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In response to membrane depolarization, voltage-gated ion channels undergo a structural
rearrangement that moves charges or dipoles in the membrane electric field and opens
the channel-conducting pathway. By combination of site-specific fluorescent labeling of
the Shaker potassium channel protein with voltage clamping, this gating conformational
change was measured in real time. During channel activation, a stretch of at least seven
amino acids of the putative transmembrane segment S4 moved from a buried position
into the extracellular environment. This movement correlated with the displacement of the
gating charge, providing physical evidence in support of the hypothesis that S4 is the
voltage sensor of voltage-gated ion channels.

Since voltage-gated ion channels were first
cloned, ir has been postulated that the pos-
itively charged S4 scgment functions as the
voltage sensor (I). Membrane depolariza-
tion is hypothesized to open the channel by
moving 84 outward, thus gencrating the
gating current. In keeping with this model,
mutations that alter the charge of amino
acids in S4 were shown in several studies to
affect the voltage sensitivity of channel
opening (2, 3). However, these studies
could not prove that S4 contains the gating
charge because the voltage sensitivity of
channel opening can also be affected by
changes in the cooperativity or equilibria of
gating transitions (4). In the S4 region of a
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perimposed: the oocyte surface (seen as a filled center) and two sections after advancing in
successive 30-um steps into the oocyte (seen as cross-sectional rims through the plasma
membrane). Cytoplasmic and organelle fluorescence was not visible under these conditions.
Scaling of color map was normalized to maximum signal of A359C. (C) Quantitation of TMRM
labeling. Uninjected oocytes, not preblocked and preblocked with TGM, were labeled to a level
0f90.2 + 5.1 and 14.4 = 1.5 counts per pixel, respectively (mean + SEM; n = 3). (D) Whole-cell
gating charge evoked by saturating voltage steps. (C and D) The number of oocytes analyzed is
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skeletal muscle Na' channel, one amino
acid position has increased accessibility to
the extracellular solution during membrane
depolarization (5). This suggests that S4
may move, without explaining how or dur-
ing which garting transition (activation,
opening, or inactivation). The primary pre-
diction of the S4 hypothesis—a correlation
between S4 movement and movement of
the gating charge—remains to be tested.
To address this problem, we developed a
fluorescence technique to study conforma-
tional changes of the Shaker K* channel S4
during gating in Xenopus oocytes. This tech-
nique relies on the sensitivity of many fluoro-
phores to their local environment and on the
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short lifetime of their excited state (6). Fluo-
rescent labels conjugated to residues in 84
could report changes in the environment it
activation moves them from a position huried
in the membrane into the extracellular fluid,
as has been proposed (4, 7). To covalently
label the channel with a fluorophore (8), we
substituted  cysteine at positions 346, 3506,
359, 365, and 366 (Fig. 1A) of a nonconduct-
ing (W434F) (9), noninacrivating (A6-406)
(10) version of the Shaker ShH4 K channel
(1), after removing two native  cysteines
(C245V in SI and C462A in S6), which
could be accessible to the external solution
(12). Cysteines present in endogenous oocyte
plasma membrane proteins were blocked with
a nonfluorescent and impermeant maleimide
(8). Oacytes injected  with  comparable
amounts of complementary RNA encoding
cach of the mutant channels were labeled
with the membrane-impermeant dye tetram-
cthylthodamine-malcimide  (TMRM)  (8),
and membrane fluorescence was quantitared
by confocal microscopy (Fig. 1B). Integration
of the fluorescence over the focused mem-
brane arca showed between 2.5- and 5.0-fold
greater labeling (P < 0.0001) of the plasma
membrance of oocytes expressing the cysteine-
added mutants compared with hoth unin-
jeeted oocytes and oocytes expressing the cys-
teine-removed  control channel  (Fig.  1C).
The degree of labeling was comparable for
S346C, M356C, A359C, and R365C, but it
was significantly lower (P << 0.02) for the
position furthest roward the COOH-terminal
end of S4 (1.366C) (Fig. 1, B and ). Because

0%

SCIENCE ¢ VOL. 271 + 12 JANUARY 1996

100%

213




the channel density of L366C, as judged by (6). For TMRM, increasing the polarity of — fluorescence by 33% and shifred the peak
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more labeled (P < 0.005) when depolarized, = i
. <
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but not when hyperpolarized (Fig. 2B). Thus, il
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posure of positions 359 and 365 to the ex- _ o ) 's
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pected o spend part of their time in the 5 > \é 0.3 @) 1 °3
C-type inactivated state (16). To determine o % Y oo2 T (a9 0.2
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inactivation, that increases the surface expo- ' 3) 1) - '
sure of S4, we examined the effect of short O'OLD:; S 3 g%‘%%‘%)‘” 00
depolarizations (producing no C-type inacti- Voltage (mV) 38803 -
Position

vation) on S4 access to the extracellular
solution. We monitored surface exposure of
S4 by exploiting the sensitivity of fluoro-
phores to the polarity of their environment
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Fig. 3. Voltage-dependent fluorescence change of TMRM-labeled S4 mutants. (A) Simultaneous fluo-

rescence (F, top traces) and gating current (/, middle traces

9’

) measurements during voltage steps (V.

bottom traces). Background fluorescence of cysteine-removed control was subtracted from fluores-
cence records. Current records were not leak subtracted. Uninjected oocytes were not first blocked with
TGM, yielding TMRM labeling of native oocyte cysteines. (B) Correspondence between the normalized
F-V (filed symbols) and Q-V (open symboils) for single oocytes expressing M356C (triangles), A359C
(squares), and R365C (circles), fit to single Boltzmann equaticns (solid lines). (C) Maximal fluorescence

change (AF,

at a saturating voltage step, as a fraction of fluorescence at holding potential minus

fluorescence of cysteine-removed control (F, ...}, either in Na* -MBSH (control) or in K -MBSH with 50 mM
KCl replaced by 50 mM Kl (iodide). The number of oocytes is in parentheses. Values are the mean + SEM.
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tuorescence it TMRM, conjugated 1o 54,
moved mto the polar extraceltular fluid from
a buried, Tess polar environment.

To examine the relation between chang-
es in the environment of 84 and gating
charge displacement, we measured tluores-
cenee of labeled oocytes and whole-cell gat-
ing current in parallel under two-clecrrode
voltage clamp (17). At negative holding
potentials,  membrane
higher tor vocytes expressing the cysteine-
added mutanes compared with cysteine-re-
moved controls (Fig. 3A) and uninjected
oocytes (I4). On average, the fluorescence
At negative holding potential of =80 mV
was comparable for the S346C, M356C,
A339C, and R365C murtants bur lower tor
the 1366C murant, which is in agreement
with the confocal measurements (Fig. 1), A

tluorescence  was

series of depolarizing voltage steps moved
cating charge for cach of the mutants. For
several of the mutants, the steps evoked a
araded and saturaring decrease in fluores-
cence, which followed the kineties of che
cating current (Fie. 3A). The maximal de-
crease in fluorescence was aboue 109% for
M350C and A359C and 5% for R365C.
There was almost no change for S346C
(< 19%), and no fluorescence change was
observed for L366C, or for uninjected oo-
cytes whose endogenous membrane sulfhy-
drvls were ettt unblocked before Tabeling
with TMRM (Fig. 3, A and C). For the
mutants - with  the  largest  tluorescence
change (M3560, A359C, and R365C), the
tluorescence-voltage  relation (F-V)  was
closely correlated with the -V (Fig. 3B)
but not with the voltage dependence of
channel opening measured from these mu-

Fig. 4. Mutation L382V produces A
parallel changes in Q-V and F-V rela
tions. (A and B) Normalized gating
currents of A359C and A359C/
L382V. Holding potential, 80 mV:

359C

tants in a conducting background (14). It is
unlikely  that the observed  tluorescence
changes were due to a direcr effect of the
voltage-clamp steps on the energy levels of
TMRM, hecause field perturbations of the
Huorophore would be expected neither to
saturate nor to correlate with gating (h;ll‘gc
movement. Instead, these tluorescence de-
creases most likely reflect a change in the
environment of the fluorophore tethered o
residues 356, 359, or 365 when these sites
move during activation. These resules indi-
cate that channel acrivation, rather than
inactivation or opening, is responsible for
the observed increase in 84 exposure to
exrracellular TMRM (Fig. 2).

If the fluorescence decrease is caused by
the movement of TMRM conjugated at sites
356 to 365 from a position buried wirhin the
membrane into the extracellular solution,
then extracellular quenchers should enhance
the fluorescence decrease. To test this hy-
pothesis, we examined the effect of external
iodide, @ membrane-impermeant collisional
quencher (I8). Todide enhanced the fluores-
cence change of A359C hy 3.6-fold (P <
10 7) but did not significantly affect the
fluorescence change of the other mutants
(Fig. 3C), although the small sample size
may expliin the lack of significance ob-
served with M356C. Thus, activation clearly
exposes TMRM ' conjugated at A359C o
extracellular iodide.

Several biophysical models have been
constructed  to explain the gating of the
Shaker K channel (4, 19-21). These mod-
cls, based on ionic and gating-current mea-
SUPCINENES, PrOpOse TWo Or More major sets of
charge-carrying  transitions. To investigate
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turther the relation berween movement of
S4 and movement of the gating charge, we
examined the effect on the 359C tluores-
cence of the S84 murtation 1382V, which
alters just one of the charge-carrying steps in
channel activation (3, 4, 20). The double
mutant A359C/1382V had an eftect similar
to that described carlier for L382V alone (3,
4, 20); it accelerated gating current kinetics
(Fig. 4B) and decrcased the slope of the Q-V
(Fig. 4E). Unlike 1382V, however, the -V
of A359C/L382V was not resolved into two
clearly separated components, possibly as a
result of the A359C mutation or the TMRM
conjugation. As with the gating current,
A359C/L382V accelerated the rate of the
fluorescence change (Fig. 4, A to D), and the
slope of the F-V was deercased in parallel to
that of the Q-V (Fig. 4, E and F). This
observation indicates rhat the change in the
environment of $4 tollows all of the move-
ment of the gating charge, even in a mutant
that shifts one component of the charge
movement.

In summary, we find that (i) L366C is less
cfficiently conjugated by TMRM than the
other sites that we have examined; (i) con-
jugation by TMRM of A359C and R365C,
but not of $346C, is increased by depolariza-
tion; (iii) M356C, A359C, and R365C show
a fluorescence change that correlares with
gating charge displacement, whercas S346C
and L366C show little or no fluorescence
change; and (iv) TMRM  conjugated  ar
A359C becomes accessible o iodide upon
activation. These observations are consistent
with the model that S4 contains the gating
charge and that activation consists of the
movement of the outer (NH,-terminal) por-
tion of S4 into the extracellular fluid from a
position that is buricd in the resting state,
thus generating the gating current (Fig. 1A).
In this process, a stretch of at least 10 resi-
dues (356 to 365), about half of the 19
residues commonly prediceed to make up S4
(7), experiences a change in environment.
For at least seven of these residues (3599 to
365) the change in exposure to the extracel-
lular fluid is sufficiently extreme to govern
whether the site can be conjugated by
TMRM. A residue on the NH -terminal side
of this streech (346) is always exposed,
whereas one on the COOH-terminal side
(366) remains partly buried even when the
channel is activated. This large-scale $4
movement agrees in essence with the model
proposed by Durell and Guy (7) and is con-
sistent with the large charge movement thar
occurs during gating (12 to 16 charges per
channel) (3, 4, 21, 22).

To date, the only structural information
available about the nature of the conforma-
tional change associated with ion channel
gating has been for the bactericidal protein
colicin Ia (23), nicotinic acctylcholine re-

ceptor (24), and the Na ' channel (5). These
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studies were limited to a comparison of the
end points of the gating conformations. The
tfluorescence technique described here pro-
information about  the  transition
through  conformational intermediates he-
tween these end points by tracking, with
submillisccond resolution, the motion of spe-
citic domains of the channel protein as gat-
ing proceeds. This technigue, in conjunction
with Tabeling at other locarions, should «id
in the structural characterization of gating
Jomains and shed light on conformational
rearrangements that have so tar been “invis-
ible™ hecause they neither move charge nor
directly open or close the channel.

vides
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