scaled fit to
the low ionic strength data.
The parameters of the fits are
as follows. For § = 318: Q,,.,=

This reduction of the amount of charge, although
modest, is larger than the 1.7% decrease that would be
expected from charge movement within a simple pla-
nar membrane (Fig. 1). To try to understand this re-
duction better, the gating current noise was measured
from an ensemble of gating currents at high and low S.
The variance is reduced by ~20% by the reduction of S
(Fig. 2 B). In the limit of large depolarizations, the
mean gating current and its variance are functions of
the gating charge as follows:

L(t) = vq

. . (8)
0*(t) = 2Bvg’ = 2Bgl,(t),

where ¢is the elementary gating charge, n is the rate of
charge movement, and B is the bandwidth of the re-
cording (Conti and Stihmer, 1989; Crouzy and Sig-
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124 {C, V,5= —4.4 mV, and
g~ 1.7 e,. For § = 12 mM:
Q= 105 fC, V5= —44 mV,
and ¢,= 1.9 e,.
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worth, 1993). The fitted values of ¢ from the mean and
variance time courses in Fig. 2 are 1.0 e, for § = 318
mM and 0.8 e, for S = 24 mM. This result is consistent
with the idea that the effect of low Sis to diminish the
size of the individual gating charge shots.

A further reduction of § to 12 mM produces the
larger reduction of the total charge of 16.1 = 2.9%
(n = 4), and still no significant shift in the Q(V) rela-
tionship is detected. Fig. 3 shows data from one such
experiment. These experiments at a lower § were car-
ried out with either NMDG-aspartate or CsCl as the cat-
ion-anion pair without observing any major difference.

It is conceivable that the reduction in the size of the
gating current arises from a reduction in the number
of functional channels or through immobilization of
the channel gating mechanism. To test for these possi-
bilities, the influence of a low S on the ionic currents of
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Fi1GUrE 4. Ionic strength effects on ionic currents of Shaker. (A)
1(V) relationships obtained from ramps of voltage (0.32 mV/ms)
using § = 318 K-Asp intracellular K* solution and switching to § =
12 mM intracellular solution. The external solution is pipet K. The
continuous curves superimposed in the /(V) curves are fits to a
open channel /(V) curve derived from a single barrier permeation
model according to

—(1—0)ze, V/ (k1
1) = GI[K e

(8ze,V/ k).
—[K],e 1,

where [K], and [K]; are the extracellular and intracellular potas-
sium concentrations, respectively, 8 is the electrical distance, and z
is the valence; ¢, k, and T have their usual meanings. G, has units of

nanoamperes per millimolar. The values used in the fit are for § =
318 mM, 3 = 0.7, and G,= 0.37 nA/mM. For § = 12 mM, 3 = 0.7

75 IsLAs AND SIGWORTH

conducting channels was determined. Experiments
were carried out in which the intracellular face of in-
side-out patches was perfused with low S solution, while
the inward current carried by potassium was recorded
(Fig. 4). Under these conditions, noise analysis was
used to determine the open probability and the num-
ber of channels in the patch.

The changes observed in the shape of the current—
voltage relationship in low § are consistent with a
change in the driving force being the main difference.
With the S = 12 mM (NMDG) internal solutions, the
outward current disappears, and the reversal potential
shifts by >60 mV. The nonlinear I(V) relationship in
symmetrical K* concentrations has been observed pre-
viously (Heginbotham and MacKinnon, 1993), and we
account for it by using a simple permeation model hav-
ing a single energy barrier (see Fig. 4 legend). The
other main effect of a low Sis that the activation seems
to be shifted in the hyperpolarizing direction by ~10
mVat § =12 mM and 6 mV at S = 24 mM (Fig. 4 B).

The nonstationary variance was also determined from
multiple pulsed sweeps to a voltage where the function
p(V) is saturated (Fig. 4 C). This provides estimates of
the open probability and the number of channels. It is
seen that by lowering S to 24 or 12 mM, the estimated
number of channels diminishes by <1% (from 5,624 to
5,605 in this experiment). This result confirms that the
charge reduction observed in gating currents is not a
simple result of fewer channels contributing to the re-
cording. The maximum open probability is also changed
very little, from 0.81 at 324 mM to 0.67 at 12 mM.

Finally, to test if the use of sucrose solutions to re-
duce $ has a specific effect on charge movement, man-
nitol-containing solutions were used. Gating currents
in low S solutions (12 mM) prepared with mannitol
also display a reduction of the gating current compara-
ble to that observed at the same § with sucrose solu-
tions. Gating charge is reduced by 17.5 * 4.3% (n = 2).
No significant shift in the Q(V) curve or the gating cur-
rent kinetics was observed (Fig. 5). This supports the

and G, = 0.23 nA/mM. The value of z remained constant at unity.
(B) The relative open probability as a function of voltage at three
different ionic strengths. The continuous traces are obtained from
the ramps in A by dividing by the open channel / (V) function. Boltz-
mann fits show that the lowest ionic strength solution (12 mM)
produces a 10-mV shift in the hyperpolarizing direction. The shift
at 24 mM is 6 mV. (C) Nonstationary noise analysis of currents at
—20 mV recorded at 8 kHz bandwidth. The effect of the lower
ionic strength is to increase the single channel conductance by a
small factor that accounts for the increased variance, while the
change in the open probability and the number of channels is also
small. The estimated values from a fitted parabola (continuous
curves) are as follows: at 318 mM, i = —0.24, pA, N = 5,624, and
Pmax= 0.81. At 12 mM, i = —0.3 pA, N = 5,605, and p,,,, = 0.67.
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idea that the effects are produced by low § and not by
specific effects of the osmoticant.

It has been shown that the absence of permeant ions
in the extracellular side of the pore of Shaker K* chan-
nels accelerates the rate of C-type inactivation (Bauk-
rowitz and Yellen, 1996). This process is accompanied
by an immobilization of charge in response to pro-
longed depolarization (Olcese et al., 1997). To test for
the possibility that C-type inactivation may be responsi-
ble for the reduced charge observed here, we examined
the charge movement as a function of time both in the
high § solution and after perfusion with the low S solu-
tion. Fig. 6 shows an experiment in which the charge
was monitored for ~40 s in a solution of § = 318 mM
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Patch 1

Patch 2 Ficure 5. Effects of mannitol-containing low
ionic strength solutions (12 mM) on the gating
charge movement in Shaker. (A) Gating current
traces before and after perfusion of the intracellu-
lar side of a patch for depolarizations from -90 to
30 mV. (Continuous trace) 318 mM(CsCl); and
(dotted trace) 12 mM CsCl, with mannitol substi-
tuted for sucrose. (B) Two different patches at 30
mV in control solution (continuous line) and af-
ter (dotted line) perfusion with the § = 12 mM
mannitol solution in an expanded time scale. (C)
The full Q(V) relationship for the top patch in B.
Open triangles are the charge in § = 12 mM, and
closed triangles are the control in § = 318 mM. A
reduction of 14.5% in the charge is apparent
from this patch. The continuous curves are fits to
a Boltzmann function. The parameters of the fit
are as follows: at 12 mM, Q,,.= 5.7 fC, V5=
—45.1 mV, and ¢,= 2.4 ¢,. At 318 mM, Q,,,,= 6.6
fC, Vp5= —44.3mV, and ¢,= 2.0 e,.

and also in § = 24 mM (Fig. 6, A and B). The charge re-
mains constant for the duration of the recordings (Fig.
6 C). This indicates that there is not an appreciable de-
gree of accumulation of slow inactivation or rundown.
Fig. 6 D also shows that the effects of low ionic
strength are almost fully reversible. After exposure to § =
24 mM and return to high § solution, the charge re-
covers to within 98% of that of the control. In two addi-
tional patches, the recovery was within 97% and, in
three more, it was within 95% of the control. These ex-
periments indicate that charge reduction seems not to
be a product of cumulative slow inactivation, and com-
bined with the fact that the open probability and the
number of functional channels in the patch is changed
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FIGURE 6. Tests for possible charge immobilization produced by slow inactivation of Shaker channels. (A and B) Representative average
gating currents obtained from 10 sweeps for depolarization from —90 to 0 mV. The pulse interval was 200 ms for averaging, and an average
was acquired every 9 s. The high Ssolution in A was intracellular control NMDG and the low Ssolution in B was intracellular 24 (Table I).
(C) The ON gating charge plotted as a function of time for the patch in A and B. The total observation time was 37 s in each solution. The
charge in either solution remains constant for the duration of the patch life, indicating that at least in this period there is no detectable
charge immobilization. (D) Reversibility of the S effect. Gating current and its time integral are shown from a different patch. The thick
trace is the control; the dotted trace is the gating current or charge in the low Ssolution (24 mM); and the thin trace is the gating current
or charge after return to the high Ssolution 4.5 min later. In this particular experiment, the charge recovers to 98% of the control.
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very little by a low S, argue in favor of the interpretation
that the reduction of the gating charge is caused by the
reduction of intracellular ionic strength only.

Extracellular Effects

We first attempted to measure the effect of lowering S
of the extracellular solution in outside-out patches, but
these were not stable in low S solutions, and the inte-
gration of gating currents was unreliable. For this rea-
son, we decided to use the cut-open oocyte technique
(Taglialatela et al., 1992). In preliminary experiments
using perfusion of the upper chamber with low S solu-
tions, we observed a very large reduction (55%) of the
gating currents. This could arise from different pat-
terns of current flow at the boundary between the top
and guard chambers during perfusion of the top cham-
ber with low S solutions.

Cut-open clamp

S= 28 mM

A &= 325 mM

20 ms 20 ms

Two-electrode clamp

&= 325 mM S= 16 mM

For this reason, we decided to perfuse both the guard
and top chambers. Simultaneous perfusion of the
chambers with low § solutions resulted in only a small
decrease in charge movement. To be certain that this
decrease is not artifactual, we also tested the effect of
low § on whole oocytes using two-microelectrode volt-
age clamp. Lowering the external S to 28 or 16 mM was
seen to produce a very modest change in the size of the
gating currents. The reduction of the charge is ~2.2%
at 28 mM. This effect is seen in both two-electrode volt-
age clamp recordings and in cut-open clamp recordings
(Fig. 7). A larger reduction of S to 16 mM produces a
reduction in the charge of 3.5%. A reduction of extra-
cellular S produces only a small shift in the voltage de-
pendence of charge movement: the average shift at § =
16 mM is <5 mV in the depolarizing direction.

A very interesting observation in the extracellular ef-
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FIGURE 7. Extracellular effect of low ionic strength solutions on charge movement. (A) Gating current traces from the cut-open oocyte
clamp in extracellular control solution S = 325 mM are on the left. The right panel shows currents at § = 28 mM. (B) The corresponding
Q(V) relationships. The parameters of the fitted Boltzmann function (continuous curves) are at S = 28 mM, Q,,..= 8.7 nC, V5= —38.6
mV, and ¢,= 2.3 e,. At S = 325 mM, Q,,,= 8.3 nC, V5= —41.8 mV, and ¢,= 2.5 e,. The maximum charge is reduced 4.2%. Closed sym-
bols represent the control charge, and open symbols are the charge in low ionic strength. (C) Gating currents from a different oocyte re-
corded using the two-microelectrode voltage clamp. The low ionic strength solution is extracellular 16 mM. (D) Q(V) relationships of the
experiment in C. Open circles correspond to the charge in low ionic strength. The following are parameters of the fitted Boltzmann func-
tionat § =16 mM: Q.= 7.7nC, V;5= —38.2mV, and ¢,= 2.9 e,. At § = 325 mM: Q,,,,= 7.7nC, V5= —42.5mV, ¢,= 2.2 ¢,. The charge

is reduced by 5.2% in the S = 16 mM solution.
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FiGure 8. Comparison of gat-
ing current kinetics at high
and low extracellular ionic
strength. (A) Gating currents
at 0 mV obtained with the cut-
open voltage clamp. The
faster trace was obtained at
S = 325 mM and the slower
trace corresponds to S = 16
mM. It is evident that both
the ON and OFF kinetics are
slowed down. (B) Compari-
son of the time constants of
current decay, 7,,. ON gating
currents were fitted to a sin-
gle exponential function, and
the time constant was plotted
as a function of voltage. Open
symbols are the data points at
low ionic strength (S = 16
mM). Closed symbols are the
data at high ionic strength
(S = 325 mM). Squares corre-
spond to data obtained with

the two-microelectrode volt-
age clamp, and triangles cor-
respond to cut-open voltage
clamp. Solid lines correspond
to fits of the most depolarized

membrane potential (mV)

points to the function: 7,,(V) = 7,,(0) - exp(—q,,V/kT). The values of ¢,, are as follows: (open triangles) 0.41 e,; (open squares) 0.44 e;
(closed triangles) 0.47 e,; and (closed squares) 0.37 e,. (C) Time constant of decay Topp(V) for OFF gating currents. A single exponential
was fitted to the decay phase of the current and is plotted as a function of the potential during the activation pulse. The upper panel in the
figure is the relative open probability p(V) as a function of voltage, obtained from conducting channels (ShA) recorded from a cell-
attached patch in low external K* solution with high S (295 mM). Note that the function Tope(V) has a similar voltage dependence to p(V).

fects of low § is that gating current kinetics are slowed
considerably. Fig. 8 A shows gating current traces at 0 mV
obtained before and after lowering the S of the extracel-
lular solution. Both ON and OFF gating currents are
slowed. The slowing of ON gating currents is seen in Fig.
8 B as an approximately twofold increase in Ty at all volt-
ages. The OFF gating currents are slowed down by a simi-
lar amount (Fig. 8 C). The voltage dependence of the
OFF gating currents is consistent with that of the activa-
tion of macroscopic currents in the same extracellular so-
lutions (high S). At membrane potentials where the
channels begin to open, the OFF gating currents become
slower because of the slow rate of exit from the open
state (Zagotta et al., 1994; Schoppa and Sigworth, 1998).
The slowing of both ON and OFF gating currents by a
similar amount is consistent with the absence of a shift in
the equilibrium distribution of charge movement.

These effects of a lowered § are not explained by a
simple voltage shift of the kinetics, as predicted by elec-
trostatic screening of surface charge. In experiments in-
volving changes in external pH, Campbell and Hahin
(1984) observed a similar slowing of kinetics of Na*
channel gating currents at low pH that was not a simple
shift in the voltage axis. Clearly, not all ionic strength ef-
fects are mediated by the screening of fixed charges.

79 IsLAs AND SIGWORTH

Electrostatic Calculations

Is it possible to give a mechanistic interpretation to the
reduction of charge observed in low Sin the intracellu-
lar part of the channel? In Eqs. 1-4, we have presented
the argument that the degree of coupling to the mem-
brane potential and the gating charge is measured as
the gating current. A reduction in S would be expected
to reduce coupling by affecting the local potential that
the gating charges sense. To interpret the experimental
results within this formalism, we performed a calcula-
tion to try to account for the effects of S on gating cur-
rents in terms of a gating pore. For this purpose, the
linearized Poisson-Boltzmann equation was solved in
cylindrical coordinates using a finite difference algo-
rithm to investigate the dependence of the local poten-
tial on the geometry of the membrane.

In this scheme, it is possible to set up a membrane
surrounded by high dielectric constant regions that
simulate the intracellular and extracellular solutions.
Also a cavity of arbitrary shape and molecular dimen-
sions can be made in the membrane (Fig. 9 A). This is
meant to simulate the gating pore. By examining the
local potential in this model pore, one can get an idea
of the expected magnitude in the change of gating
charge as a function of Sand the shape and dimensions
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FIGURE 9. Numerical solutions of the linearized Poisson-Boltzmann equation in cylindrical coordinates for a cylindrical cavity in the
membrane. (A) Schematic representation of the geometry used for the calculations. The grid dimensions were 0.5 A in the r (radial) di-
rection and 0.5 A in the z direction. The membrane thickness was 30 A. (B, left) potential distribution at high (318 mM) internal ionic
strength. Isopotential lines were plotted at intervals of 0.006V, where V'is the imposed membrane potential. (B, right) Potential distribu-
tion with low internal ionic strength (12 mM). The values of Sare indicated in each panel. (C) Dependence of the apex potential (¢,) on
the depth of a cylindrical cavity of radius r,= 3 A. The calculation was run at the following depths: 3, 5, 10, 15, 20, 25, and 27 A. Notice that
the largest reductions of ¢, are obtained with a deep cavity and low S. (D) Continuous lines are the absolute potential reduction calculated
as Ap = ¢,(318) — ¢,(S), where ¢,(318) is the value of ¢, at 318 mM and ¢,(S) is ¢,at § = 24 or 12 mM. The data points correspond to
the mean = SEM of the experimentally measured reductions of gating currents plotted arbitrarily at a depth of 24 A. (E) Potential at the
apex ¢, of a 25-A-deep cavity as a function of the radius 7, at the indicated values of S. (F) The potential change A¢ calculated from the
data in E. The continuous line represents the potential reduction A¢ with § = 24 mM, and the dotted line is A¢ at § = 12 mM. The data
points are plotted at an arbitrary radius of 3 A. The small circles represent the asymptotic value of the potential reduction for an infinite
membrane of 5 A thickness at the indicated values of S, which was obtained with the analytical solution presented in Eq. 7.

of the cavity. The dielectric constant is set to a value of
80 in solution and 2 in the membrane, and it is initially
assumed that the dielectric constant in the cavity is the
same as that of the bulk solution. The value of k in the
cavity is also set equal to its value in the adjacent solu-
tion, while k is zero elsewhere in the membrane.

Fig. 9 B shows an example of such a calculation for
the cylindrical cavity. Isopotential lines are shown in a
slice through the center of the membrane cavity sys-
tem. The calculation was done with a cavity of 3-A ra-
dius (r,) and 25-A depth in a membrane of 30 A thick-
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ness. The intracellular value of $ was changed from its
high value of 318 mM (Debye length k! = 7.6 A) to
values of 24 mM (k' = 21 A) and 12 mM (k! = 30 A).
The extracellular value of S remained fixed at 318 mM.
The effect that the cavity has on the membrane poten-
tial distribution is to increase the fraction of the poten-
tial that falls in the solution and in consequence, re-
duce the potential measured at the apex of the cavity
(¢,). Assuming that the gating charge moves between
the cavity’s apex and the external surface, this pro-
duces a reduced gating charge because the fraction of
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membrane potential that the gating charge traverses is
now diminished and the difference in §;, (Eq. 1) be-
tween resting and activated states is also reduced. As §
is lowered in the intracellular space, ¢, is further re-
duced. This is seen by an increase in the number of iso-
potential lines in the intracellular side (Fig. 9 B, right).

At a given pair of intra- and extracellular Svalues, the
depth or the diameter of the cylindrical cavity was var-
ied while maintaining the other constant at a given
value. Fig. 9 C shows the value of ¢, in the 3-A radius cy-
lindrical cavity, as a function of the depth of the cavity
at the three indicated values of S. The same data are
transformed in Fig. 9 D to give the fractional reduction
of potential produced upon going from § = 318 mM to
24 mM and 12 mM. This value, Ag, is the difference of
¢, at two values of S. The data points with the error bars
are the experimentally measured charge reductions
produced by changing intracellular ionic strength, and
plotted arbitrarily at the depth value of 24 A to fit the
calculated curves.

The calculation was also performed in a cavity of
depth 25 A for various values of 7,. The changes in 7,
have only a moderate effect on ¢,, as shown in Fig. 9 E.
The reduction of ¢, is more pronounced with a smaller
radius, but for both S = 12 mM and 24 mM at radii
>6 A, the reduction rapidly approaches the asymptotic
value given by an infinite, thin membrane. The experi-
mental data seem to be consistent with a cavity of a ra-
dius of 3 A and a depth of 25 A out of the total 30-A
membrane thickness. (Fig. 9 F). However, for a deeper
cavity, the larger radius would also satisfy the data. In
general, it is seen that the cavity must be narrow and
deep to produce the observed A¢ values.

The same kind of numeric calculation was per-
formed using a truncated conical cavity. This geometry
has an added parameter, which is the radius 1, at the
mouth of the cavity, and is presented schematically in
Fig. 10 A. The value of 7, was left constant at 3 A to facil-
itate comparisons with other geometries, and the effect
of varying the depth of the cavity with radii », = 3, 6,
and 10 A was investigated. At a constant r,, the effects
on the potential are qualitatively similar to that ob-
served in the cylindrical cavity, i.e., ¢,diminishes as the
cavity becomes deeper and is also diminished at a low-
ered S. As the value of 7,,is made larger, the depth that
is necessary to account for experimental values is in-
creased. The mouth aperture of the cone has a progres-
sively more important effect as the cone becomes
deeper. The data are best approximated with a cone of
7,, = 10 A and a depth of the cavity of 28 A (Fig. 10 A).
Overall, the conical cavity produces smaller changes in
¢, than the cylindrical cavity, and it is necessary to have
a deeper cone compared with a cylinder to account for
the experimental observations. It seems that the pro-
gressively increasing radius from 7, to 7, in the trun-
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FiGure 10. Numerical solutions of the linearized Poisson-Boltz-
mann equation for two different geometries. (A) Truncated conical
cavity. The membrane thickness was 30 A, and the cone radii were
fixedatr, = 3 A and 1, = 10 A as the cavity depth was varied. The
top diagram is a schematic representation of the geometry. The po-
tential difference in the short slab of membrane was calculated as
Ad,, = ¢, — ¢, where ¢, is the potential at the apex of the internal
cavity and ¢, is the potential at the external surface of the mem-
brane axially opposite to ¢, The effect of changing Swas calculated
as AA¢ = A¢,,(318) — Ag,,(S). (B) Double cylindrical cavity. The
radii r, = 7, of both cavities were 3 A, and the depth of the external
cavity was D, = 3 A. The extracellular side and cavity have a constant
high ionic strength of 318 mM. The reduction of potential AA¢$ was
calculated (as in A) as a function of depth of the internal cavity.
The calculation was done at depths 5, 10, 15, 20, and 25 A. The sym-
bols correspond to the experimental reductions plotted at 23 A.

cated cone allows for less crowding of the electrical po-
tential inside the cavity.

Explaining Extracellular and Intracellular Effects

Since we have observed some charge reduction while
reducing § in the extracellular face, we attempted to
explain the effects of both intracellular and extracellu-
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lar reductions of Swith a calculation using a membrane
with both internal and external cavities. Since the ex-
tracellular effects are smaller, we used a small cavity for
the external face. At a given value of S, the potential re-
duction was now calculated as the difference between
the potential at the apex of the internal cavity ¢, and
the potential at the bottom of the external cavity ¢,.
This difference is called A¢,, and represents the effec-
tive membrane potential. The effect of going from a
high to a low value of Sis called AA¢ and is calculated
as the difference AA¢p = A¢,,(318) — A, (S).

As in previous calculations, the depth of the internal
cavity D; was varied while keeping a fixed value of r, =
3 A and a fixed value of the external cavity depth D, =
3 A (Fig. 10 B). The results of these calculations are
qualitatively similar to those obtained with the internal
cavity and the planar external face, but the reduction
of potential AA¢ produced by § = 12 mM is smaller
than in the other geometries. If the calculation is re-
peated with an external cavity depth of 5 A, the values
of AA¢ are even smaller. To try to explain the experi-
mental results with this geometry, the value of D, has to
be 23 A, but the reduction in gating charge produced
by lowering S to 12 mM is underestimated (Fig. 10 B).
With an internal cavity depth D; = 23 A and an external
cavity depth D, = 8 A, and keeping the value of internal
S at 325, the values of AA¢ produced by changing ex-
ternal S are 2.2% at S = 28 mM and 2.6% at S = 16
mM. The experimentally observed reductions of the
gating charge with the reduction of extracellular S are
2.3 + 1.4% for S = 28 mM and 3.2 £ 1.2% for S = 16
mM. Nevertheless, it seems that if there is an external
cavity, as in our double cavity system, this has to be
much smaller than the internal cavity and the space be-
tween the external and internal cavities has to be a very
small slab of ~4 A thickness.

Effects of Model Parameters

It is likely that the dielectric constant of water in a pore-
like cavity is different from that of bulk water. Sansom et
al. (1997) have shown that the helix dipoles of a helix
bundle can produce polarization saturation of water
molecules, effectively reducing the value of &. This ef-
fect may be smaller in anti-parallel helix bundles, as
those expected to form the walls of the gating pore.
Nevertheless, we were interested in testing the effect of
having a smaller € in the internal cavity and set up a
membrane system with truncated conical external and
internal cavities in which the value of € in the internal
cavity is 30. The value of k in the internal cavity is
changed accordingly (Eq. 6). The potential at the apex
of the internal cavity ¢, and on the base of the external
cavity ¢, are reduced by the low value of &. The poten-
tial in the membrane more readily penetrates the inter-
nal cavity, and the reduction of S produces larger effects

in the values of A¢,,. Fig. 11 B shows the dependence of
AA¢ on the depth of a cylindrical double cavity of ra-
dius 7, = 8 A. The main effect of having a reduced di-
electric constant in the internal cavity is that the per-
cent reductions of the effective membrane potential
AA¢ are larger than in the same geometry with € = 80.
As was noted previously (Fig. 10 B), having an external
as well as an internal cavity in the membrane system
produced smaller reductions of a membrane potential.
Now with a reduced &, the system better accounts for
the experimental observations. Using the truncated
conical double cavities, the measured reductions of gat-
ing charge produced by reducing S, either internally or
externally, can be explained simultaneously by having
an external cavity of depth D, = 3 A and an internal cav-
ity of depth D; = 20 A, with radius r, = 3 A and internal
mouth opening r,, = 10 A (Fig. 11 C).

It seems that allowing for a reduced dielectric con-
stant of 30, the double cavity system with the truncated
cones provides a good description of both the intracel-
lular and extracellular reductions of charge. The use of
e = 30 for the solution in the cavity seems reasonable
in view of the calculations of Sansom et al. (1997), and
also allows for a larger cavity with a minimum radius
r, = 3 A, which is in agreement with the ability of large
MTS reagents to modify S4 residues. The dimensions of
the external and internal cavities reduce the region of
membrane potential focusing to a septum of ~7 A
thickness. In the normal high S solutions (~300 mM),
the drop of potential across the septum in Fig. 11 C is
91% of the full membrane potential.

We have used 30 A as the thickness of the hydropho-
bic core of the bilayer and the height of the channel
protein. This is close to the ~35 A height of the KcsA
channel (Doyle et al., 1998) and 26 A for gramicidin
(Roux and Karplus, 1991). To investigate the effect of
the (unknown) size of the Shaker channel, we per-
formed calculations like those shown in Fig. 11 A, but
used a membrane—channel thickness of 40 A. As can be
seen in Fig. 11 D, the effects of a deep cavity are qualita-
tively similar to those of the 30-A system, but the cavity
has to be as deep as 25 A to account for the experimen-
tal observations. This means that the effect of increasing
the thickness of the membrane—channel system is to
scale up the dimensions of the cavity. In this case, the ex-
pected thickness of the septum increases from 7 to 13 A.

Another issue is related to the value of the dielectric
constant of the protein, &,. Molecular dynamics calcula-
tions in soluble proteins have suggested that the value
of g, should be larger than that of the lipid bilayer. An-
tosiewicz et al. (1996) have shown that in calculating
the pK, of titrable groups of proteins in aqueous solu-
tions, values for g, of 4-8, and perhaps as high as 20
provide better agreement of the MD calculation with
actual data. However, the issue of the value of € is an
open one and, recently, more elaborate calculations
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FiGure 11.  Calculated effects of Sin the double cavity system with low dielectric constant (e = 30) in the internal cavity. (A) The radius 7,
is the same for the external and internal cavity, and the mouth radius r,, was varied. The geometry of the system is shown in each panel.
The internal cavity depth is D;, and the external cavity depth is D,. (B) Variation of the potential difference as a function of D;in the double
cylinder. The internal cavity has & = 30. The function AA¢ is calculated as AA¢ = [¢,(318) — ¢,(318)] — [b,(S) — $.(S)], where ¢, is the
potential at the apex of the internal cavity and ¢, is the potential at the base of the external cavity. Traces are AA¢ as a function of D;at § =
24 mM (continuous curve) and § = 12 mM (dotted curve). Open squares are the observed charge reduction for a change in internal Sto
12 mM; and closed squares are the reduction in charge for a reduction of internal S to 24 mM. (C) Similar calculation as in B but using a
truncated-cone double-cavity system with the dimensions indicated and 7, = 3 A. The upper traces are values of AA¢ as a function of D; for
internal changes of S. The continuous trace is the change in potential for a change of S to 24 mM; and the dotted curve is the change of
potential for a change of § from 318 to 12 mM. The data points correspond to the experimental reductions of charge at the indicated
value of S plotted at a depth value of 20 A. The traces at the bottom of the panel are the potential changes AA¢ induced by reducing the
external value of S from 318 mM to 28 and 16 mM, while keeping internal S constant at 318 mM. In each case, the external cavity had a
depth D, = 3 A. The triangles are the experimentally measured reductions of charge for extracellular reductions of §, which are indicated.
(D) The thickness of the membrane has been increased to 40 A. The calculation was performed as in C with 7, = 3 A and the parameters
indicated on each cartoon. The cavity was assigned a dielectric constant of 30, and the bulk extracellular and intracellular solutions had a
value of 80. The depth of the membrane D; was changed to the indicated values. The AA¢ values plotted are the potential difference
across the septum for changes of S from 318 to 24 mM (continuous line) or to 12 mM (dotted line). The external cavity was fixed at 3-A
depth. The values in the bottom of the panel correspond to the calculation for the extracellular effects of Sfor changes from 318 to 28 mM
(continuous) or 16 mM (dotted), while keeping the internal value of S constant at 318 mM. The experimental reductions of charge as a
function of Swere plotted at a cavity depth of 25 A. (E) Effect of increasing the dielectric constant of the channel-membrane system to 4.
The thickness of the membrane was 30 A. The dielectric constant of the cavity and bulk solutions were 30 and 80, respectively. Note that
this configuration poorly predicts the observed experimental effects of S, although the effects of reducing § are qualitatively similar to
those obtained with & = 2. The best fit cavity becomes smaller with & = 4 than with an & = 2.

have shown that a value of &, = 2 is appropriate (Shein-  cavity necessary to approximate the experimentally ob-

erman et al., 2000). Fig. 11 E shows results from a calcu-
lation as in Fig. 11 C using an g, of 4 for the mem-
brane—channel system with a thickness of 30 A. As can

be seen, the higher value of g, reduces the size of the

served effects of §; a predicted difference between S =
24 mM and S = 12 mM become less marked. This can
be explained because the higher value of &, produces
less decay of potential across the protein septum.
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Finally, we address an issue related to the calculation
of the effects of ionic strength using LPB theory. It has
been suggested that the use of the Poisson-Boltzmann
formalism is inadequate in the vicinity of a dielectric
boundary because of a strong repulsive force on ions
close to it. In a recent Brownian dynamics study, Moy et
al. (2000) have shown that within a few angstroms of a
dielectric boundary there is a depletion of ions because
of the repulsive reaction field. The repulsion increases
as the charge squared and, therefore, is incorrectly de-
scribed by a continuum of charge. To first order a small
depletion of ions near a dielectric boundary is negligi-
ble in terms of ionic screening, because anions and cat-
ions are depleted equally; however, when the reaction
potential exceeds the value of k7, the effects will be sub-
stantial. Consider a monovalent ion in a medium of di-
electric constant &, approaching a plane boundary with
a medium of dielectric g,. Using the method of image
charges, the energy from the reaction field is seen to be

r=14 A r,=6A
D=3 A

24 mM

AAG (%)

16 mM
= 28 mM

Cavity depth, D, (A)

FiGure 12.  Effects of the inclusion of an ion depletion area in cal-
culations using the conical geometry. Calculation with a bigger
cone radius (r,= 6 A) and mouth radius (r,, = 14 A) in the double-
cone system. The external cavity depth is 3 A. The dielectric con-
stant of the membrane channel region is set at a value of 2, and the
dielectric constant inside the cavity is set to a value of 30. The intra-
cellular and extracellular data are plotted at 24 A of internal cavity
depth D, There is a cutoff region of 4 A around the internal cavity,
where the value of « is set to zero to simulate the ion exclusion ef-
fect. The cutoff around the external cavity is set to 2 A. This is illus-
trated in the cartoon, which is drawn to scale, by the darker band
around the cavity and the membrane—solution boundaries.
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2
e,(8—€&y)
b
16T0e €, (€, + &)

u(r) =

where 7is the distance from the ion to the plane. Let-
ting &;= 80 and assuming &, to be much smaller, U(r)
becomes equal to kT at ~1.7 A. For &; =30 and &, = 2,
the critical distance becomes r = 4.1 A. Because of this
depletion of ions near the boundary, the effects we see
in our calculations with cavity radii on the order of 3 A
are probably better modeled with a cavity radius a few
angstroms larger. To account for the possibility of such
an effect, we introduced an ion exclusion region,
where the value of k is set equal to zero, represented by
aslab 4 A thick surrounding the dielectric boundary in
the internal cavity and 2 A in the external cavity. Fig. 12
shows that the introduction of a cutoff region is equiva-
lent to a reduction of the overall size of the cavity, so
that the experimental data are approximated by a
much deeper cavity. If the dielectric repulsion of ions
in the cavity is significant, this means that the best cav-
ity would have a radius r, = 6 A, a mouth radius r,, = 14
A, and an internal depth D; = 24 A. In this case, the
septum is reduced to a thickness of only 3 A.

DISCUSSION

In this paper, we have shown that reducing the ionic
strength § causes small but reproducible reductions in
the measured gating charge. An approximate 10-fold
reduction of internal S produces an 8.7% reduction of
gating charge. These effects continue at even lower val-
ues of § (Table II). A similar reduction of external S
produces a much smaller reduction of 2.2%. It seems
that the low S environment affects the local electric
field and, thus, reduces the coupling between it and
the intrinsic voltage-sensing charges, producing the ob-
served reduction of the gating charge. The magnitude
of the charge reduction is significantly larger than what
is expected from a voltage sensor in a simple planar
membrane (Table II). We have also shown that the
Q(V) curves have only small shifts in the presence of
low S solutions, either on the intracellular or extracel-
lular sides.

Surface Charge Effects

Previous studies have dealt with the effects of low S on
ionic currents of voltage-activated Na™ channels, infer-
ring the existence of a negative surface charge in the
intracellular and extracellular region of the channel
and the surrounding membrane. This charge is thought
to affect the gating and permeation properties by a
simple electrostatic mechanism (Frankenhaeuser and
Hodgkin, 1957; Chandler et al., 1965; Hille et al., 1975a,b;
Cukierman, 1991).
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TABLEII
Gating Charge Reduction at Low Ionic Strength

Percent Percent Percent

planar intracellular extracellular
N expectation effect effect n
24 1.7 8.7x35 6
12 2.5 16.1 =29 4
28 1.5 23+ 14 4
16 2.1 32+12 3

Summary of the charge reductions produced by the reductions of internal
or external ionic strength (S). The planar expectation is the reduction of
potential for the indicated value of S calculated with Eq. 7 for a given pair
of values of S as A¢p(318) — A¢p(S) for the internal effects of S; and as
Ad(325) — Ad(S) for the external effects, where Ap = ¢,- ¢, Here ¢, and
¢, are the potential at the apex of the internal cavity and at the base of the
external cavity, respectively. The values of the reduction are the mean =
SEM The value 7 is the number of experiments.

Those experiments in which the effects of S were in-
vestigated relied on the measurement of ionic currents
and their voltage dependence. In most cases, a shift in
the voltage dependence was observed that was inter-
preted in terms of the surface potential theory, where
the surface charge affects channel gating and perme-
ation by setting up a bias potential that is superimposed
on the membrane potential. If the fixed charge is nega-
tive, then a reduction of Sis expected to produce a neg-
ative shift for changes at the extracellular medium and
positive shifts for changes in the intracellular face. Be-
cause the shifts are taken to be the result of a bias po-
tential, they should be of the same magnitude for
steady-state and kinetic properties alike; but in most
cases, this expectation has not been fulfilled. Several
studies have shown that shifts of kinetic and steady-state
parameters in the Na* channel are correlated with the
occupancy of the pore and can be explained by a model
that does not involve surface charge effects. Studies of
the magnitude of the screening effects of calcium on
Na* channels reached the conclusion that not only the
surface charge effects of Ca?" are small, but they also
seem to be inconsistent with the canonical form of sur-
face charge theory. It is possible to account for all the ef-
fects of Ca?* by an occupancy model in which Ca?* oc-
cupation of the pore is needed for the channel to close
(Boccaccio et al., 1998; Armstrong, 1999).

In our experiments on Shaker potassium channels,
ionic current activation is shifted in the hyperpolarizing
direction upon reduction of internal S, by 6 mV at 24
mM and by 10 mV at 12 mM. The polarity of these shifts
could be readily explained if the surface charge in the
intracellular part of the channel is assumed to be posi-
tive and quite small. According to Gouy-Chapmann the-
ory, it is possible to calculate an approximate charge
density from the shifts of voltage dependence of 6.4 X
10~* e,/A2 Similarly, Elinder et al. (1998) have esti-
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mated an extracellular surface charge of —27 X 1074
e,/A2, which is roughly explained by the negatively
charged amino acid residues on the external surface of
the channel protein. Another explanation is that the re-
moval of permeant ions from the intracellular space af-
fects the equilibrium of the opening transition by an al-
losteric mechanism and is thus producing the shift. Our
low S solutions had reduced K* concentrations. It is
possible that absence of K* at the inside of the channel
changes the energetics of the opening conformational
change by a few kT units, which would be sufficient to
produce the observed shift of voltage dependence.

Finally, it seems that the actions of divalent ions in
Shaker gating currents are also inconsistent with the sur-
face charge theory. Raising external Ca?' does not
modify charge movement, while the action of Ba?* is
explained by a selective acceleration of the rate of
channel closing (Hurst et al., 1997). It is possible that
the amount of fixed charge in potassium channels dif-
fers from that of their sodium counterparts and, in con-
sequence, many of the effects previously attributed to
surface charge screening in potassium channels, can be
explained at least as well by gating effects of permeant
or partially permeant ions. We conclude that surface
charge effects on Shaker are small.

Ionic Strength Effects on Kinetics

We have shown that the extracellular reduction of § has
a qualitatively and quantitatively different effect on gat-
ing currents than intracellular changes. The time con-
stant of decay of ON and OFF gating currents is made
slower in reduced extracellular S. The overall slowing of
kinetics is inconsistent with a simple surface charge
mechanism, but is similar to the effect of low pH on Na*
channel gating currents (Campbell and Hahin, 1984).
It is possible that our low S solutions, having an in-
creased viscosity, affect the gating kinetics by changing
the energy barrier for one or multiple transitions. It has
been shown that increased solution viscosity affects pro-
tein dynamics by a damping effect on the internal mo-
tion of the protein, affecting the energy barrier for a
particular transition (Beece et al., 1980). In Shaker
channels, exposure to hyperosmotic solutions slows the
kinetics of activation of macroscopic currents, and the
result has been interpreted in a similar way, as an in-
crease of the energy barrier of one or multiple transi-
tions (Starkus et al., 1995). The absence of a shift of the
Q(V) relationship is consistent with the observed slow-
ing of both the ON and OFF gating currents by a simi-
lar amount. Also, the absence of a shift in the voltage
axis is consistent with experiments in Shaker involving
the effects of divalent cations (Hurst et al., 1997). In
those experiments, the gating currents also did not
change voltage dependence in the absence or presence
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of divalent ions, which would be expected to produce
surface charge screening effects.

A Cavity Explains Asymmetric Ionic Strength Effects

Reductions in intracellular ionic strength produce
large reductions in the apparent gating charge. We
have ascribed this effect to the potential drop in an in-
tracellular aqueous cavity. However, it should be noted
that a cavity is not required to explain the effect: a pla-
nar membrane that is sufficiently thin (say 5 A) can also
account for the intracellular effects, as shown in Fig. 9
E. The problem with a thin membrane (or equivalently,
avery broad cavity) is that such a membrane would pro-
duce an equally large sensitivity to extracellular ionic
strength changes, which is not observed. In the end, it
is the asymmetry of the ionic strength effects that re-
quires us to postulate a restricted cavity on the intracel-
lular surface of the channel.

The estimated dimensions of the intracellular cavity
depend on the assumed values for dielectric constants.
Letting & = 80 for the cavity as well as bulk solutions
and & = 2 for the membrane and protein interior in a
membrane of 30 A thickness, the effects are accounted
for by a cylindrical cavity of ~25-A depth and 3-A radius.
The calculations performed with a truncated conical
cavity show that an even deeper cavity would be neces-
sary to explain the effects of low S on gating current.

When we considered having a reduced dielectric con-
stant € in the internal cavity, as suggested by previous
theoretical work, the geometry that incorporates an in-
ternal and an external cavity seems to provide a good
explanation for both the intracellular and extracellular
effects of lowered S. Meanwhile, the question remains
as to what is the correct value of ¢ to use to describe the
interior of a membrane protein. It was originally sug-
gested that a value of 8 and as a high as 20 was neces-
sary to account for the pK, of soluble proteins. More re-
cently, work that explicitly treats protein conforma-
tional changes suggested that an & value of 4 (Havranek
and Harbury, 1999) or 2 (Misra et al., 1998) is more ap-
propriate to capture the electronic polarizability effects
that contribute more significantly to the dielectric
properties of a protein. Also, a recent study (Dwyer et
al.,, 2000) shows that the large values of &€ encountered
in the interior of proteins, may arise from water pene-
tration into the core of the molecule.

Validity of the Continuum Theory

The Poisson-Boltzmann equation embodies a mean-
field theory, in which ion concentrations are repre-
sented by a smeared out continuum of charge. Two
problems can be imagined to arise because of the
mean-field approximation in the present context. First,
the dimensions of the internal cavity (e.g., the one in
Fig. 12) are so small that at a concentration of 24 mM,
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the cavity is occupied by an ion with a probability of
only 0.037. At § = 318 mM, the occupancy increases to
0.5. It is clear that the charge measured in the external
circuit will be a quantity that fluctuates as ions diffuse
into and out of the cavity on a nanosecond time scale.
However, this is no problem because the gating charge
as a function of potential is an equilibrium quantity (at
least on the time scale of a few milliseconds in our mea-
surements) and, therefore, the time-averaged charge
movement measurement is appropriate.

The other problem with the use of a mean-field the-
ory concerns the reaction field experienced by individ-
ual ions. Although the Poisson-Boltzmann theory is
quite successful in describing ion behavior in bulk solu-
tions and also at planar interfaces (Bockris and Reddy,
1973), the theory does not describe reaction field ef-
fects as individual ions approach dielectric boundaries.
Moy et al. (2000) have demonstrated a depletion of
ions due to the repulsive reaction field that increases as
charge squared and, therefore, is incorrectly described
by a continuum of charge. We have included this effect
as a depletion area around the dielectric boundary, and
show that the effect may be more pronounced in the
low dielectric constant internal cavity. This depletion
region is similar to the volume exclusion region of
2-4 A which is commonly used in electrostatic and mo-
lecular dynamics simulations (Alexov and Gunner, 1997,
Misra et al., 1998).

Finally, it should be emphasized that we have used
only the linearized form of the Poisson-Boltzmann
equation. Because it is linear, this equation allows very
great simplifications through superposition. We are in-
terested only in the changes in potential due to the ap-
plied membrane potential, so that superposition allows
us to neglect any effects of fixed charges in the system.
It also allows us to present the computed potentials
simply as fractions of the membrane potential. The lin-
earized equation is an approximation, valid for poten-
tials differing less than about £7/ ¢, from the bulk solu-
tion potential. Very close to fixed charges, this approxi-
mation will not hold, but the polarity of the error is
not obvious: at moderate electric field strengths, the
screening effect is expected to be larger; but, at high
field strengths, the finite ion radii and saturation of wa-
ter dipoles will reduce the screening effect. Because the
detailed structure of the protein is not known, we take
the linearized equation as an accessible and reasonable
approximation to the actual problem.

Shape of the Cavities

The exact geometry of the cavity would be expected to
be much more complex than the models presented
here, but the simple existence of a cavity seems to be
enough to sharply focus the electric field into a small
region of the protein, which is not possible in a simple
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Channel axis

CLOSED

OPEN

FiGURE 13. Cartoon of the possible geometry of the gating pore and voltage sensor. The S4 helix is represented by the structure pro-
posed in the model of Durell et al. (1998) as a space-filling a-helix, the charged residues are in black. The lightly shaded area represents
the bulk of the channel’s voltage-sensing domain, and the darker area is the pore domain (modeled after the KcsA crystal structure). The
dotted lines represent an outline of the cavity around S4 that have been idealized in the electrostatic calculation. (Left) Closed conforma-
tion; (right) open conformation. It is assumed that the main conformational change is a rotation of the S4 a-helix around its axis. Upon
depolarization, a small portion of the voltage sensor moves, changing the accessibility of the NHo-terminal charged residues that are more
external. This movement of charged residues across the narrow area of focused membrane potential produces the gating currents.

planar membrane. We suggest that the internal cavity is
very deep and relatively narrow while the external cav-
ity, if any, is small. Our favorite model is an internal
conical cavity of ~20-A depth and external mouth ra-
dius of 10 A and internal radius of 8 A. This internal
cavity is large enough to give access to the relatively
large (6-A diam by 10 A in length) cysteine modifying
agents used in other experiments (Karlin and Akabas,
1998). The cavity may be larger if the magnitude of ion
repulsion effects in the dielectric boundary are consid-
erable (up to 7, =14 A, r,=6A anda depth of 24 A;
Fig. 11 D). The volume of this cavity would be large
enough to contain a large number of water molecules.
The region of membrane potential focusing, as sug-
gested by these calculations, may be as small as 3 A in
thickness and not larger than 10 A. It is possible that
this region is formed at the intersection of a number of
the a-helices, which may form the core of one of the
channel’s subunits. In our favored geometry (Fig. 12),
the low dielectric septum is only 8 A thick, which is in
agreement with suggestions from other experiments
(Starace et al., 1997).

Fig. 13 presents a cartoon representation of one sub-
unit of the Shaker channel in two conformations. The
cavity would be formed by a bundle of a-helices, and
one of those helices would be $4 itself. Most a-helices
in bundles cross at an angle of between 11° and 20°
(Chothia et al., 1981; Son and Sanson, 1999), although
the helices in the KcsA channel come together at a
larger angle (Doyle et al., 1999). Given the results of
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our electrostatic calculations with the conical cavity of
reduced &, the dimensions of the best cavity are 20 A in
the mouth opening and 6 A at the apex. This corre-
sponds to a crossing angle of ~40°.

Since the extracellular effects of reduced S are small,
and the electrostatic calculations suggest that using a
small (3-5 A) external cavity is appropriate, we suggest
that the helix bundle actually forms in the external
third of the membrane, just opposite to the form the
bundle crossing occurs in the KcsA channel, which
happens in the intracellular region. This disposition
would form a long internal cavity and a short external
cavity (Fig. 13). In summary, this structural cartoon is
consistent with the data presented here and that of
other groups. It incorporates a conical cavity whose size
is consistent with that of cysteine-modifying com-
pounds. Gating charges are displaced across a thin sep-
tum, allowing a small movement, such as a helix rota-
tion, to give rise to the large gating charge movement
of >3 e, per channel subunit.
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