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Direct Physical Measure of Conformational
Rearrangement Underlying Potassium
Channel Gating

Lidia M. Mannuzzu, Mario M. Moronne, Ehud Y. Isacoff*

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, it has been postulated that the pos-
itively charged S4 segment functions as the
voltage sensor (1). Membrane depolariza-
tion is hypothesized to open the channel by
moving S4 outward, thus generating 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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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 gating 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 S4
could report changes in the environment if
activation moves them from a position buried
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, 356,
359, 365, and 366 (Fig. 1A) of a nonconduct-
ing (W434F) (9), noninactivating (A6—46)
(10) version of the Shaker ShH4 K* channel
(I1), after removing two native cysteines
(C245V in S1 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). Oocytes injected with comparable
amounts of complementary RNA encoding
each of the mutant channels were labeled
with the membrane-impermeant dye tetram-
ethylrhodamine-maleimide (TMRM) (8),
and membrane fluorescence was quantitated
by confocal microscopy (Fig. 1B). Integration
of the fluorescence over the focused mem-
brane area showed between 2.5- and 5.0-fold
greater labeling (P < 0.0001) of the plasma
membrane of oocytes expressing the cysteine-
added mutants compared with both unin-
jected 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 toward the COOH-terminal
end of S4 (L366C) (Fig. 1, B and C). Because




the channel density of L366C, as judged by
measurement of whole-cell gating currents
(Fig. 1D) (8), was similar to that of the other
cysteine-added mutants, the lower level of
L366C labeling is probably due to a lower
accessibility of this position to external
TMRM. Specific labeling of the cysteine-add-
ed mutants was confirmed by fluorescence
analysis of membrane proteins from labeled
oocytes, immune-precipitated and separated
by polyacrylamide gel electrophoresis, which
showed a broad rhodamine-labeled band of
110 to 115 kD (corresponding to the com-
pletely glycosylated Shaker protein) (13)
present only in these mutants (14).

The model proposed for K* channel gat-
ing suggests that a portion of S4 that is buried
in the resting state becomes exposed to the
external solution by activation (7). To test
this model, we incubated oocytes expressing
S346C, A359C, and R365C with TMRM in a
hyperpolarizing NMGMES solution [resting
membrane potential (V) = —58.7 = 11.6
mV; mean * SD; n = 12] and a depolarizing
K*-MBSH solution (V. = —1.2 * 5.4 mV;
mean * SD; n = 17) (8). The charge-voltage
(Q-V) relations measured for these mutants
indicated that S346C and A359C would be
primarily in the resting state in NMGMES
but would be activated most of the time in
K*-MBSH, whereas R365C would also be in
the resting state in NMGMES but only be
activated about 40% of the time in K*-
MBSH (Fig. 2A). Under these conditions,
S346C was equally labeled when depolarized
or hyperpolarized, A359C was significantly
more labeled (P < 0.005) when depolarized,
and R365C was labeled when depolarized
but not when hyperpolarized (Fig. 2B). Thus,
membrane depolarization increased the ex-
posure of positions 359 and 365 to the ex-
tracellular solution, whereas position 346
was equally exposed under depolarizing and
hyperpolarizing conditions (15). The partial
labeling of A359C in the hyperpolarizing
solution may be due to the fact that it was
activated about 10% of the time in this
solution (Fig. 2A).

During the prolonged depolarization of
the K*-MBSH incubation, channels are ex-
pected to spend part of their time in the
C-tvpe inactivated state (16). To determine
whether it is activation, rather than C-type
inactivation, that increases the surface expo-
sure of S4, we examined the effect of short
depolarizations (producing no C-type inacti-
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

L. M. Mannuzzu and E. Y. Isacoff, Department of Molec-
ular and Cell Biology, 229 Stanley Hall, University of Cal-
ifornia, Berkeley, CA 94720, USA.

M. M. Moronne, Lawrence Berkeley Laboratory, Berke-
ley, CA 94720, USA.

*To whom correspondence should be addressed.

214

(6). For TMRM,, increasing the polarity of  fluorescence by 33% and shifted the peak
the solvent from ethanol (dielectric constant  from 567 to 575 nm. This indicated that it
€ = 24) to water (¢ = 78) decreased peak  should be possible to observe a change in

Fig. 2. State dependence of S4 la-
beling. (A) Normalized Q-V relation
for S346C (circles), A359C (trian-
gles), and R365C (squares). Gating
charge was recorded in NMGMES.
Dashed lines indicate average
membrane potential measured
upon impalement in NMGMES
(NMG) or in K*-MBSH (K). (B) Ratio
of labeling in NMGMES over label-
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ing in K*-MBSH. Labeling was as 346 359 365
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labeling condition). Values are the mean + SEM.
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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) 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 symbols) for single oocytes expressing M356C (triangles), A359C
(squares), and R365C (circles), fit to single Boltzmann equations (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
KClreplaced by 50 mM K (iodide). The number of oocytes is in parentheses. Values are the mean + SEM.
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fluorescence if TMRM, conjugated to S4,
moved into the polar extracellular fluid from
a buried, less polar environment.

To examine the relation between chang-
es in the environment of S4 and gating
charge displacement, we measured fluores-
cence of labeled oocytes and whole-cell gat-
ing current in parallel under two-electrode
voltage clamp (17). At negative holding
potentials, membrane fluorescence was
higher for oocytes expressing the cysteine-
added mutants compared with cysteine-re-
moved controls (Fig. 3A) and uninjected
oocytes (14). On average, the fluorescence
at a negative holding potential of —80 mV
was comparable for the S346C, M356C,
A359C, and R365C mutants but lower for
the L366C mutant, which is in agreement
with the confocal measurements (Fig. 1). A
series of depolarizing voltage steps moved
gating charge for each of the mutants. For
several of the mutants, the steps evoked a
graded and saturating decrease in fluores-
cence, which followed the kinetics of the
gating current (Fig. 3A). The maximal de-
crease in fluorescence was about 10% for
M356C and A359C and 5% for R365C.
There was almost no change for S346C
(<1%), and no fluorescence change was
observed for L366C, or for uninjected oo-
cytes whose endogenous membrane sulfhy-
dryls were left unblocked before labeling
with TMRM (Fig. 3, A and C). For the
mutants with the largest fluorescence
change (M356C, A359C, and R365C), the
fluorescence-voltage relation (F-V) was
closely correlated with the Q-V (Fig. 3B)
but not with the voltage dependence of
channel opening measured from these mu-

Fig. 4. Mutation L382V produces
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 fluorescence
changes were due to a direct effect of the
voltage-clamp steps on the energy levels of
TMRM, because field perturbations of the
fluorophore would be expected neither to
saturate nor to correlate with gating charge
movement. Instead, these fluorescence de-
creases most likely reflect a change in the
environment of the fluorophore tethered to
residues 356, 359, or 365 when these sites
move during activation. These results indi-
cate that channel activation, rather than
inactivation or opening, is responsible for
the observed increase in S4 exposure to
extracellular TMRM (Fig. 2).

If the fluorescence decrease is caused by
the movement of TMRM conjugated at sites
356 to 365 from a position buried within 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, a membrane-impermeant collisional
quencher (18). lodide enhanced the fluores-
cence change of A359C by 3.6-fold (P <
107%) but did not significantly affect the
fluorescence change of the other mutants
(Fig. 3C), although the small sample size
may explain the lack of significance ob-
served with M356C. Thus, activation clearly
exposes TMRM conjugated at A359C to
extracellular iodide.

Several biophysical models have been
constructed to explain the gating of the
Shaker K* channel (4, 19-21). These mod-
els, based on ionic and gating-current mea-
surements, propose two or more major sets of
charge-carrying transitions. To investigate
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further the relation between movement of
S4 and movement of the gating charge, we
examined the effect on the 359C fluores-
cence of the S4 mutation L382V, which
alters just one of the charge-carrying steps in
channel activation (3, 4, 20). The double
mutant A359C/L382V had an effect similar
to that described earlier for L382V alone (3,
4, 20); it accelerated gating current kinetics
(Fig. 4B) and decreased the slope of the Q-V
(Fig. 4E). Unlike L382V, however, the Q-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 decreased in parallel to
that of the Q-V (Fig. 4, E and F)T'*This
observation indicates that the change in the
environment of S4 follows 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
efficiently conjugated by TMRM than the
other sites that we have examined; (ii) con-
jugation by TMRM of A359C and R365C,
but not of S346C, is increased by depolariza-
tion; (iii) M356C, A359C, and R365C show
a fluorescence change that correlates with
gating charge displacement, whereas S346C
and L366C show little or no fluorescence
change; and (iv) TMRM conjugated at
A359C becomes accessible to 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 buried 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 predicted to make up S4
(7), experiences a change in environment.
For at least seven of these residues (359 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 stretch (346) is always exposed,.
whereas one on the COOH-terminal side
(366) remains partly buried even when the
channel is activated. This large-scale S4
movement agrees in essence with the model
proposed by Durell and Guy (7) and is con-
sistent with the large charge movement that
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 acetylcholine 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
fluorescence technique described here pro-
vides information about the transition
through conformational intermediates be-
tween these end points by tracking, with
submillisecond resolution, the motion of spe-
cific domains of the channel protein as gat-
ing proceeds. This technique, in conjunction
with labeling at other locations, should aid
in the structural characterization of gating
domains and shed light on conformational
rearrangements that have so far been “invis-
ible” because they neither move charge nor
directly open or close the channel.
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Activation of Ventrolateral Preoptic
Neurons During Sleep

J. E. Sherin, P. J. Shiromani, R. W. McCarley, C. B. Saper*

The rostral hypothalamus and adjacent basal forebrain participate in the generation of
sleep, but the neuronal circuitry involved in this process remains poorly characterized.
Immunocytochemistry was used to identify the FOS protein, an immediate-early gene
product, in a group of ventrolateral preoptic neurons that is specifically activated during
sleep. The retrograde tracer cholera toxin B, in combination with FOS immunocytochem-
istry, was used to show that sleep-activated ventrolateral preoptic neurons innervate the
tuberomammillary nucleus, a posterior hypothalamic cell group thought to participate in
the modulation of arousal. This monosynaptic pathway in the hypothalamus may play a

key role in determining sleep-wake states.

Clinical observations made at the begin-
ning of this century indicated that an intact
rostral hypothalamus is critical for the pro-
duction of normal sleep in humans (I).
Subsequent experimental studies in animals
demonstrated that lesions in the preoptic
area and adjacent basal forebrain (POA-
BF) cause insomnia (2), whereas chemical
or electrical stimulation of this region caus-
es sleep (3, 4). Although neurons that are
selectively active during sleep have been
identified in the POA-BF (5, 6), no such
population with an implied role in sleep
generation has been anatomically charac-
terized. Because FOS protein accumulates
in recently activated neurons (7), we im-
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munocytochemically examined the expres-
sion of FOS in the brains of 20 rats whose
spontaneous sleep-wake behaviors were re-
corded (8), in order to identify sleep-acti-
vated cell groups. Animals were killed dur-
ing the light cycle at 10:00 (n = 8) or
16:00 (n = 7) or during the dark cycle at
22:00 (n = 5), after which their brains were
processed for immunocytochemical visual-
ization of FOS protein (9).

In agreement with published reports
(10), we observed fewer FOS-immunoreac-
tive (FOS-ir) neurons in brains from ani-
mals that were killed during the light cycle,
when rats sleep, than in brains from animals
that were killed during the dark cycle, when
rats are awake. However, two structures
thought to mediate circadian rhythms [the
intergeniculate leaflet (IGL) and the dorsal
suprachiasmatic nucleus (SCNd)] and a
group of cells in the ventrolateral preoptic
area (VLPO) showed a pronounced and
focal increase in the number of FOS-ir cells
in brains from animals killed during the
light cycle as compared with the dark cycle
(11). Although the IGL and SCNd consis-
tently contained numerous FOS-ir cells in
the brains of all animals killed during the
light cycle, the number of FOS-ir cells in
the VLPO of these animals was less consis-
tent and seemed more closely related to





