the cell, whereas distal inhibition will make
the cell less responsive but still able to fire at
its highest uninhibited rate when stimulated
more strongly. In essence, the dynamic
range of the cell is reduced by proximal but
unaffected by distal inhibition.

Thus, when computational requirements
dictate that inhibition be absolute, we
would expect proximally placed inhibitory
synapses. In contrast, when it is necessary
that inhibition be overridden by sufficient
excitation or when it is necessary to decrease
the responsiveness of a neuron without re-
ducing its dynamic range, distal inhibition
should be used. Many computations per-
formed by neural circuits must require inhi-
bition that is relative (13). We suggest that
this may be a major reason for the ubiquity
of distal inhibition in higher nervous sys-
tems.
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The Size of Gating Charge in Wild-Type and Mutant

Shaker Potassium Channels

NATHAN E. ScHOPPA, KEN MCCORMACK, MARK A. TANOUYE,

FRrRED J. SIGWORTH*

The high sensitivity of voltage-gated ion channels to changes in membrane potential
implies that the process of channel opening is accompanied by large charge movements.
Previous estimates of the total charge displacement, ¢, have been deduced from the
voltage dependence of channel activation and have ranged from 4 to 8 elementary
charges (¢,). A more direct measurement of q in Drosophila melanagaster Shaker 29-4
potassium channels yields a g value of 12.3 ¢,. A similar ¢ value is obtained from
mutated Shaker channels having reduced voltage sensitivity. These results can be
explained by a model for channel activation in which the equilibria of voltage-
dependent steps are altered in the mutant channels.

ODGKIN AND HUXLEY (1) NOTED

that the voltage sensitivity of sodi-

um and potassium channels re-
quires that charges must move in response
to changes in membrane potential to open
the channels. Recent structure-function
studies of voltage-gated channels suggest
that these voltage-sensing charges are the
charged amino acid residues in the fourth
putative transmembrane region called S4
(2). The best experimental support for this
claim is that mutations that neutralize these
charges decrease the voltage sensitivity of
the channels (3-5). However, some muta-
tions in the S4 region of Shaker K* channels
that do not alter the number of charges on
the amino acid side chains also decrease the
voltage sensitivity of activation (4, 6). One
explanation is that mutations that do not
alter charge decrease the total charge dis-
placement by reducing the distance charged
moieties move within the membrane electric
field. Alternatively, these mutations may not
reduce the total charge displacement at all,
but may change the way in which charge
displacement is coupled to channel opening.
To distinguish between these two alterna-
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tives for one of these mutations, we mea-
sured the total single-channel charge dis-
placement, 4.

We compared truncated wild-type (WT)
Shaker 29-4 channels from Drosophila (7)
with truncated mutated channels (V2) in
which Leu”°, located near the end of the $4
region, was replaced with Val (Fig. 1A) (6,
8). Shaker channels normally show rapid
inactivation; that is, they open only tran-
siently during depolarization. We used trun-
cated channels in which residues 2 to 29
were deleted to eliminate inactivation (9)
and allow equilibrium measurements of
channel opening and gating charge. Com-
pared to WT channels, V2 channels showed
a shift of ~+40 mV in their threshold of
activation (Fig. 1, B and C), consistent with
shifts in nontruncated channels having this
mutation (6, 10, 11), and also had reduced
voltage sensitivity of activation (6).

We first obtained estimates of the total
single-channel charge displacement from the
voltage dependence of the channel open
probability (p,). We refer to these estimates
as ¢,. Given specific assumptions (12), p,, is
proportional to exp(qV/kT), where k is the
Boltzmann constant and T is the absolute
temperature, at membrane potentials (1)
where p, approaches zero. Measuring p,
values between 10™2 and 1072, Liman and
co-workers (5) estimated g, to be ~7 ¢, for
the rat brain (RCK1) K* channel. In similar
measurements of g, for the WT and V2
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channels (Fig. 1D), we obtained values of
9.5 x 1.2 ¢gand 5.5 = 0.5 ¢, respectively
(mean = SD; n = 4 in each case). These q,
values should be taken as lower bounds on
the true charge displacement, in part be-
cause we do not know if our measurements
were made at sufficiently low open probabil-
ities.

Charge displacements in channels can be
recorded directly as gating currents (13, 14),
and Stithmer and co-workers (15) demon-
strated that such currents can be recorded in
large membrane patches from oocytes ex-
pressing exogenous K* channels. With
charybdotoxin (CTx) in the pipette and Cs™
in the bath solution to block ionic currents,
we observed transient currents both at the
beginning of a depolarizing pulse (“on”
currents) and after its end (“off” currents)
that were roughly 1/200 the size of corre-
sponding ionic currents (Fig. 2A) (16).
Consistent with other observed gating cur-
rents of the K* channel (15, 17, 18), the
amplitude and decay rate of the “on” cur-
rents increased with increasing depolariza-
tion. Although the kinetics of the “off™
currents for the V2 and WT channels were
clearly different (19), the size and kinetics of
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Fig. 1. Activation properties of WT and V2
channels in oocyte membrane patches. (A) De-
duced amino acid sequence (29) of the leucine
heptad-repeat region of Shaker 29-4 (30). Basic
residues in S4 (asterisks) and leucine residues in
the heptad repeat (boxed) are marked. (B) Out-

the “on” currents for the two channels were
remarkably similar (Fig. 2A) in view of the
large difference between their voltage de-
pendence of channel activation (Fig. 1, B
and C).

The “on” gating currents were integrated
to estimate the total charge Q moved in the
patch at various potentials, with Q,,,,, being
the maximum value obtained at large posi-
tive voltages. The voltage dependence of Q
for WT and V2 channels differed (Fig. 2B);
the WT charge movement saturated by —10
mV, but V2 charge movement continued to
increase at potentials up to +40 mV, sug-
gesting that the V2 mutation shifted the
voltage dependence of a component of
charge movement. However, differences in
the effect of the V2 mutation on the voltage
dependence of activation and overall charge
movement allowed us to observe charge
movement at voltages near 0 mV even when
the ionic current was not blocked (Fig. 2C).

For direct estimation of the single channel
charge displacement, 4, we measured the
number of channels (N) and Q,,,, in the
same membrane patch. N was determined
by fluctuation analysis (20) of the ionic
currents (Fig. 3, A and B): the mean and
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ward WT and V2 K* currents measured in inside-out membrane patches evoked by steps from a
holding potential of —80 mV to the potentials shown (in millivolts). Data were filtered at 10 kHz
(Bessel response) and sampled at 50 kHz. The traces shown were P/4 subtracted and represent averages
of 10 to 30 sweeps. Pipettes were filled with 140 mM N-methyl-D-glucamine aspartate, 1.8 mM CaCl,,
and 10 mM Hepes. The bath solution contained 140 mM potassium aspartate, 10 mM KCl, 1 mM
EGTA, and 10 mM Hepes. (C) Voltage dependence of steady-state activation for WT and V2 channels.
Data from four WT patches (closed symbols) and four V2 patches (open symbols) are shown.
Superimposed curves are least-squares fits of our scheme for WT and V2 channel activation to the means
of the points shown. For determining steady-state activation the current was measured at the end of 5-
to 80-ms test pulses (for WT) and 8- to 30-ms test pulses (for V2). We obtained values for p,, by first
dividing the measured current by the instantaneous current-voltage (I-V) relation and then normalizing
the result to the absolute peak p,, determined by fluctuation analysis. (D) Activation curves from one
experiment plotted semilogarithmically, with lines corresponding to slopes of 2.4 and 4.4 mV per e-fold
change (g, = 10.6 and 5.6, respectively). Measurements of ¢, in this and other experiments were made

at 0.0015 < p, < 0.02.
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variance of an ensemble of current records
were computed and fitted to yield estimates
of N and the single channel current (21). To
determine Q,,,,, we measured gating cur-
rents after the replacement of bath K* with
tetracthylammonium ion (TEA™) to block
ionic currents (Fig. 3C). TEA™ was used
rather than CTx because it acts from the
cytoplasmic side of the membrane and could
be added easily (22). The Q.,, value in
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Fig. 2. WT and V2 gating currents. (A) Families
of gating currents evoked by pulses from a hold-
ing potential of —80 mV to the potentials shown
(in millivolts), measured with 2 pM of CTx-Lql
toxin (31) [dissociation constant (K) = 1.5 nM]
in the N-methyl-D-glucamine aspartate pipette
solution, and with Cs* replacing K* in the bath
solution. Averages of 10 to 150 sweeps, filtered at
5 kHz, are shown. (B) Charge movement as a
function of test potential. Plotted are three WT
(closed symbols) and four V2 (open symbols)
experiments. Superimposed curves are least-
squares fits of our scheme for WT and V2 chan-
nels to the means of the plotted points. We
obtained values of the charge movement in the
patch, Q, by numerically integrating the “on”
transients above a baseline current that was as-
sumed to switch on with the rise time of the
5-kHz filter and that was calculated by averaging
the current during the second half of the depolar-
izing pulses (32). The ordinate represents values
generated by first normalizing the measured Q
values to the Q. value of the patch and then
scaling according to the estimated maximum
charge movement per channel ¢ = 12.3 ¢,. (C)
Gating currents that precede the activation of
ionic currents in V2 channels observed in the
absence of channel blockers at membrane poten-
tials between —30 and —10 mV.
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Fig. 3. Estimation of g ina A
membrane patch that con-
tained WT channels. (A)
Mean current, I, from 76
depolarizations to +80 mV
(top) and the corresponding 1ms
time course of the variance, I—

o? (bottom). Data were fil-

tered at 15 kHz and sampled o

at 100 kHz. (B) The variance-mean relationship
fitted according to (20) o® = il — I?/N yields the
single channel current i = 1.5 pA and the number
of channels in the patch N = 1500. (C) Gating
current at +40 mV recorded in the same patch
after K* in the bath solution was replaced with
TEA* to block ionic currents. The maximal
charge movement Q,,,, obtained by integrating
the “on” gating current transient was 3.3 fC. Inall
experiments measurements of Q,.,, were made
from a holding potential of —80 mV and then
corrected for charge movement negative to —80
mV (Fig. 2B). For WT, Q,,, Was taken to be Q
at +40 mV, where both activation and charge
movement had saturated (Figs. 1C and 2B). For
V2 channels, Q.. Was extrapolated from mea-
surements of Q at +40, 0, —20, or —30 mV
according to the average Q-V relation. Channel
rundown in ~5 min (the period between fluctu-
ation analysis and gating current measurement)

1ms
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was negligible. (D) Relation between N and Q in four WT and nine V2 patches from 12 different
oocytes having expression levels that spanned an order of magnitude. The triangle near the origin
represents an additional V2 patch that contained a single channel.

different patches was proportional to N
(Fig. 3D) and was unmeasurable in a patch
where N was equal to 1, implying that the
charge movement measured arose only from
exogenous Shaker channels. From ratios of
Q) nax to N we obtained values for g of 12.4
+12¢ (n=3)and 12.2 = 2.1 ¢, (n = 5)
for WT and V2 channels, respectively.

The estimate of 12.4 ¢, for the single
channel charge displacement of WT chan-
nels is higher than previous values (5, 13,
14, 23). Our measurement may include
charge movement not directly involved in
activation—for example, charge movement
associated with conformational changes that
occur after the channel is already open. Our
value is, however, not much larger than our
lowest estimate for ¢ of WT channels ob-
tained from the voltage dependence of acti-
vation (g, = 9.5 ¢;). [A similar value, g =
9.3, was also obtained in a study of activa-
tion kinetics of Shaker channels (24).] In this
context, the WT channels appear to be quite
efficient. These results place an upper bound
of ~3 ¢, on the size of the charge movement
not directly involved in channel activation.

The estimate of 12.2 ¢, for single channel
charge displacement in V2 channels is re-
markably similar to that for WT channels.
The large difference between ¢ and the esti-
mate from the voltage dependence of activa-
tion (g, = 5.5 ¢g) for V2 channels raises the
question of how these channels can have
almost the same amount of total charge
movement as WT channels but display a
lower voltage sensitivity. One possibility is
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that some of the charge movement in V2 is
completely uncoupled from the channel-
opening process.

Another explanation can be found if we
do not assume that the channel-gating pro-
cess involves equivalent voltage-dependent
transitions. The effect of the V2 mutation
can then be explained through a shift in the
equilibrium of one or more of these transi-
tions. For example, a scheme derived from
activation models for the Shaker channel
(24) and for the RCK1 channel (25),

3 2 1
4K, EKO gKo ZKO K Ks
C=2C=2CG=2CG=20CG=G=0

can account for the properties of both WT
and V2 channels described here. In this
scheme, four independent voltage-depen-
dent transitions between closed states (C, to
C,) with a microscopic equilibrium constant
K, (these transitions are shown as sequential
but with appropriate statistical factors) are
followed by one additional voltage-depen-
dent step (between C, and C;) with equi-
librium K, and a final voltage-independent
step leading to the channel opening (O)
with equilibrium Kj;. The equilibrium con-
stants are the ratio of forward to backward
rate constants. K, and K, are associated
with charge movements g, and q,4, and are
therefore voltage-dependent according to K;
= exp[(V — V)gi/kT].

Simultaneous fits of this scheme were
made to the voltage dependence of p, and
Q, subject in each case to the constraint that

the total charge movement, 4q, + 4,4, is
equal to 12.3 ;. Values of 2.5 and 2.3 ¢, for
qo and g4, respectively, provided acceptable
fits to both the WT and V2 data (Figs. 1C
and 2B). The differences between WT and
V2 were accounted for by different mid-
point voltages, ;. For the WT data I/, and
V, were —53 and —25 mV, respectively,
and Kg was 3.7; for V2 the fitted values
were —41 and +38 mV, and K was 2.2.

Although our scheme does not complete-
ly describe Shaker channel gating (26), it
does reflect several properties of these chan-
nels. First, the similarity in the size and time
course of WT and V2 “on” gating currents
(Fig. 2A) is reflected in our model’s similar
values for the midpoint voltage (V) of the
first four transitions, where 10 of the 12.3 ¢,
of charge movement occurs. Second, the
shallower voltage dependence of Q in V2
channels (Fig. 2B) is explained by the dis-
parate midpoint voltages V, and 1, yield-
ing a broad curve with partially resolved
components. The fact that V2 channels dis-
played a shifted and reduced voltage depen-
dence of opening compared to WT channels
is likewise explained by the shifted V,:
channels become trapped in state C, when
V is between —40 and 0 mV, and above 0
mYV the voltage dependence of opening pri-
marily reflects the voltage dependence of the
C, to C; transition.

The effect of the V2 mutation can be
explained by the existence of several compo-
nents of gating charge movement, one of
which has its equilibrium shifted by the
mutation. In the context of our scheme,
these components are associated with dis-
tinct early and late transitions that accompa-
ny channel opening. In Na* channels, the
effect of D, O substitution (14, 27) and high
pressure (28) is to slow channel activation
with little effect on gating-current kinetics,
consistent with the idea of early voltage-
dependent and late voltage-independent ac-
tivation transitions. Single channel (24, 25)
and gating-current (15, 18) recordings from
K* channels also suggest such a mechanism.
The effects of the V2 mutation, however,
suggest that there is a small but distinguish-
able charge movement associated with a late
transition in channel activation.

The Leu®”° residue is close to the $4
charges thought to be the voltage-sensing
charges leading to channel opening, and it is
possible that the late as well as the early
transitions might involve the movement of
S4 charges. However, our results call into
question an assumption in experiments that
support the S4 hypothesis. For the V2
channel a large discrepancy exists between
the amount of gating charge estimated from
the voltage dependence of activation and
that estimated from our direct measurement
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(5.5 ¢, versus 12.3 ¢;). The fact that g for
the V2 channel, as measured through volt-
age sensitivity of activation, is underestimat-
ed shows that estimates of ¢ obtained in this
way must be interpreted carefully.
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Tumor Necrosis Factor—a Activates the Sphingomyelin
Signal Transduction Pathway in a Cell-Free System

KENNETH A. DRESSLER, SHALINI MATHIAS, RICHARD N. KOLESNICK*

The mechanism of tumor necrosis factor (TNF)—a signaling is unknown. TNF-o
signaling may involve sphingomyelin hydrolysis to ceramide by a sphingomyelinase
and stimulation of a ceramide-activated protein kinase. In a cell-free system, TNF-a
induced a rapid reduction in membrane sphingomyelin content and a quantitative
elevation in ceramide concentrations. Ceramide-activated protein kinase activity also
increased. Kinase activation was mimicked by addition of sphingomyelinase but not by
phospholipases A,, C, or D. Reconstitution of this cascade in a cell-free system
demonstrates tight coupling to the receptor, suggesting this is a signal transduction

pathway for TNF-o.

PHINGOMYELIN CAN BE METABO-

lized to generate molecules that have

various functions within the cell (1-5,
6). Ceramide, which is generated by sphin-
gomyelinase action, can be deacylated to
sphingoid bases (1, 2), which are potential
inhibitors of protein kinase C (3) or phos-
phorylated to ceramide 1-phosphate (4) by a
ceramide kinase (5). Ceramide appears to
have bioeffector properties (7, 8). Cell-per-
meable ceramide analogs stimulate mono-
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cytic differentiation of human leukemia
(HL-60) cells (7) and the phosphorylation
of the epidermal growth factor receptor
(EGFR) at Thr®® in A431 human epider-
moid carcinoma cells (8). TNF-a activates a
neutral sphingomyelinase to generate cera-
mide in HL-60 cells, and it was postulated
that this initiated TNF-a action (9). We
defined a ceramide-activated protein kinase
with a synthetic peptide derived from the
amino acid sequence surrounding Thr®®® of
the EGFR (residues 663 to 681) (10). Ki-
nase activity was membrane-associated,
Mg?*-dependent, and activated by natural
or synthetic ceramide in a concentration-
and time-dependent manner. This ceramide-
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