Immobilizing the Moving Parts of Voltage-gated lon Channels

Richard Horn,* Shinghua Ding,* and Hermann J. Gruber*

From the *Department of Physiology, Jefferson Medical College, Philadelphia, Pennsylvania 19107; and *Institute of Biophysics, Jo-
hannes Kepler University, A-4040 Linz, Austria

abstract Voltage-gated ion channels have at least two classes of moving parts, voltage sensors that respond to
changes in the transmembrane potential and gates that create or deny permeant ions access to the conduction
pathway. To explore the coupling between voltage sensors and gates, we have systematically immobilized each us-
ing a bifunctional photoactivatable cross-linker, benzophenone-4-carboxamidocysteine methanethiosulfonate,
that can be tethered to cysteines introduced into the channel protein by mutagenesis. To validate the method, we
first tested it on the inactivation gate of the sodium channel. The benzophenone-labeled inactivation gate of the
sodium channel can be trapped selectively either in an open or closed state by ultraviolet irradiation at either a hy-
perpolarized or depolarized voltage, respectively. To verify that ultraviolet light can immobilize S4 segments, we
examined its relative effects on ionic and gating currents in Shaker potassium channels, labeled at residue 359 at
the extracellular end of the S4 segment. As predicted by the tetrameric stoichiometry of these potassium chan-
nels, ultraviolet irradiation reduces ionic current by approximately the fourth power of the gating current reduc-
tion, suggesting little cooperativity between the movements of individual S4 segments. Photocross-linking occurs
preferably at hyperpolarized voltages after labeling residue 359, suggesting that depolarization moves the ben-
zophenone adduct out of a restricted environment. Immobilization of the S4 segment of the second domain of so-
dium channels prevents channels from opening. By contrast, photocross-linking the S4 segment of the fourth do-
main of the sodium channel has effects on both activation and inactivation. Our results indicate that specific volt-
age sensors of the sodium channel play unique roles in gating, and suggest that movement of one voltage sensor,

the S4 segment of domain 4, is at least a two-step process, each step coupled to a different gate.
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INTRODUCTION

Voltage-dependent gating of ion channels typically in-
volves two types of physically distinct participants, volt-
age sensors that move in response to changes of mem-
brane potential, and gates that control access to the
permeation pathway (Sigworth, 1994; Yellen, 1998; Be-
zanilla, 2000). Although there are excellent candidates
for each in specific regions of the channel protein, lit-
tle is known about how the movement of one affects
the conformation of the other. To begin to tackle this
problem, we have developed a new approach, the sys-
tematic immobilization of the moving parts of the
channel using a combination of cysteine mutagenesis
and a photoactivatable cross-linker that can be tethered
covalently to the introduced cysteines. We then exam-
ine the biophysical consequences of immobilizing ei-
ther voltage sensors or gates by exposing the labeled
channels to ultraviolet light.

The voltage-dependent channels selective for either
sodium, calcium, or potassium ions have an approxi-
mately fourfold radial symmetry with each domain, or
subunit, containing six putative transmembrane seg-
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ments, S1-S6. The main voltage sensors are the four
positively charged S4 segments. Each S4 segment has
two to eight basic residues, either arginines or lysines,
which are usually separated from each other by two
neutral residues. Depolarization is expected to move S4
segments outward through the electric field (Catter-
all, 1986; Sigworth, 1994; Keynes, 1994, Yellen, 1998;
Keynes and Elinder, 1999; Bezanilla, 2000). The initial
effect of this S4 movement is the opening of the activa-
tion gate, believed to be located near the cytoplasmic
end of the channel’s four S6 segments, at the entrance
of the permeation pathway (Holmgren et al., 1997; Liu
et al., 1997; Del Camino et al., 2000). Prolonged depo-
larization also causes the inactivation gates to close.

Our results show that (a) the inactivation gate of the
sodium channel can be immobilized selectively in ei-
ther an open or closed conformation, (b) immobiliza-
tion of a single S4 segment of a Shaker potassium chan-
nel has little effect on the movements of other S4 seg-
ments of the channel, and (c¢) the consequence of
immobilizing a sodium channel S4 segment depends
not only on the domain of its origin, but also on
whether the cross-linker is attached to the extracellular
or cytoplasmic side of the protein. The data suggest that
individual movements of the S4 segment of domain 4 of
the sodium channel are coupled to different gates.
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METHODS
Mutants and Transfection

Cysteine mutants of sodium channels were constructed in the hu-
man skeletal muscle sodium channel (hSKM1). The cysteine mu-
tant of isoleucine!® (IFM/CFM mutant)? in the cytoplasmic
linker connecting domains 3 and 4 was a gift from Dr. M. Cha-
hine (Laval University, Quebec, Canada), and Dr. A.L. George
(Vanderbilt University, Nashville, TN) contributed other sodium
channel mutants. The expression vector for sodium channels was
pRc/CMV (Invitrogen).

Dr. A. Melishchuk (University of Pennsylvania, Philadelphia,
PA) provided the Shaker-IR (a construct of Shaker in which part of
the amino terminus is removed to abolish N-type inactivation) po-
tassium channel cDNA in the pGW1-CMV vector (British Biotech-
nology). The Shaker-IR variant we obtained lacked residues 6-46 to
remove N-type inactivation and also had the point mutation
Thr449 - Val to partially inhibit C-type inactivation (Melishchuk et
al., 1998). We made the Ala359 - Cys point mutation using the
QuikChange™ Site-Directed Mutagenesis Kit (Stratagene). The
mutagenic primers for this A359C mutant were 5'-CAG GCT ATG
TCC TTG TGC ATA TTA CGA GTG ATA CG-3’ and 5'-CGT ATC
ACT CGT AAT ATG CAC AAG GAC ATA GCC TG-3'. The muta-
tion was confirmed by sequencing to exclude polymerase errors.

The tsA201 cells, which are transformed HEK293 cells, were
transfected using a standard calcium phosphate method. After
6-12 h, the transfected cells were passed onto 25-mm round,
1-mm thick glass coverslips, each of which formed the bottom of
a chamber mounted on the stage of an inverted compound mi-
croscope (TE-300 Eclipse; Nikon).

Electrophysiology and Data Acquisition

Standard whole-cell recording methods were used (Yang and
Horn, 1995). Patch electrodes contained (mM): 105 CsF, 35 NaCl,
10 EGTA, 10 Cs-HEPES, pH 7.4. The bath contained 150 NaCl, 2
KClI, 1.5 CaCl,, 1 MgCl,, 10 Cs-HEPES, pH 7.4. For recording from
Shaker potassium channels, the patch electrodes contained 140
NMDG, 100 HF, 6 CsCl, 5 EGTA, 10 HEPES, pH titrated to 7.3 with
methanesulfonic acid; and the bath contained 140 NMDG, 70
methanesulfonic acid, 30 CsCl, 1 CaCl,, 1 MgCl,, 10 HEPES, pH ti-
trated to 7.4 with HCI. The patch-clamp amplifier was an Axopatch
200B (Axon Instruments, Inc.). Corrections were made for liquid
junction potentials. Series resistance was usually <3 M(}, and volt-
age errors were <3 mV after compensation. Data were filtered at
5-10 kHz and acquired using Clampex 8.0 (Axon Instruments,
Inc.). Gating currents for Shaker-IR channels were obtained using
P/—8 correction pulses for capacitance and leakage in a voltage
range more hyperpolarized than —120 mV. Whole-cell data were
displayed and analyzed by a combination of pCLAMP programs
(Axon Instruments, Inc.), EXCEL (Microsoft Corp.), ORIGIN (Mi-
croCal), and our own FORTRAN programs. Experiments were
done at room temperature (20-22°C). Data from at least three
cells for each measurement are presented as mean = SEM.

Reagent

Benzophenone-4-carboxamidocysteine  methanethiosulfonate
(BPMTS) was a custom synthesis by Toronto Research Chemi-
cals. A 100-mM stock of BPMTS in ethyl acetate was stored at 4°C
for up to 1 wk and diluted into either bath or pipette solution im-
mediately before use. Extracellular labeling of cysteines was done

1Abbreviations used in this paper: BPMTS, benzophenone-4-carboxami-
docysteine methanethiosulfonate; IFM, isoleucine**%-phenylalanine!3!!-
methionine!®2; IFM/CFM, cysteine mutant of isoleucine310,

by treating a coverslip of attached cells with 1 mM BPMTS for 10
min. For Shaker and the D2:R1C mutant, we added 50 mM KCI to
the bath solution during labeling to depolarize the cells and ex-
pose all S4 segments to the reagent. Up to 1 mM BPMTS was
added to the patch pipette for cytoplasmic labeling.

Photocross-linking

Benzophenone was photoactivated by UV light presented to a
voltage-clamped cell through a 40 (1.3 N.A.) oil immersion ob-
jective (S Fluor; Nikon). The UV light source was either a contin-
uously operating 75-watt xenon-arc lamp interrupted by a me-
chanical shutter (IonOptix) or a FlashMic xenon flashlamp with
an ~580 s full width at half magnitude pulse (Rapp OptoElec-
tronic) triggered by the data acquisition system. For the experi-
ments in this study, equivalent results were obtained with both
methods of irradiation. Light was bandpass filtered between 340
and 380 nm to reduce photodamage and heat.

RESULTS

To immobilize specific regions of ion channels, we at-
tached a photoactivatable cross-linking group to cys-
teine residues substituted into these regions, and irradi-
ated them with UV light. Fig. 1 shows the bifunctional
reagent we designed for this purpose, BPMTS. The thi-
olate group of a cysteine sidechain of the channel pro-
tein will attack the methanethiosulfonate group of the
reagent (curved arrow), resulting in the covalent at-
tachment of the benzophenone (diaryl ketone) moiety
to the cysteine residue. Because BPMTS has a net nega-
tive charge, due to the carboxylate anion in the linker,
the reagent cannot readily cross the membrane and
will tend to label cysteines on the surface of the chan-
nel protein. Absorption by benzophenone of a photon
at a wavelength of ~350 nm generates a triplet excited
state, promoting the insertion of the ketone into neigh-
boring C-H bonds, especially those in the peptide back-
bone (Dorman and Prestwich, 1994). The efficiency of
this insertion depends on the local environment of the
insertion site, but can attain levels of >70%. Thus, UV
irradiation will tend to cross-link a cysteine labeled with
BPMTS to adjacent regions of the channel protein.

We initially tested this experimental method on a
gate, because of the simplicity of the predicted results.
We expected to be able to immobilize a BPMTS-labeled
gate either open or closed, depending on when UV
light was applied. We chose the fast inactivation gate of
the sodium channel, postulated to be the cytoplasmic
linker between domains 3 and 4 (Patton et al., 1992;
West et al., 1992), for this test. Three consecutive resi-
dues in the middle of this linker play a critical role in
fast inactivation, isoleucine-phenylalanine-methionine
(IFM). We used a mutant (IFM/CFM) in which the iso-
leucine was replaced by cysteine, and labeled this cys-
teine with BPMTS by placing the reagent (at 62.5 uM)
in the patch pipette during whole cell recording. The
slowing of inactivation (Fig. 2, A and B) caused by the
reagent is evidence for the covalent modification of

462 Immobilizing Moving Parts of Voltage-gated lon Channels



0 co, (‘ “S-Protein
S\s _CH
H 0,

o}

Figure 1. BPMTS. The arrow shows where the cysteine thiolate at-
tacks the reagent, leading to a covalent linkage by a disulfide bond.

the cysteine (Kellenberger et al., 1996; Deschénes et
al., 1999). No effect on inactivation was observed in
wild-type channels with a similar exposure to either in-
ternal or external BPMTS at the highest concentration
(1 mM) used in this study (data not shown).

We then tested whether the mutant with a labeled in-
activation gate (IFM/CFM-BP) could be trapped selec-
tively in an open or closed conformation. UV irradiation
with a 75-watt continuous-power xenon lamp at a hyper-
polarized (—140 mV) voltage, where the inactivation
gate should be open, had two effects (Fig. 2 C). The
main effect was a reduction in the fraction of channels
that inactivated during a —20-mV test pulse from 0.94 to
0.55; however, it also caused a 7.5% reduction of the
peak current. This reduction might be due to a small
fraction of channels whose inactivation gates were im-
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IFM/CFM-BP

mobilized shut at —140 mV. The channels that contin-
ued to inactivate did so at the same rate as before irradi-
ation (for details, see Fig. 2, legend), suggesting that
their benzophenone groups had not effectively inserted
in response to UV. Subsequent exposure to UV had no
further effect on the currents of this cell (data not
shown). If the UV light was applied at 0 mV (Fig. 2 D),
where the inactivation gates are primarily closed, the
main effect was a 51.9% reduction of peak current with
less effect on the residual current, suggesting that inacti-
vation gates were mainly trapped shut. Again, there was
no effect of irradiation on the time constant of inactiva-
tion for channels that continued to inactivate. Similar
results were obtained in 16 other cells irradiated at the
holding potential and five other cells irradiated at 0 mV.
These experiments verify that a moving part, the inacti-
vation gate, can be immobilized selectively in either an
open or closed conformation, lending credence to the
use of this technique for another moving part, the S4 volt-
age sensor. Moreover, these results provide support for
the hinged lid model of inactivation (West et al., 1992).

Immobilization of S4 Segments in Shaker

To test whether BP-labeled S4 segments can be immobi-
lized by UV irradiation, we turned to measurements of
gating and ionic current in a cysteine mutant of Shaker
potassium channels. The rationale for this choice was

Figure 2. Immobilizing the inactivation gate.
All data from the IFM/CFM mutant of the human
skeletal muscle sodium channel. Blue traces show
currents after exposure to UV light. (A and B)
Families of currents in response to depolariza-
tions from —90 to +60 mV in 10-mV increments
from a holding potential of —140 mV. The cell in
A is unlabeled and in B is labeled with BPMTS
(62.5 mM placed into the pipette solution). The
inactivation time constants were well fit by single
exponentials in both cases, and by a mixture of
these two exponentials only during the modifica-
tion by BPMTS (data not shown), strongly sug-
gesting that all cysteines were labeled with ben-
zophenone at the time of UV irradiation. All re-
cordings obtained >10 min after achieving the
whole cell configuration. (C) Currents at —20 mV
for a BPMTS-labeled cell before and after expo-
sure to 26 s of filtered UV light presented at the
—140-mV holding potential. (D) Currents at —20
mV for another labeled cell before and after ex-
posure to UV light delivered during six 2-s depo-
larizations to 0 mV. Each 2-s depolarization was
followed by a 6.5-s hyperpolarization to —150 mV
to recover (>95%) from slow inactivation. The
time constant of inactivation at —20 mV in nine
BP-labeled cells ranged between 1.27 and 1.52 ms
and was not affected statistically by UV irradiation
(t test, P > 0.1). The total exposure time at depo-
larized and hyperpolarized voltages differed only
because we stopped the experiment when UV
had no further effects.

e



twofold. First, gating currents, which are believed to be
caused primarily by the movement of charged S4 resi-
dues, are easily resolved in whole-cell recording of
Shaker due to the high expression levels (Melishchuk et
al., 1998). Second, because each channel has four iden-
tical S4 segments, we can make quantitative predictions
for the relative effects of S4 immobilization on gating
and ionic currents.

The mutation A359C was introduced into a Shaker-IR
construct that has no N-type inactivation and marginal
C-type inactivation (Melishchuk et al., 1998). The intro-
duced cysteine at the extracellular end of the S4 segment
was chosen because this residue is known to change its
local environment when the channel is depolarized, and
because labeling here with large fluorophores has little
effect on gating current (Mannuzzu et al., 1996; Cha and
Bezanilla, 1997, 1998). The A359C mutant functioned
robustly when labeled with BPMTS (A359C-BP; Fig. 3 A)
and was therefore optimal for our study.

We expected that immobilizing a single S4 segment at
a hyperpolarized voltage, when it should be in its “rest-
ing” or “inward” conformation, would have two conse-
quences on channel function. It should only partially re-
duce an individual channel’s gating current if other S4
segments remain capable of moving, and it should pre-
vent the channel from opening. The latter consequence
follows from the assumption that all four S4 segments
must be able to translocate their charges outward for the
channel to be able to open. Therefore, irradiation of
BP-labeled Shaker S4 segments is expected to reduce the
ionic current proportionally more than the gating cur-
rent. Quantitatively, we can predict the relationship be-
tween peak gating current and ionic current as follows.

We assume that all S4 segments are labeled by BP-
MTS, based on the fact that a 200-fold lower concentra-
tion of a less-reactive reagent, tetramethylrhodamine
maleimide, completely labels residue A359C of Shaker?
(Mannuzzu et al., 1996). We also assume, without di-
rect evidence, that all of the labeled residues have a
functional benzophenone moiety. Let ps,(t) be the
probability that an S4 segment has not been immobi-
lized at time t during irradiation, and p¢,(t) be the
probability that the channel is functional. Because of
tetrameric stoichiometry:

Pen(t) = pea(t). 1)

When exposed to UV light for a period of time, t, any of
three outcomes is possible for each benzophenone. It
may have inserted (cross-linked) into a neighboring re-
gion of protein, it may remain unchanged, or its ability

2We exposed our cells to 1 mM BPMTS for 10 min at room tempera-
ture. Mannuzzu et al. (1996) used 5 uM tetramethylrhodamine male-
imide on ice for 30 min.
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Figure 3. Effect of UV irradiation on the A359C mutant of
Shaker-IR. UV applied at the —80-mV holding potential. Outward
gating currents at +40 mV and inward ionic currents at 0 mV are
shown. Control traces in black and after UV in blue. (A) Effect of
UV (six 4-s exposures) after three control depolarizations. (B) Ef-
fect of UV on an unlabeled cell (three control and 20 UV traces,
each with 4-s exposure).

to immobilize the S4 segment may have been destroyed
by the UV light3 Only if the benzophenone is un-
changed does it have the possibility of inserting when ex-
posed again to UV. We denote the rate of cross-linking as
« and the rate of destruction as B, as shown in Scheme I.

BP

o
2

BP* BP-Protein (SCHEME I)

3Photodestruction of benzophenone could be caused by, among
other possibilities, the oxidation of either the alkyl or ketyl radicals
that are generated by the H-atom abstraction in the first step of cross-
linking (Dormén and Prestwich, 1994). Benzophenone might also in-
sert into a location that doesn’t immobilize the S4 segment.
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Where BP represents functional benzophenone in the
ground state, BP* represents benzophenone in a triplet
excited state, BP* is benzophenone after photodestruc-
tion, and BP-Protein represents a cross-linked ben-
zophenone. The effect of UV irradiation is expected to
be first order. Therefore:

Psa(t) = (L—w) +we 7P

w = a/(a+p). @

The relative probability of the benzophenone being in
the excited rather than ground state is A\. Note that if
the rate of photodestruction of benzophenone is negli-
gible (i.e., a >> B), then pcu(t) will be exponential
with a rate four times greater than that of pg,(t). How-
ever, o < B in our experiments (see below). Therefore,
the decay of pc,(t) is expected to be multi-exponential
and more comparable in overall rate with that of pg,(t).
We estimate pg,(t) from the decrease in amplitude of
ionic current as a function of exposure to UV light in
BP-labeled channels. The effect of UV on gating cur-
rents depends on the possible cooperative interaction
among S4 segments (see below and appendix).

To measure gating current and ionic current in the
same experiment, we used low concentrations of a
poorly permeant cation, cesium, and depolarized a cell
first to the reversal potential of the ionic current (ap-
proximately +40 mV in our experiments) to record the
gating current, and then to either 0 or +70 mV to
record ionic current through open channels. Under
these conditions, the ionic and gating currents are
comparable in magnitude (Fig. 3 A). The initial depo-
larization used to activate the gating current is suffi-
ciently positive to maximally open these channels.
Moreover, the conductance-voltage curve reaches a
plateau by 0 mV (Fig. 4), minimizing the contamina-
tion of the ionic currents in Fig. 3 by gating currents.

UV irradiation of A359C-BP at a hyperpolarized voltage
reduced both ionic and gating currents (Fig. 3 A), and, as
predicted above, the inward ionic current at 0 mV was re-
duced more than the gating current. Comparable expo-
sure of unlabeled A359C channels to UV light had no ef-
fect (Fig. 3 B). The relative time courses of current reduc-
tion for normalized data are plotted in Fig. 5 for five cells.
For these experiments, we measured the ionic current at
+70 mV, avoiding any possibility of reducing the open
probability by a step from +40 to 0 mV. The reduction of
ionic current (Fig.5, ¥) was fit by a single exponential
function raised to a fourth power (Egs. 1 and 2) with a
time constant of 6.0 = 0.8 (units of number of UV
flashes). Only ~27% of the S4 segments are immobilized
at steady state (w = 0.267 * 0.018), indicating that B =
2.7 a. In other words, photoexcitation of the benzophe-
none is nearly three times more likely to destroy its func-
tion than to result in an immobilizing insertion.
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Figure 4. G-V relationship measured at the end of a 20-ms depo-
larization for Shaker-IR A359C-BP. The Boltzmann curve has a mid-
point of —47.4 = 2.9 mV and aslope of 2.9 + 0.4 ¢, (n = 3 cells).

If S4 segments are completely independent in their
movement (i.e., immobilization of an S4 segment has
no effect on the movement of other S4 segments), then
the reduction of gating current is predicted by the
fourth root of the reduction of ionic current. Fig. 5
shows that this prediction holds reasonably well (O and
solid line). Alternatively, a fraction of gating charge
movement, f.,,,, may be cooperative. We estimated f,q,
from the data in Fig. 5 (see appendix for details). The
moderately improved fit (Fig. 5, dotted line) is associ-
ated with an estimate for f,,, of 0.045 * 0.026, a value
bordering on statistically different from zero (P =
0.05). However, a likelihood ratio test shows no im-
provement in fit for a model including cooperativity
(P > 0.05). Our data are also inconsistent with a model
in which cross-linking reduces only part of the charge
movement of a single subunit. In this case, the reduc-
tion of gating current would be less than observed for
the above model.

These results suggest that photocross-linking of a sin-
gle S4 segment (a) immobilizes the bulk of its charge
movement, (b) prevents channel opening, and (c) has
little effect on gating current generated by the remain-
ing S4 segments of a channel. Taken together, the data
show that an S4 segment can be immobilized at a hy-
perpolarized voltage.

State Dependence of S4 Immobilization in Shaker

S4 segments are believed to have at least two conforma-
tions, representing the limits of their positions with re-
spect to the membrane electric field. At the hyperpo-
larized voltage we examined in the above experiments,
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Figure 5. Relative reduction of peak gating current and ionic
current for Shaker-IR A359C-BP Same as for Fig. 3, except using
flash-lamp stimulation and measuring the ionic current at +70
mV. Solid curves are the best fit to an independent model (see ap-
pendix). The dashed line shows the predicted gating current re-
duction for a model including cooperativity (f,,, = 0.045). Data
for n = 5 cells are shown.

the S4 positive charges tend to be in an inward position
with respect to the field and, at voltages more positive
than 0 mV, they tend to be in an outward conforma-
tion. We therefore tested whether S4 segments could
be immobilized in an outward conformation by irradi-
ating BP-labeled channels at 0 mV. If so, one possible
result would be a greater ease in opening the channel
by depolarization, because fewer S4 segments would
have to move to achieve this end. However, Fig. 6 A
shows that UV light presented during ten 1-s exposures
at 0 mV* had little effect on either gating currents at
+40 mV or inward ionic currents at 0 mV. UV irradia-
tion caused a small (4.4%) reduction of ionic current
in this cell, and a somewhat larger (13%) reduction in
another cell under identical conditions.

The result in Fig. 6 A has three possible explanations:
(a) the S4 segments were either inadequately labeled
or inadequately exposed to UV light, (b) the benzophe-
nones inserted into a region of the protein that was in-
capable of immobilizing the S4 segment, or (c) the de-
polarization moved the benzophenone labels into a
position where they were less capable of reaching a

4The slow decrease in ionic current during the 1-s depolarizations
(note the change in the time base) is likely to be due to a residual
C-type inactivation in this mutant.
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Figure 6. State-dependent photocrosslinking of Shaker-IR
A359C-BP. (A) 3 control (black) and 10 experimental traces
(blue) using 1-s exposures of UV. Little current reduction was ob-
served. The UV was applied 20 ms after the step to 0 mV and was
terminated 20 ms before the return to the holding potential. (B) 3
control and 13 UV-irradiated traces for a subsequent treatment of
the same cell in A, except that UV was applied at the —80-mV
holding potential.

suitable target for insertion. To discriminate these pos-
sibilities, we next irradiated the same cell under the
same conditions, except at a —80-mV holding potential
(Fig. 6 B). Three control traces (black) are superim-
posed before presenting 13 exposures to UV light (4 s
each). This treatment caused a net decrease in both
the gating current (12.7% reduction) and the ionic
current at 0 mV (47.7% reduction).> The reduction in
ionic current is reasonably close to the predicted 42%,
based on the independence assumptions used in Eqg. 1.
The relatively modest reductions observed for this cell
(Fig. 6 B), compared with data shown in Figs. 3 and 5,
is likely the result of the photodestruction of a fraction
of the benzophenone labels during the UV exposure at
0 mV for the experiment of Fig. 6 A.

5The tail currents at —80 mV in Fig. 6 are a mixture of gating and
ionic currents. Therefore, we did not use their amplitudes to assess
the effects of UV irradiation.
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These data show a state dependence for the cross-
linking of the Shaker S4 segment labeled at residue 359.
The immobilization is more efficient at hyperpolarized
voltages, apparently because depolarization moves the
benzophenone to a position where it is less capable of
inserting into a neighboring region of protein. In an-
other series of experiments, using different ionic con-
ditions, we found that S4 segments were immobilized
2.3X faster for UV flashes at —120 than at 0 mV (data
not shown).

The above experiments with the inactivation gate
and with Shaker S4 segments show that moving parts
can be immobilized. Immobilization depends on the
state of the moving part (gate: closed or open; voltage
sensor: extended or retracted). In both cases, irradia-
tion apparently produces a complete effect in that
cross-linking does not partially impede or slow move-
ment; it completely immobilizes the gate or S4 seg-
ment. There are no changes in the kinetics of either in-
activation or gating current. Furthermore, the effects
appear to be local, in that other mobile parts of the
channel remain functional.

Immobilization of S4 Segments in Sodium Channels

Given that S4 segments in Shaker potassium channels
can be immobilized by photocross-linking, we exam-
ined the consequences of immobilizing either of two
sodium channel voltage sensors, the S4 segment in do-
main 2 (D2/54) or the S4 segment of domain 4 (D4/
S4). D2/54 is believed to be coupled primarily to the
activation gate (Chen et al., 1996; Kontis and Goldin,
1997; Kontis et al., 1997; Mitrovic et al., 1998; Cha et
al., 1999a), whereas D4/54 is believed to be the main
voltage sensor coupled to inactivation (Chahine et al.,
1994; Chen et al., 1996; Kontis and Goldin, 1997; Kon-
tis et al., 1997; Cha et al., 1999a). To test for state de-
pendence, we examined the effect of irradiating la-
beled S4 mutants at either hyperpolarized voltages or
depolarized voltages.

In D2/54, we used the cysteine mutant of the outer-
most basic residue (D2:R1C; Mitrovic et al., 1998). Fig.
7 A shows the current for D2:R1C-BP at a test voltage of
—20 mV, before (black) and during (blue) UV irradia-
tion. In this experiment, UV was flashed at the —140-
mV holding potential. The current after each flash, ap-
plied every 10 s, is shown. The reduction of current was
uniform over all voltages (Fig. 7, B and C), suggesting
that immobilization of this voltage sensor destroys
channel function, presumably by preventing activation
gates from opening. The time course of current reduc-
tion was similar when the xenon lamp was flashed ei-
ther at +20 mV or at the holding potential (Fig. 7 D).
In control experiments with unlabeled cells, irradiation
under identical conditions did not reduce the ampli-
tude of the peak current (Fig. 7 D, {).
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These data support a role for D2/54 in the process of
activation. Immobilization of D2/54 at either hyperpo-
larized or depolarized voltages prevents channels from
opening.

By contrast to D2/54, the D4/54 segment plays a pre-
dominant role in the kinetics and voltage dependence
of fast inactivation (Chahine et al., 1994; Chen et al.,
1996; Kontis and Goldin, 1997; Cha et al., 1999a; Sheets
et al., 1999). We examined three cysteine mutants in
this transmembrane segment. D4:R1C, D4:R3C, and
D4:R4C, corresponding to the first (outermost), third,
and fourth basic residues. D4:R1C and D4:R4C are ac-
cessible to hydrophilic cysteine reagents only from the
extracellular or intracellular sides, respectively, of the
channels, whereas D4:R3C is translocated by depolar-
ization from an intracellular to an extracellular posi-
tion (Yang et al., 1996).

Fig. 8, A and B, shows that UV irradiation of extracel-
lularly labeled D4/S4 mutants has a qualitatively differ-
ent effect from that observed for Shaker and for the
D2/S4 mutant. Instead of decreasing the peak current
while having only minor effects on kinetics, irradiation
of either D4:R1C-BP,, or externally labeled D4:R3C
(D4:R3C-BP,,;) causes an increase in current ampli-
tude and a marked slowing of inactivation Kinetics.
Similar effects were seen whether the cells were irradi-
ated at hyperpolarized or depolarized voltages (data
not shown). These results show that immobilizing D4/
S4 decreases the effectiveness of inactivation. The in-
crease in peak current could be due to a decrease in
the rate of inactivation of both closed and open chan-
nels after a depolarization (Gonoi and Hille, 1987).

These effects of irradiation, increase of current am-
plitude, and slowing of inactivation are only observed
when the D4/S4 cysteines are labeled extracellularly.
Fig. 8, C and D, shows that irradiation of D4:R3C and
D4:R4C at a hyperpolarized voltage, after intracellular
labeling, causes a reduction of current with less effect
on the kinetics of the currents, reminiscent of the con-
sequence of immobilizing the D2/S4 segment (Fig. 7).
Although the reduction of current for D4:R3C-BP;, is
small (18.7 = 2.4%, n = 7), it was a rapid and saturable
effect of UV that was observed in all cells. Furthermore,
unlabeled D4:R3C showed little current reduction in
response to a comparable exposure to UV (3.4 = 0.9%
reduction, n = 5).

The contrast between irradiating extracellularly and
intracellularly labeled D4:R3C is striking and suggests
the possibility that the channels function differently de-
pending on the side of the membrane on which the BP-
MTS was applied to the channels. However, the bio-
physical consequences of labeling are rather compara-
ble for these two labeling conditions (Fig. 9, Table I).
The only significant difference is a less than twofold in-
crease in the inactivation time constant for intracellular
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A Flash at -140 mV

Figure 7. Immobilization of
D2/S4. All experiments were
done with the D2:R1C mutant,
and all UV irradiation used a
flash lamp. Labeling was done by
exposing cells in a tissue culture
dish to 1 mM BPMTS for 10 min.
The labeling caused a small in-
crease in the inactivation time
constant at depolarized voltages
and an ~15-mV depolarizing
shift of the G-V curve (see Mitro-
vic et al., 1998). (A) Currents at
—20 mV before (black) and after
B e (blue) exposure to UV flashes.
Successive flashes were applied at
Sokage (it "J the —140-mV holding potential
— ; ; ) every 10 s. (B) Families of cur-
i il Control (no BP; n=6) rents (—90 to +60 mV in 10-mV
084 8 m +20 mV (1=7.4; n=6) increments from a —140 mV
& | O -140mV(re6.5 nm3) holding potential) from another
1 _c.P- cell before and after exposure to
o o UV flashes. The peak IV rela-
R tionship for this cell is shown in
1 - 'Og!ii = C. (D) Normalized peak current
: |Qé6r;_._*h;, i at —20 mV for cells flashed ei-
%O e L LT ther at the —140-mV holding po-
tential (O) or at +20 mV (H).
— T e (<) Effects of irradiation at the
-5 0 5 10 15 20 25 30 holding potential on unlabeled
Flash D2:R1C cells.
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Figure 8. Photocross-linking D4/S4 mutants. Black and blue

traces represent currents before and after, respectively, exposure to

continuous-power UV light at the holding potential of —150 mV.
B4:BAC-BEIN All cysteine mutants were labeled with BPMTS. (A) D4:R1C-BP cur-
rents at 0 mV. Traces show progressive effects of 4.2-s exposures to
UV light. This residue was labeled externally. (B) D4:R3C labeled
with extracellular BPMTS. Currents at —30 mV using 4-s exposures
to UV light. (C) D4:R3C labeled with intracellular BPMTS (125
wM in the pipette solution). Currents at —30 mV using 4-s expo-
sures to UV light. (D) D4:R4C labeled with intracellular BPMTS
(125 uM in the pipette solution). Currents at —45 mV using 4-s ex-
posures to UV light. The current reductions seen in C and D were
uniform over all voltages, as seen for D2:R1C-BP in Fig. 7 C.

C D4:R3C-BPin
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to the indicated voltage. Parame-
ters (Vpmig» ) for Boltzmann fits
are in Table I. (C) 10-90% rise
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tion time constants from single
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versus extracellular labeling (Fig. 9 D). The dramatic
difference in response to UV irradiation suggests, how-
ever, that the benzophenone adduct attached to the
cysteine thiol of D4:R3C remains restricted to the side
of the channel to which it was applied. In other words,
within the limits of our experiments, S4 movement is
incapable of translocating the benzophenone adduct
through the gating pore. If the adduct could distribute
itself readily across the channel protein, the biophysical
consequences of labeling and the response to UV irra-

TABLE |

Biophysical Parameters of D4:R3C Current, either Unmodified, Internally
Modified, or Externally Modified by BPMTS

Control Internal External
n=3 n=3 n=3
G-V, Vpig (MV) -380+138 —35.3 +0.68 -352+*15
q(eo) 3.33+0.16 2.62 = 0.12 2.98 = 0.09
h.., Vimig (MV) -99.1+13 —-89.1+25 -91.1+34
q(e,) 4.22 +0.04 2.20 = 0.16 2.23 *0.07

Data obtained from parameters (midpoint and slope) for Boltzmann fits
to the G-V and h., curves in Fig. 9, A and B.
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20 0

exponential fits to the current

Voltage (mV) decay after a depolarization.

diation would be more similar, wherever the label was
originally attached to this residue. This conclusion con-
trasts with previously published data showing that a
smaller cationic adduct, ethyltrimethyammonium, can
be translocated by D4:R3C (Yang et al., 1996).

Our experiments support the idea that individual S4
segments of the sodium channel play different roles in
gating, with D2/54 acting primarily as a voltage sensor
for activation. Immobilization of D4/54 has effects both
on the opening of the activation gate and on the clos-
ing of the fast inactivation gate, suggesting that it serves
as a voltage sensor for both activation and inactivation.

DISCUSSION

With the exception of some structural molecules, pro-
teins are designed to move. The range of protein mo-
tion is extensive, from shear motions of ~1 A in an as-
partate receptor (Ottemann et al., 1999) to the dra-
matic movements of motor proteins (Vale and Milligan,
2000) and of at least one type of ion channel (Slatin et
al., 1994). Protein movements have been characterized
using a diversity of approaches that include structural



snapshots (Subbiah, 1996) and dynamic measurements
that encompass both electrophysiological and spectro-
scopic (e.g., Weiss, 1999; Forkey et al., 2000; Hubbell et
al., 2000) techniques. The goal of our study was not to
measure protein movements of ion channels, but to ex-
amine the consequences of preventing the movement
of specific regions of the channels. The long-term goal
is to try to understand how movements within voltage-
gated channels are coupled.

We combined cysteine mutagenesis with a newly de-
signed bifunctional reagent, BPMTS, which has a pho-
toactivatable cross-linking moiety. This approach has
the potential of allowing us to cross-link an introduced
cysteine with a neighboring region of the ion channel
without knowing a priori the identity of the residues
close to the cysteine. We introduced cysteines into the
two regions of ion channels believed to undergo signi-
ficant movement, gates and voltage sensors (Yellen,
1998), and our results suggest that both can be immo-
bilized selectively. First, the fast inactivation gate of the
sodium channel, labeled with BPMTS, can be immobi-
lized in either its open or its closed conformation by ir-
radiating the channel at a hyperpolarized or a depolar-
ized voltage, respectively (Fig. 2). Second, immobiliza-
tion of an S4 segment of Shaker potassium channels
reduces both gating and ionic current (Fig. 3), with rel-
ative magnitudes of reduction predicted by the ho-
motetrameric stoichiometry of these channels (Fig. 5).

Because of the length of the linker between the intro-
duced cysteine and insertion site (~10 A), and the re-
action radius around the ketone oxygen of benzophe-
none (~3 A; Dormén and Prestwich, 1994), this experi-
mental approach is likely to be limited to the study of
movements of at least several angstroms between either
two domains or two secondary structural elements. The
fact that we were able to immobilize both the inactiva-
tion gate of the sodium channel and the S4 segments of
potassium channels suggests that movements of both
structures satisfy this limitation.

The magnitude of gate movement in voltage-gated
ion channels is unknown. However, the gate movements
of a bacterial potassium channel have been studied us-
ing site-directed spin-labeling methods (Perozo et al.,
1999). For this channel, gate opening was accompanied
by an ~20° rotation of a transmembrane « helix, which
corresponds to a sidechain movement of ~2 A. Two re-
cent studies of S4 movement, using spectroscopic mea-
surements based on resonance energy transfer, suggest
motion in the range of 1-10 A between voltage sensors
in different subunits (Glauner et al., 1999; Cha et al.,
1999b). Estimates of S4 movement based on its electro-
static interactions with a charged pore blocker fall into a
similar range (3-8.5 A; French et al., 1996). However,
the magnitude of the relative movement between an S4
segment and the protein immediately surrounding it is

unknown. Nevertheless, our experiments indicate that
both gate movement and voltage-sensor movement are
sufficiently large that photocross-linking can immobi-
lize either one using BPMTS.

Comparison with Other Methods of Protein Immobilization

Although photocross-linking allows a systematic ap-
proach to immobilizing specific regions of ion chan-
nels, other strategies have been explored. Many are
based on the binding of a molecule to a mobile region.
For example, binding of certain peptide toxins to the
S$3-54 loops of voltage-gated ion channels may partially
inhibit voltage sensor movement (Sheets and Hanck,
1995; Swartz and MacKinnon, 1997a,b; Cestéle et al.,
1998). Also, antibodies directed against the inactivation
gate of the sodium channel partly hinder its ability to
close (Vassilev et al., 1988).

A dramatic effect of streptavidin binding to a mobile
biotinylated region of the Colicin la toxin ion channel
(Slatin et al., 1994) led us to try this approach also. We
biotinylated cysteines introduced into S4 segments, but
the binding of streptavidin had little effect on gating
(data not shown). We tentatively concluded that the S4
movements were too small to be perturbed by the
streptavidin, perhaps because the linker between the
cysteine and biotin was too long or too flexible.

A particularly powerful, and widely exploited, method
of gate immobilization is the use of reversible open-
channel blockers that prevent gate closure by a “foot-
in-the-door” mechanism (Armstrong, 1971; reviewed in
Yellen, 1998). In its purest form, pore occupancy by a
blocker and gate closure are mutually exclusive, and
the rate of gate closure can be predicted simply from
the concentration and affinity of the blocker.

Several methods of immobilization are based on the
introduction of cysteines into the channel protein. Oxi-
dation of cysteines, for example, with methanethiosul-
fonate reagents, may inhibit gate closure if these resi-
dues are located near critical gating machinery (Yellen,
1998). Furthermore, the tight binding between a cad-
mium ion and either two cysteines (Liu et al., 1997), or
a cysteine and a histidine (Holmgren et al., 1998), can
trap the conformation of the activation gate. Finally,
disulfide trapping may be employed to form a covalent
link between two regions of an ion channel, if the intro-
duced cysteines come into close enough proximity
(e.g., Zhan et al., 1994; Liu et al., 1996; Bénitah et al.,
1997; Tsushima et al., 1997). Although these methods
allow a systematic exploration of a region of interest,
they have drawbacks. Whereas oxidation of S4 cysteines,
for example, with methanethiosulfonate reagents, can
affect gating, this may not be a consequence of a restric-
tion of motion. It may instead be one of a myriad of al-
losteric effects due entirely to changes in the structure
of the sidechain at that position. Cadmium and disul-
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fide trapping have the potential of immobilizing the
relative movements of two protein regions. However, it
is often a matter of luck to find residues that are close
enough to be able to create a metal binding site or form
a disulfide bond between them, without prior knowl-
edge of a high-resolution structure. Our approach re-
quires the use of only a single cysteine, which can be in-
troduced wherever it seems appropriate.

One of the principal drawbacks of photocross-linking
with BPMTS is that the efficiency is always <100%, leav-
ing a fraction of channels that have benzophenone-
labeled cysteines, but are not cross-linked. This produces
a heterogeneous population of channels with heteroge-
neous biophysical properties. Nevertheless, our experi-
ments generated several insights about both gates and
voltage sensors.

Fast Inactivation

The fast-inactivation gate of the sodium channel was
long believed to be a tethered intracellular blocker of
open channels (Armstrong and Bezanilla, 1977; Beza-
nilla and Armstrong, 1977). More recent studies using
mutagenesis and cysteine scanning suggest that the cy-
toplasmic linker between D3 and D4 of the sodium
channel is the tethered inactivation gate (West et al.,
1992; Patton et al., 1992; Kellenberger et al., 1996).
The most important part of this postulated gate is a
cluster of three consecutive residues (IFM) in the D3-
D4 linker, with the central phenylalanine acting as a
crucial player in effective closure of the gate. For this
reason, we initially examined the cysteine mutant of
this residue (IFM/1CM). However, labeling of this mu-
tant with BPMTS alone almost completely abolished in-
activation (data not shown), so that it was difficult to
study the state-dependent effects of cross-linking it by
UV irradiation. Therefore, we switched to the cysteine
mutant of isoleucine (IFM/CFM). Labeling of this resi-
due also inhibits inactivation, but the effect is more
moderate (Fig. 2, A and B). Irradiation after labeling
allowed a selective immobilization of the inactivation
gate (Fig. 2, C and D), supporting the hypothesis that
the D3-D4 linker is the fast-inactivation gate.

Our results with the IFM/CFM mutant may be exam-
ined in context of the nuclear magnetic resonance so-
lution structure of the isolated D3-D4 linker (Rohl et
al., 1999). The structure shows that the adjacent resi-
dues isoleucine and phenylalanine are both on a sol-
vent-exposed surface, and therefore potentially avail-
able to interact jointly with a binding site for the inacti-
vation gate (Rohl et al., 1999). This is consistent with
the fact that the cysteine of the IFM/ICM mutant is ac-
cessible to hydrophilic reagents only when the inactiva-
tion gate is open (Kellenberger et al., 1996). Our re-
sults further suggest that the open inactivation gate is
in the vicinity of a region other than the binding site
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that normally closes the gate, because irradiation of
open inactivation gates prevents them from closing.

Immobilization of Shaker’s S4 Segment

The relative reduction of gating and ionic current, due
to photocross-linking Shaker S4 segments, approxi-
mately follows a fourth power relationship (Eq. 1, Fig.
5). This result is in accordance with three assumptions:
(a) crosslinking completely prevents charge move-
ment of an individual S4 segment, (b) immobilizing a
single S4 segment prevents channel opening, and (c)
S4 segments move independently.

In our experiments, only ~27% of the gating current
was abolished by irradiation (Fig. 5). This agrees with
other experimental results using benzophenone-based
cross-linking reagents. The maximal labeling efficiency
of benzophenone is highly variable, and rarely sur-
passes 70% (Dormén and Prestwich, 1994). However, if
the immobilization of individual S4 segments is ran-
dom, and therefore follows binomial statistics, a 27%
level of immobilization indicates that ~30% of the
channels have more than one immobilized S4 segment.
This is a high enough efficiency to lend support to our
conclusions about the independence of S4 segments,
which in this context means that if an S4 segment of a
Shaker potassium channel is immobilized, the other S4
segments in the channel are oblivious to this event. We
can say, with even more confidence, that immobiliza-
tion of a single S4 segment does not completely pre-
vent the other S4 segments from moving. If this were
the case, the fractional reduction of ionic and gating
current would superimpose. The reasonable agree-
ment of our results with the above three assumptions
suggests, therefore, that cross-linking has the desirable,
and perhaps surprising, consequence of producing a
local, rather than global, effect on the protein, a con-
clusion consistent with our experiments with labeled
inactivation gates.

Our evidence for a predominantly independent
movement of S4 segments supports previous results on
Shaker, based on the biophysical consequences of mu-
tagenesis of the S4 segment (Tytgat and Hess, 1992; Be-
zanilla et al., 1994; Schoppa and Sigworth, 1998; Smith-
Maxwell et al., 1998a,b; Ledwell and Aldrich, 1999;
however, see Mannuzzu and Isacoff, 2000). These stud-
ies suggest that the bulk of gating charge movement
corresponds to the independent movements of indi-
vidual S4 segments. Only the final conformational
changes along the activation pathway (i.e., near the
open state) involve a cooperative movement of all the
S4 segments. These final transitions, which involve
movement of other structures besides the S4 segments,
carry only a small fraction of the total gating charge.

Like cross-linking of the inactivation gate, the immo-
bilization of the Shaker S4 segment is state dependent,



occurring more readily at hyperpolarized voltages
when S4 is situated in an inward conformation with re-
spect to the electric field. At a depolarized voltage, the
S4 segment, labeled at residue 359, inserts less readily
into a neighboring region (Fig. 6). This result agrees
well with voltage-dependent fluorescence measure-
ments obtained from Shaker A359C labeled with tetram-
ethylrhodamine. Depolarization reduces the anisotropy
of the fluorophore and increases its accessibility to col-
lisional quenchers, as if depolarization moves it out of a
constrained environment (Cha and Bezanilla, 1998). In
a similar manner, A359C-BP can find an insertion tar-
get most easily in its constrained environment at a hy-
perpolarized voltage.

Our results with Shaker show that an S4 segment can
be immobilized in a state-dependent manner, but this
result may depend on the specific residue that is la-
beled and how its environment changes with changes
in membrane potential. This proviso especially applies
to sodium channels, where the primary sequence of
amino acids in each domain is different.

Immobilization of S4 Segments of Sodium Channels

Irradiation of the S4 segment of domain 2, using D2:
R1C-BP, prevented the channels from functioning. This
suggests that, as in Shaker, the ability of D2/54 to move
with respect to its surrounding “gating pore” (the hy-
drophobic region that encircles the S4 segment) is es-
sential for a channel to open.

There are, however, some distinctions between D2/
S4 and Shaker S4. First, the efficiency of cross-linking is
~2.7X higher in D2/54 because, although the magni-
tude of reduction of ionic current (~70%) is similar
(Figs. 5 and 7), Shaker has four labeled S4 segments.
The higher efficiency in D2/S4 may be a consequence
of the fact that the benzophenone is more appropri-
ately situated with respect to an insertion site, perhaps
because the outer vestibule surrounding the S4 seg-
ment is narrower in sodium channels. Another differ-
ence between Shaker S4 and D2/54 is that immobiliza-
tion of D2/54 is nearly independent of membrane po-
tential (Fig. 7 D). This implies that D2/S4 must be
capable of moving for the channel to function, and
that even if it is immobilized in its outward conforma-
tion with respect to the electric field, the activation
gates cannot open. By contrast, the Shaker S4 segment,
labeled at residue 359, is harder to immobilize when in
an outward conformation. This contrast also suggests a
different local environment near the extracellular ends
of the S4 segments of Shaker and sodium channels.

The absence of a strong state dependence of S4 im-
mobilization was a consistent feature of several sodium
channel mutants we examined, regardless of the specific
biophysical consequences of photocross-linking. This
suggests that immobilization per se is sufficient to alter

function, regardless of the S4 segment’s conformation
when it was immobilized. This result further implies that
some voltage-dependent movement must occur in the
immediate vicinity of the benzophenone moiety. If no
movement occurred, it is hard to imagine how the pho-
tocross-linking could so profoundly disrupt function.

The two distinguishing features of immobilization of
sodium channel S4 segments are the domain of S4 ori-
gin and where (intracellular or extracellular) the BP-
MTS was applied to an S4 segment. As in Shaker, immo-
bilization of D2/54 appears to have a selective effect on
the ability of the channel to open. Similar results were
obtained with D1/S4 (our unpublished observations).
Immobilization of D4/S4 has effects both on ability to
open and on the kinetics of inactivation. These results
agree with previous studies implicating a segregation of
function of the S4 segments of the four domains of so-
dium channels (Chen et al., 1996; Kontis and Goldin,
1997; Kontis et al., 1997; Mitrovic et al., 1998; Cha et
al., 1999a). D1/S4 and D2/54 are relatively exclusively
associated with the process of activation, whereas D3/
S4 and especially D4/S4 also contribute significantly to
the process of fast inactivation. D2/54 and D4/54 also
play roles in the process of slow inactivation (Fleig et
al., 1994; Mitrovic et al., 2000).

One remaining area of controversy is the importance
of D4/S4’s role in the process of activation. Although
every reported mutation of this transmembrane seg-
ment influences fast inactivation, both activation and
deactivation kinetics are also affected by some muta-
tions (Chahine et al., 1994; Ji et al., 1996; Groome et
al., 1999). However, the absolute necessity of D4/S4
movement for activation has been contested (Sheets
and Hanck, 1995; Sheets et al., 1999, 2000).

Perhaps the most surprising result of our study is the
fact that labeling D4/S4 from the extracellular surface
causes a decrease in the rate of fast inactivation and an
increase in current amplitude after irradiation, whereas
intracellular labeling reduces the ability of the chan-
nels to open after irradiation with less effect on inacti-
vation kinetics. The segregation of effects of irradiation
was examined in most detail for the residues D4:R1C,
which is only accessible to cysteine reagents from the
extracellular surface, D4:R4C, which is only accessible
from inside, and D4:R3C, which is accessible from both
sides of the membrane (Fig. 8). This segregation of the
effects of cross-linking was also observed in two other
mutants (D4:R2C labeled from the extracellular sur-
face and V1458C, the residue immediately following
D4:R4C in the primary sequence, labeled internally,
our unpublished observations).

What could be responsible for this spatial segregation
of action? One possibility is that the extracellular re-
gion of the gating pore is especially important for fast
inactivation and, when benzophenone inserts into this

472 Immobilizing Moving Parts of Voltage-gated lon Channels



region, it disrupts inactivation gating. This possibility is
consistent with the decreasing effects on inactivation of
mutations that are located more deeply into the D4/54
segment from the extracellular surface (Yang et al.,
1996; Sheets et al., 1999). Furthermore, a disease-asso-
ciated mutation, L1433R, near the extracellular end of
D4/S3 strongly inhibits the rate of fast inactivation (Ji
etal., 1996).

An alternative possibility for explaining the segrega-
tion of extracellular and intracellular effects of cross-
linking is that depolarization typically might cause the
D4/54 segment to move in multiple steps. The initial
movements may be critical for activation gates to open,
and subsequent movements may be necessary for effi-
cient inactivation. Cross-linking D4/5S4 from the out-
side may inhibit only the later transitions, whereas
cross-linking this S4 segment from the inside inhibits
the initial movement after a depolarization. This possi-
bility is testable using a simultaneous measurement of
ionic and gating currents in sodium channels, as we
have done for our experiments on Shaker S4 segments.

This is the first evidence that multiple transitions of a
voltage sensor could underlie gating in a sodium chan-
nel. This possibility is consistent, however, with the pro-
posed multiple movements of the S4 segments of Shaker
potassium channels (Bezanilla et al., 1994; Baker et al.,
1998). Moreover, the individual transitions of D4/S4
appear to be coupled to different gates. We propose
that the sequential movement of D4/54 in response to
a depolarization contributes to the initial opening of
the activation gate, followed by the closing of the inacti-
vation gate. This not only helps account for the delay
preceding the development of inactivation (Goldman
and Schauf, 1972; Bezanilla and Armstrong, 1977), but
also provides insight into the efficiency of channel
opening during the generation of action potentials.

APPENDIX
Analysis of S4 Cooperativity

To estimate cooperativity of movement among the S4
segments of Shaker potassium channels, we analyzed the
normalized reduction of gating and ionic currents in
the A359C-BP mutant (Fig. 5). We made the following
assumptions for the effects of irradiating S4 segments
at a hyperpolarized voltage. (a) All S4 segments are la-
beled with benzophenone. (b) Immobilization by UV
irradiation is a homogeneous Poisson process, and
therefore the number of immobilized S4 segments in a
channel follows a binomial distribution. (¢) Immobili-
zation caused by insertion of a benzophenone-labeled
S4 segment completely prevents its ability to carry gat-
ing charge. (d) Immobilization of one or more S4 seg-
ments of a channel prevents the activation gates from
opening. (e) At steady state, UV irradiation has a prob-
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ability w = a/(a + B) of immobilizing a particular S4
segment, and a probability of 1 — w of destroying the
benzophenone’s ability to cross-link (see Scheme 1).
The probability that an S4 segment is functional at time
t during irradiation is ps,(t), which has an exponential
time course, as given in Eq. 2. The time course of re-
duction of ionic current is p§4(t). (f) Immobilization of
the first S4 segment of a channel may also reduce the
gating charge of the other S4 segments by a factor f.,q,,
which represents the cooperative fraction of gating
charge for each S4 segment. Immobilization of each of
the remaining nonimmobilized S4 segments causes a
loss of its remaining mobile gating charge.

Let Fg; = 0,1,...,4) be the fraction of a channel’s
gating current if exactly (4 — j) of its S4 segments are
immobilized. By the above assumptions,

Fg, =1

ng = j(l_fcoop)/4 J = 0’ 1’2'3'

The total fractional gating current of a channel Fg,(t)
is the sum of Fg; weighted by the binomial probability
Bj(t) that (4 — j) of the channel’s S4 segments are im-
mobilized at time t, where:

B, (1) = ﬁp&(t)[l—py(t)]““l

Therefore,

4
FOwot(t) = sz (t)Fg;.

i=1

Note that if f,, = 0, then Fg(t) = ps4(t). This is the
independent case in which immobilization of an S4
segment has no effect on charge movement of other S4
segments, and gating current reduction will exactly
track S4 immobilization. At the other extreme, if f;o,, =
1, then Fg,i(t) = p;‘4(t). In this completely cooperative
case, the reduction of gating current has the same time
course as the reduction of ionic current; i.e., a single
immobilization of an S4 segment prevents the others
from moving.

The normalized ionic and gating current amplitudes
in Fig. 5 were fit simultaneously, using the above equa-
tions, by minimization of least squares using a variable
metric algorithm. The three parameters for the fit were
the time constant of S4 immobilization {1/[A(« + B)]},
w, and fe,,,. The bestfit parameters are given in re-
sults.
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