
Direct Observation of Individual KCNQ1 Potassium Channels
Reveals Their Distinctive Diffusive Behavior*□S

Received for publication, July 1, 2009, and in revised form, November 16, 2009 Published, JBC Papers in Press, November 23, 2009, DOI 10.1074/jbc.M109.039974

Gregory I. Mashanov‡, Muriel Nobles§, Stephen C. Harmer§, Justin E. Molloy‡1, and Andrew Tinker§2

From the ‡Medical Research Council National Institute for Medical Research, Mill Hill, London NW7 1AA and the §BHF Laboratories
and Department of Medicine, University College London, 5 University Street, London WC1E 6JJ, United Kingdom

We have directly observed the trafficking and fusion of ion
channel containing vesicles and monitored the release of indi-
vidual ion channels at the plasmamembrane of livemammalian
cells using total internal reflection fluorescence microscopy.
Proteins were fused in-frame with green or red fluorescent pro-
teins and expressed at low level in HL-1 andHEK293 cells. Dual
color imaging revealed that vesicle trafficking involved motor-
ized movement along microtubules followed by stalling, fusion,
and subsequent release of individual ion channels at the plasma
membrane. We found that KCNQ1-KCNE1 complexes were
released inbatches of about 5molecules per vesicle. To elucidate
the properties of ion channel complexes at the cell membrane
we tracked the movement of individual molecules and com-
pared the diffusive behavior of two types of potassium channel
complex (KCNQ1-KCNE1 and Kir6.2-SUR2A) to that of a
G-protein coupled receptor, the A1 adenosine receptor. Plots of
mean squared displacement against time intervals showed that
mobility depended on channel type, cell type, and temperature.
Analysis of themobility ofwild typeKCNQ1-KCNE1 complexes
showed the existence of a significant immobile subpopulation
and also a significant number of molecules that demonstrated
periodic stalling of diffusive movements. This behavior was
enhanced in cells treated with jasplakinolide and was abrogated
in a C-terminal truncated form (KCNQ1(R518X)-KCNE1) of
the protein. Thismutant has been identified in patients with the
long QT syndrome. We propose that KCNQ1-KCNE1 com-
plexes interact intermittently with the actin cytoskeleton via the
C-terminal region and this interaction may have a functional
role.

Ion channels are the major determinants of cell membrane
excitability and in particular potassium channels control the
resting membrane potential and govern repolarization. At the
molecular level potassium channels represent a large and
diverse gene family present in prokaryotes and eukaryotes (1).
In this study, we focus on two distinct channels of medical
importance (KCNQ1-KCNE1 and Kir6.2-SUR2A) and com-
pare them to an archetypal G-protein coupled receptor, the A1

adenosine receptor. KCNQ1 together with KCNE1 account for
an important repolarizing cardiac current, IKs, which charac-
teristically has slow activation kinetics (2, 3). IKs is a complex of
four pore forming � KCNQ1 subunits, and probably two �
KCNE1 proteins (4). Naturally occurring mutations in these
genes lead to the long QT syndrome and predispose patients to
sudden arrhythmic death (5). Potassium channels sensitive to
themetabolic status of the cell (known as KATP) exist in a num-
ber of tissues and, for example, in the pancreas are important
determinants of insulin release (6). KATP is an octameric pro-
tein complex composed of an inwardly rectifying K� channel
subunit (Kir6.1, Kir6.2), and a sulfonylurea receptor subunit, a
member of the ATP binding cassette family of proteins (SUR1,
SUR2A, SUR2B) (7). The importance of these channels in clin-
ical medicine has been emphasized by genetic defects that lead
to dilated cardiomyopathy (8) and disorders of insulin release
(9, 10). Here we have studied the molecular counterpart of the
cardiac channel (Kir6.2-SUR2A).
To complement the sophisticated single-channel data

obtained through patch clamping, it would be revealing to be
able to visualize individual ion channels in their native state
using optical methods. It is possible to obtain information
about protein mobility, membrane structure, protein-mem-
brane and protein-protein interactions by tracking the motion
of individual molecules moving at the plasma membrane. Sin-
gle molecule tracking is a non-invasive method because the
observed perturbations arise simply from thermal agitation.
Laser-based, total internal reflection fluorescence microscopy
(TIRFM)3 and use of highly sensitive camera systems enables
identification of single fluorophores in aqueous solution and on
the membrane of living cells (11–14).
Thermal forces (proportional to absolute temperature), drive

Brownian motion, and cause particles to diffuse. When parti-
cles move in an isotropic medium their trajectory is described
by a “randomwalk” whereby the mean squared displacement is
directly proportional to the time betweenmeasurements. How-
ever, if the medium (e.g. a biological cell membrane) is aniso-
tropic the diffusive path may no longer be described by a ran-
domwalk and this is called anomalous diffusion. The prevailing
view is that intrinsic membrane proteinsmight undergo anom-
alous diffusion either because of protein crowding effects (analog-
ous to negotiating buildings as one walks along the streets of
a city), due to interactions betweenmembrane proteins and the
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underlying cytoskeleton (like pausing to climb fences as one
walks through the countryside) or due to phase separation of
different lipid types within the membrane so that rafts are
formed that ensnare certain proteins that then move rapidly
within the raft but whose long rangemobility is governed by the
slow movement of the entire raft structure (15, 16).
In the present study, we use an approach that combines the

generation of functional chimeric K� channels fused in-frame
with the green fluorescent protein (GFP) and exploit the high
signal-to-noise imaging capabilities of TIRFM in mammalian
cells. We have been able, for the first time, to follow the fate of
ion channels as they are transported within the cytoplasm and
delivered to the plasma membrane. We quantified their diffu-
sive properties after release at the cellmembrane and compared
the behavior of K� channels and an archetypal G-protein cou-
pled receptor in the plasma membrane. We studied two differ-
ent cell types, HL-1 cells, one of the better cell culture models
for cardiomyocytes (17), and HEK293 cells, a classic heterolo-
gous expression system. Our results reveal that wild type
KCNQ1-KCNE1 potassium channel complexes show a stop-
start, or transient confinement behavior (18) in HL-1 cells,
which is obviated in a human mutation underlying the
“long-QT syndrome.”

MATERIALS AND METHODS

Molecular Biology

A fusion between GFP and human KCNQ1 and the deletion
mutant KCNQ1(R518X) was created using PCR as previously
described (19). eGFPwas fused to theC terminus of the channel
in both cases. The two plasmids (KCNQ1-GFP and KCNE1)
were expressed at a 1:1 concentration ratio for transfection.
Kir6.2-GFP was a gift from Dr. B. Ribalet (20). SUR2A was
expressed in pcDNA3 and was expressed in a 1:2 (Kir6.2-GFP
and SUR2A) concentration ratio for transfection. A1-GFP was
generated by releasing theA1 fragment fromA1-YFP (21) using
a KpnI/HindIII digest and cloning into eGFP-N1. Tubulin-
mRFP was a gift from Dr. T. Carter.

Cell Culture

HEK293 cells were cultured and transfected with Lipo-
fectamine or Lipofectamine 2000 as previously described (22).
TheHL-1 cells were a generous gift fromProf.WilliamC. Clay-
comb and were grown in Claycomb medium supplemented
with 10% fetal bovine serum (Sigma), 2 mM L-glutamine, 100
units/ml of penicillin, 100 �g/ml of streptomycin, and 0.1 mM

norepinephrine (Sigma). The medium was replaced every day,
and cells were grown on T75 flasks pre-coated with gelatin/
fibronectin. For TIRF microscopy and confocal imaging, HL-1
cells were seeded at a lower density (1:20) on 25-mm glass cov-
erslips (BDH) or glass-bottom Petri dishes (Mattek). HL-1 cells
were transfected using FuGENE HD transfection reagent
(Roche Applied Science). Cells were plated 48–72 h before
transfection. The transfection complex contained 97�l of Clay-
comb medium (no supplement), 5 �l of FuGENE HD, and the
DNA. The transfection complex was added to the cell culture
and left for 24 h. Experiments were performed 48 h after trans-
fection. Under our standard transfection conditions with cells
in 35-mm dishes we used 800–1600 ng of DNA for both cell

types. However, in single molecule experiments with TIRFM
we titrated this downwards to 25–160 ng in total (25–80 ng of
each individual construct for cotransfections but generally 40
ng for each construct) for both cell types. This led to high effi-
ciency transfection but relatively low-level protein expression
in individual cells and so made single-particle tracking easier.
The plasmid expressing KCNE1 is smaller (�5 kb) than that
expressing KCNQ1-GFP (�8 kb) thus the molar ratio
approached 1:2.

Microscopy

Laser Scanning ConfocalMicroscopy—Live cells were imaged
using a Bio-Rad Radiance 2100 laser scanning confocal system
attached to a Nikon TE300 inverted microscope (Bio-Rad).
Cells were imaged through a Plan Apo �60 oil objective with a
NA of 1.4 in HEPES-buffered Opti-MEM (containing no phe-
nol red) at room temperature. EGFPwas excited using an argon
488-nm laser and emission recorded using a LP500-nm filter.
TIRFM—Cells were grown on circular No. 1 coverslips and

placed into sealed imaging chambers for TIRFM experiments.
The cell mediumwas replaced with balanced Hanks’ salts solu-
tion containing 10% fetal calf serum and 20 mM HEPES (pH
7.4). All chemicals were obtained from Sigma. The microscope
(Axiovert-S100, Zeiss, Germany) was equipped with a temper-
ature-controlled incubator (Solent Scientific, UK) that allowed
us to conduct experiments at between 23 and 37 °C. The
TIRFM imaging system has been described (13). A brief
description follows; blue and green laser beams (488 nm, 20
milliwatt, Protera 488, Novalux, Sunnyvale, CA; 532 nm, 50
milliwatt, Suwtech 532–50 with 1500 LDC controller, SP3-Plus
Tunbridge Wells, Kent, UK) were expanded using a Galilean
beam expander and focused at a small silveredmirror located at
the back focal plane of an objective lens (AlphaPlan, �100, NA
1.45, Zeiss, Jena, Germany). Incident laser beams were adjusted
to 64° to create the evanescent field at the glass-water interface.
A digital EMCCDcamera (iXon897BV,Andor, UK)was used to
acquire video sequences that were stored directly on a com-
puter hard drive using a computer frame grabber card and pro-
prietary software. To visualize green and red fluorescent pro-
teins in the same specimen, appropriate laser excitation (488 or
532 nm) and emission filter (ET525/50M for GFP; HQ590/50
M formRFP;ChromaTechnologyCorp., Rockingham,VT)was
selected.

Patch Clamping

Currents were recorded from transfected cells as previously
described in Ref. 19. Steady-state relative activation was mea-
sured as previously described and data analyzed using Clampfit
and Microcal Origin software (19, 23).

Single Molecule Identification and Tracking

Analysis of video sequences was performed using custom-
written image processing software that automatically detects
individual objects of the correct size, intensity, and temporal
characteristics to identify them uniquely as single fluorophores
(24). All tracks used for the analysis had a minimal trajectory
length of 20 points. Mean squared displacement (MSD) values
were derived from the behavior of many hundreds of individual
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objects over a range of time intervals (�T). The slope of MSD
versus �T plots gives an estimate of the coefficient of lateral
diffusion, Dlat (because MSD � 4Dlat�T), and the shape of the
plot indicates the type of diffusive mechanism.

RESULTS

Using confocal microscopy we
found that KCNQ1-GFP-KCNE1
and A1-GFP showmembrane local-
ization in HL-1 cells (Fig. 1). How-
ever, there was significant intracel-
lular fluorescence with a deletion
mutantKCNQ1(R518X)-GFP-KCNE1
(see below) as previously described
(19) and Kir6.2-GFP-SUR2A de-
spite the generation of membrane
currents (Fig. 1). We and others
have previously established that
the functional behavior of these
GFP-fused proteins is comparable
with their wild-type counterparts
(19, 20, 25).
Using TIRFM imaging we ob-

served HL-1 and HEK293 cells
24–48 h after transfection with
KCNQ1-GFP-KCNE1 and observed
directed movement of bright, punc-
tate objects along straight trajecto-

ries (Fig. 2A and supplemental Movie 1) over a distance of �10
�m and at an average speed of 1.8 �m s�1 (Fig. 2C). Kir6.2-
GFP-SUR2A and A1-GFPwere also observed to be transported
in similar vesicles (not shown). Dual-color imaging using
HEK293 cells were co-transfected with both mRFP-tagged
tubulin and KCNQ1-GFP-KCNE1 potassium channels. The
trajectories overlapped exactly with the underlying microtu-
bule structures and the trajectory of some particles showed
abrupt changes in direction as they switched from one micro-
tubule track to another (Fig. 2B and supplementalMovie 2).We
studied the particle movement in greater detail by time-lapse
TIRFM imaging (10 frames s�1 with 30-ms exposure/illumina-
tion time) of KCNQ1-GFP-KCNE1 expressed in HEK293 cells.
On many occasions we observed particles fusing at the cell
membrane and it became clear that we were observing the
process of vesicle trafficking and fusion at the plasma mem-
brane. Fusion events were characterized by vesicles moving
steadily toward the cell membrane, pausing for a brief period
(Fig. 3A and supplementalMovie 3) duringwhich time the fluo-
rescence intensity would suddenly increase and then rapidly
decrease again as individual molecules rapidly diffused away
from the release point.
The entire fusion process took several seconds to complete

(Fig. 3A) and led to the production of�5KCNQ1-GFP-KCNE1
visible complexes (average of 58 fusion events, minimum � 3
maximum� 8) at the cellmembrane. The number of individual
GFP-tagged molecules that were counted moving away from
the fusion site was directly proportional to the integrated inten-
sity of the vesicle immediately prior to the release event. The
fusion process took a number of seconds to complete (Fig. 3,
A and B) and the simplest kinetic scheme to explain the
distribution of vesicle lifetimes, Tfusion, prior to ion channel
release, consists of a two-step process (schematic inset in Fig.
3B). The model implies that vesicles require about 3 s to

FIGURE 1. Imaging with confocal microscopy in live HL-1 cells. A (upper), KCNQ1-GFP-KCNE1 localizes to the
plasma membrane and (lower) the mutant KCNQ1(R518X)-GFP-KCNE1 shows diffuse punctate localization and
weak localization to the plasma membrane. B, Kir6.2-GFP-SUR2A localizes partially to the cytoplasm. C, A1-GFP
localizes to the plasma membrane. Scale bars are 10 �m.

FIGURE 2. The delivery of KCNQ1-GFP containing vesicles to the plasma
membrane of HEK-293 cells visualized by TIRFM at 37 °C. A, shows trajec-
tories (white lines) of KCNQ1-GFP containing vesicles moving within HL1 cells.
The initial frame in the video sequence is shown overlaid and illustrates how
the low background imaging provided by TIRM allows individual vesicles to
be tracked as they move toward the cell periphery. B, dual color TIRF imaging
of HL-1 cells co-transfected with KCNQ1-GFP-KCNE1 and mRFP-tubulin
shows that vesicle tracks (white lines) follow closely the path of microtubules
shown as the overlaid image. Scale bars are 5 �m. C, a histogram showing the
distribution of velocities measured for the vesicles tracked above indicates a
mean velocity of 1.8 �m s�1.
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become fusion competent or fully docked (Fig. 3B, inset
process “a 3 b”) and then a further �3 s before the ion
channels are released (Fig. 3B, process “b3 c”). The fluores-
cence intensity of the vesicles identified in Figs. 1–3 were
5–20-fold brighter than individual channel complexes (see
below) and their intensity decayed in a relatively smooth,
exponential, fashion as expected for an object consisting of
multiple (e.g. �10) fluorophores.
To study the diffusion of individual molecular complexes at

the plasma membrane we used cells (HL-1 and HEK293) that
expressed GFP-tagged proteins at low levels. Our expression

levels yielded less than 0.2 molecules/�m2 of basal cell mem-
brane, which is below that used for our confocal imaging work
(above and see “Materials and Methods”). We first patch
clamped these cells to check for channel expression by mea-
suring the characteristic currents encoded by these potassium
channel cDNAs. The expression of KCNQ1-GFP alone led to a
small increase in outward K� currents and the presence of a
small tail current. Co-expression of KCNQ1-GFP with KCNE1
led to a substantial increase in outward currents that showed
characteristically slowed activation kinetics and a rightward
shift in the steady-state activation curve (Fig. 4). The fluores-
cence of KCNQ1-GFP was too faint to be detected with our
standard epifluorescence setup on the patch clamping micro-
scope so we co-transfected 40 ng of cDNA encoding eGFP to
enable identification of transfected cells.
Given the results in Fig. 4 that suggest even under these

transfection conditions there are significant numbers of fully
assembled and functional KCNQ1-GFP-KCNE1 complexes
present in the membrane we undertook further TIRFM imag-
ing studies. Under low expression conditions we were able to
visualize individual molecules as separate spots of light and
could track themas they diffused at the basal plasmamembrane
(left-hand panels of Fig. 5, A and B, and supplemental Movies
4–6). We confirmed that they were single molecular com-
plexes using the so-called “DISH” criteria requiring that objects
be diffraction limited size, have an appropriate intensity (com-
pared with control samples consisting of immobilized single
GFP molecules), show stepwise photobleaching and have a
half-life proportional to excitation power (14). To generate
large data sets, we collected video images from a region of the
cell for about 8 s and then turned off the laser illumination for 3
min to allow new, fluorescently tagged, molecules to diffuse
from the unilluminated part of the cell into the observation
region. This protocol was repeated about 6 times to gather
500–2000 identified objects for each cell studied. An automatic
single particle tracking algorithm was used to detect and track
the trajectories (i.e. the x-y coordinates and intensity over time)
of individual fluorophores with subpixel resolution (24). The
mean intensity of every spot, whichwas tracked for�10 frames,
was plotted as a single dot, color-coded to represent the mean
pixel intensity over a 5 � 5 pixel area about the x-y centroid
coordinate (right-hand panels of Fig. 5, A and B, and supple-
mental Movies 7–10).
Because the KCNQ1 channel is a homotetrameric complex

(26) there should be four GFPs per channel, whereas the A1
adenosine receptor probably exists either as a monomer or
dimer (25, 27). So, we expect photobleaching of the individual
complexes to exhibit several stepwise drops in intensity as they
bleach (28). However, because the channels and receptors dif-
fuse rapidly at the plasma membrane it is not easy to follow
their intensity over time and observe multiple photobleaching
events and thereby simply count the number of GFP fluoro-
phores (28). To monitor the intensity of an individual complex
itmust be tracked fromone frame to the next as it diffuses at the
plasma membrane. This requires video acquisition at 30
frames/s and high laser excitation power so that the fluorescent
spots can be identified above the background noise in each
video frame. Consequently, the photobleaching rate is high (0.6

FIGURE 3. A, the characteristic time course of KCNQ1-GFP-KCNE1 vesicle
fusion consisting of approach, docking, fusion, and then release of ion chan-
nels from an individual vesicle. Fluorescence intensity at the fusion zone
(0.5 � 0.5 �m2 region) is plotted against time. The panel of images above
shows a film strip of an area (3.5 � 3.5 �m2) around the fusion site. The images
are aligned roughly to correspond to the intensity versus time plot below. The
graph shows how intensity rises abruptly when the vesicle arrives at the
fusion site (“docking” at t � 2 s), declines slightly due to photobleaching and
rises again shortly before ion channel release (“fusion” at t � 5 s). TIRFM
imaging of HEK-293 cells were recorded at 37 °C. B, to investigate the kinetics
of the fusion process, the distribution of “docked” vesicle lifetimes (time,
Tfusion, in panel A) were plotted as a cumulative frequency plot (i.e. number of
intact vesicles remaining after each time interval) against time. The lifetimes
do not fit to a single exponential process but instead fit moderately well to a
two-step kinetic process. The kinetic scheme (inset) shows how two sequen-
tial processes might be required for the docking and fusion process (sche-
matic). The least squares fitted line is given by the solution to such a two-step
sequential scheme. The fitted line here and elsewhere in the paper was
obtained by iterative, least squares error minimization based on a generalized
reduced gradient method (using the ExcelTM, “Solver” option). The goodness
to fit (given by �2 value) is better than 95% here and for all other fitted lines
except where indicated otherwise. The functional form of the fitted line is of a
two-step, sequential, biochemical process: At� A0 (e�k1t � ((k1)/(k2 � k1)
e�k1t � (k1)/(k2 � k1) e�k2t), where A0 � 57; k1 � 0.33 s�1; k2 � 0.34 s�1.
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s�1) and also theGFP fluorophores tend to blink on andoff (29).
This means that the expected two- or four-step sequential pho-
tobleaching is rarely observed. However, we can show that both
A1 receptors and KCNQ1 channels exhibit the expected mul-
tilevel fluorescence, characteristic of fully formed molecular
complexes, bymonitoring the distribution of intensity levels for
the population of spots as a function of time. The intensity
distribution for KCNQ1 channels and A1 receptors at the start
and end of a record are shown in Fig. 5, A and B (right-hand
panels) (and as animated histograms in supplemental Movies 8
and 10). The intensity of a cluster of GFP fluorophores will be
proportional to the number of fluorophores, whereas the noise
is proportional to the square root of the average intensity. So,
the distribution of intensities for a population of complexes can
be modeled as the sum of Gaussian terms. Because we can
measure the photobleaching rate (Fig. 6A) and the intensity and
noise level for an individual GFP monomer we can model the

system over time in terms of a
sequential reaction pathway (e.g.
43 33 23 13 0 fluorophores)
with a single amplitude scaling
parameter (Fig. 6B). The simple
model presented here ignores blink-
ing (which can be modeled by
including reversible steps in the
pathway) because we found that the
change in intensity distribution
with time is similar for more com-
plex pathways (data not shown).
The intensity distributionmeasured
for a population of spots toward the
start and end of a single recording
(Fig. 6C, labeled i and ii, respec-
tively) is consistent with there being
4 GFP fluorophores per complex
(also see supplementalMovies 7 and
8). The intensity histograms for A1
receptors are consistent with a mix-
ture of dimers and monomers (Fig.
5B, right-hand panel, and supple-
mentalMovies 9 and 10). The inten-
sity trajectories measured for indi-
vidual spots plotted as a function of
time (Fig. 6D) show complicated
patterns of behavior. Some spots
show obvious, single or multiple,
stepwise bleaching but most do not.
A frequent observation is where a
spot suddenly becomes darker and
then brighter again (Fig. 6D). This
could result from a combination of
GFP blinking (29) or spots diffusing
close to one another causing an
apparent transient rise and fall in
their intensity trajectories.
The lateral mobility of an individ-

ual fluorescent particle was mea-
sured by tracking its position over

time (Fig. 7). If the particle motion follows a random walk then
a plot of MSD against time interval (�T) (15) will be linear with
a gradient proportional to the lateral diffusion coefficient, Dlat
(Fig. 8A). Deviations from linearity imply that particle mobility
is anomalous and mobility is either length or time scale depen-
dent. Because the movement of each particle gives an indepen-
dent estimate, Dlat values can be histogrammed to show how
they are distributed (Fig. 8 B) or averaged to give a mean esti-
mate for Dlat (Table 1). The shape of the distribution can con-
firm if the population behaves in a homogenous fashion or if
some particles behave in an aberrant way. We find that for
particles tracked over a limited period of time the histogram of
estimated Dlat values exhibits a smooth, � distribution. How-
ever, if there is a fast or slow moving subpopulation then the
distribution deviates significantly froma simple� function (15).
This behavior is evident when we compare data obtained for
both A1 and Kir 6.2 with that of KCNQ1 (Fig. 8B).

FIGURE 4. Patch clamp characterization of low-level expression of KCNQ1-GFP and KCNE1 in HEK293
cells. A, representative traces of currents produced by HEK293 cells that are transfected with KCNQ1-GFP (40
ng) and KCNE1 (40 ng), KCNQ1-GFP (40 ng) and pcDNA3.1 (40 ng), or pcDNA3.1 alone (80 ng). To identify
transfected cells eGFP (40 ng) was co-transfected and the transfected cells identified by epifluorescence. The
currents displayed are normalized to cell capacitance. The voltage protocol used is shown in the inset. B, max-
imal current density normalized to cell capacitance (nA/pF). * indicates a significant difference (p � 0.05)
between the current density values for KCNQ1-GFP (40 ng) � KCNE1 (40 ng) � eGFP (40 ng) compared with
those for KCNQ1-GFP (40 ng) � pcDNA3.1 (40 ng) � eGFP (40 ng). † indicates a significant difference (p � 0.05)
between the current density values for KCNQ1-GFP (40 ng) � pcDNA3.1 (40 ng) � eGFP (40 ng) compared with
those for pcDNA3.1 (80 ng) � eGFP (40 ng). C, normalized voltage-dependent activation curves of KCNQ1-GFP
(40 ng) expressed with or without KCNE1 (40 ng). The activation curves are fitted with Boltzmann functions (y �
[1 � exp(V0.5 � V)/(slope factor)]�1, solid lines) using non-linear regression. For KCNQ1-GFP (40 ng) � KCNE1
(40 ng), V0.5 � 29.5 	 1.8 mV and slope factor � 9.86 	 0.93 mV. For KCNQ1-GFP (40 ng) alone, V0.5 � �11.44 	
3.39 mV and slope factor � 23.0 	 2.28 mV. The residual steady-state activation with KCNQ1-GFP hyperpolar-
ized potentials reflects endogenous current expression. Despite this the relationship is obviously rightward
shifted with coexpression of KCNE1. Data are presented as mean 	 S.E. (n � 5). The V0.5 values shown in C are
significantly different (p � 0.05) from each other. * indicates a significant difference (p � 0.05) between the
steady-state activation values for KCNQ1-GFP (40 ng) � KCNE1 (40 ng) � eGFP (40 ng) compared with those for
KCNQ1-GFP (40 ng) � pcDNA3.1 (40 ng) � eGFP (40 ng).
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The average lateral diffusion coefficient of KCNQ1-GFP-
KCNE1 in HL-1 cardiomyocytes was significantly greater than
that of Kir6.2-GFP-SUR2A (using a Student’s t test statistic,
where n � number of cells, p � 1% see supplemental Table S2)
but less than that of the A1 adenosine receptor (p � 1%, see
supplemental Table S2 and Fig. 8). We found that mobility of
the membrane proteins was cell context dependent in that the
lateral diffusion coefficients for KCNQ1-GFP-KCNE1 and A1
adenosine receptors were significantly higher in HEK293 cells
compared with HL-1 cells (p � 1%, see supplemental Table 3).
For the rest of this studywe focused our attention onHL-1 cells.
We found that Kir6.2-GFP-SUR2A and A1-GFP showed a lin-
ear MSD versus �T relationship, characteristic of an unre-
stricted random walk, expected for freely diffusing molecules
(Fig. 8A). However, the MSD versus �T plot for KCNQ1-GFP-
KCNE1 indicated reduced mobility at large distances and lon-
ger time intervals (Fig. 8A). We found that a histogram of the
individual estimates of Dlat for KCNQ1-GFP-KCNE1 mole-
cules showed a population of molecules with very restricted
mobility (13% of molecules had Dlat � 0.02 �m2 s�1) (Fig. 8B).
In contrast to the other two proteins examined, the shape of the
distribution did not fit well to a simple � function as expected
for freely diffusing molecules. When we excluded the slow-
moving or essentially immobile subpopulation of molecules
from theKCNQ1-GFP-KCNE1 data set we found that theMSD
versus �T plot became linear and the apparent restriction at
longer time intervals disappeared, indicating that the curvature
in the plot is due to this subpopulation of molecules that dom-
inate the data set at longer, �T, time intervals. We investigated
the temperature dependence of channel movements at the cell
membrane by lowering the incubator system temperature from
37 to 23 °C. Mobility of Kir6.2-GFP-SUR2A decreased more

than 2-fold but the distribution of Dlat values remained unimo-
dal (supplemental Fig. S2).
When we examined the individual molecular trajectories for

KCNQ1-GFP-KCNE1 we noted that some molecules under-
went periodic “stop-start” diffusive motions, in which periods
of rapid diffusion were interspersed with intervals of highly
restricted motion. Such behavior was not seen in Kir6.2-GFP-
SUR2A or in the A1-GFP records. The intermittent stop-start
motions were identified both in HL-1 and HEK293 cells (Fig.
9A) with about 0.5% of all detected molecules showing this
behavior. Lifetimes of the immobile intervals were stochastic
and the distribution of event lifetimes fitted well to a single
exponential process (termination rate constant of �4 s�1) (Fig.
9B) consistent with a single kinetic process (e.g. an unbinding
event).
To explore this observation further and specifically test if

KCNQ1 was binding to the actin cytoskeleton we used the
actin-polymerizing drug jasplakinolide (3 �M) to increase the
density of the cortical actin meshwork (30). In these experi-
ments we used HEK293 cells as they had a smaller immobile
fraction of KCNQ1-GFP-KCNE1 under control conditions.
Recordings were made from the same cell immediately before
and after 40 min of jasplakinolide treatment at 37 °C (3 experi-
ments). We found that Dlat fell from 0.19 to 0.09 �m2 s�1 and
the immobile fraction (Dlat � 0.02 �m2 s�1) increased dramat-
ically from 6 to 19% (Fig. 10, A and B). This effect was specific
for KCNQ1-GFP-KCNE1 as when we performed analogous
experiments with A1-GFP mobility was unaltered (Fig. 10B,
inset).
The intracellular C terminus of KCNQ1 contains an impor-

tant coiled-coil protein interaction motif responsible for chan-
nel assembly and governs interaction with the protein kinase A

FIGURE 5. Individual molecular complexes were visualized using TIRF microscopy. A and B, left-hand panels show single video frames captured at the start
of experiments in which KCNQ1-GFP and A1-GFP adenosine receptors were imaged using TIRFM. The images are displayed using an inverted grayscale lookup
table so that individual fluorescent spots appear black on a white background. The two panels on the right of each figure show individual spots as a color-coded
dot plot that represents the mean pixel intensity, integrated over a 5 � 5 pixel region. A histogram of the spot intensities and a least-squares fit to the sum of
four Gaussian curves (see Fig. 6 for description) is show as an inset graph. The upper panels are data obtained at the start of the recording period and the lower
panels are data collected toward the end of the recording (about 3 s later). The entire video sequence, the corresponding dot-plot representations, and
intensity histograms are shown animated in supplemental Movies 7–10.
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anchoring protein (AKAP) “yotiao”
(31–33). To investigatewhether this
region is important in restricting
the diffusion of the channels we
studied a truncated mutant of
KCNQ1 called R518X (KCNQ1-
(R518X)-GFP-KCNE1) in HL-1
cells. The mutation underlies some
cases of the Jervell-Lange-Nielsen
variant of the long QT syndrome
(19, 23). We found that the R518X
channel complex showed an aver-
age Dlat similar to the full-length
parent molecule (KCNQ1-GFP-
KCNE1), however, the immobile
fraction was virtually absent (Fig.
10D) and the distribution ofDlat was
well described by a simple � func-
tion (compare with Fig 10B). Also,
the MSD-�T plot for R518X was
more linear, again suggesting free
diffusion without any anomalous
behavior (Fig. 10C). Together our
findings with jasplakinolide treat-
ment and the properties of the
truncated mutant R518X imply
that the coiled-coil domain in
KCNQ1 is involved in arresting
diffusion by interacting directly or
indirectly with the underlying
actin cytoskeleton.

DISCUSSION

We have been able to observe in
detail the fusion of ion channel con-
taining vesicles and subsequent
release of individual channel com-
plexes at the plasma membrane.
Fusion eventswere seen as a distinc-
tive process involving motorized
movement of channel-containing
vesicles within the cytoplasm
toward a site of fusion at the plasma
membrane. The distance (�10�m),
speed (�2 �m/s), and linearity of
the vesicle trajectories argue
strongly that transport is occurring
on microtubules, which was con-
firmed by direct observation of ves-
icle movements in cells containing
fluorescently labeled microtubules.
Kir6.2-GFP-SUR2A and A1-GFP
were also observed to be trans-
ported in similar vesicles suggest-
ing that such behavior was not spe-
cific for KCNQ1-GFP-KCNE1. The
directionality (toward the cell
periphery) implies it would be due
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to a plus-end directed motor, probably of the kinesin family. A
direct interaction of the N terminus of KCNQ1 with �-tubulin
has been observed but the authors concluded that this interac-
tion was important for channel regulation by protein kinase A
and not transit of channel containing vesicles (34).
Prior to fusion, vesicle movement suddenly ceased and there

was a pause of �3 s after which fluorescence intensity tran-
siently increased and then rapidly decreased to background lev-
els as individual fluorescent objects diffused away from the
fusion site. On average, 5 objects diffused away from the fusion
site and their summed fluorescence intensity was equal to that
of the vesicle measured immediately prior to release. The aver-
age intensity of the released objects corresponded to that of
individual fluorophores measured in control experiments. So,
the conclusion is that each vesicle carries at least 5 ion channels
and all are released in a single fusion event. Earlier studies
showed that the summed intensity of dye released from secre-
tory granules was greater than the intensity of the granule
immediately prior to fusion (35). Because the secretory gran-
ules are spherical the excited volume is distributed across the
decaying evanescent field and they are therefore exposed to
lower average energy than the dye on the plasma membrane.
The improved time resolution of the current study (100 versus

FIGURE 6. Analysis of the spot intensities reveals that KCNQ1-GFP-KCNE1 exists as a homotetramer. A, the bulk photobleaching rate was determined
experimentally by measuring the summed intensity over the entire cell area over time. The photobleaching rate shown here (0.6 s�1) is typical for all our
experiments. B, sequential photobleaching of a tetrameric molecule with four GFP tags can be modeled as an irreversible, 4-step process; this is shown in the
kinetic scheme. The evolution of differently labeled species (4333 23 13 0) over time was modeled by the numerical solution of the differential equations
(using a Runge-Kutta approximation in IgorProTM, Wavemetrics, Lake Oswego, OR). The intensity of an individual GFP fluorophore was determined from
immobilized monomeric GFP in control specimens (5 � 5 pixel area gave an average of 20 counts/pixel/image frame). The intensity distribution measured for
a population of individual spots over time can be modeled as the sum of four Gaussian terms, corresponding to complexes with 4, 3, 2, and 1 labels. C, the
experimentally observed distributions measured over the time periods shown in gray (labeled i and ii) are plotted for an experiment with KCNQ1. D, when the
intensity of individual spots is plotted against time we find that there is a complicated pattern of behaviors. Some spots show multistep sequential photo-
bleaching. On the chosen color scale they change from blue to green to yellow to red and then disappear. However, many spots show sudden drops and rises
in intensity consistent with GFP blinking or because spots merge and then move apart again on the video images. See supplemental Movies 7–10. By definition,
at the end of each track the intensity falls to zero (the background level). The plotted line is color-coded identically to Fig. 5 so as to emphasize transitions
between different intensity levels and shows that the chosen color lookup table corresponds closely to the discrete intensity levels.

FIGURE 7. Imaging of single ion channels using TIRFM in live HL1 cells at
37 °C (see supplemental movies) allows individual molecular trajecto-
ries to be followed in space and time. Custom image analysis software
analyses the tracks of individual, diffraction limited spots corresponding to
the location of each molecule. The diagrams show tracks determined for dif-
ferent proteins over a 15-s interval. A, trajectories of individual KCNQ1-GFP-
KCNE1 ion channels is shown with the inset below showing a zoomed area.
B, Kir6.2-GFP-SUR2A, lower inset shows the zoomed area. C, A1-GFP, lower
inset shows the zoomed area.

FIGURE 8. Graphs describing the diffusive motion of KCNQ1-GFP-KCNE1,
Kir6.2-GFP-SUR2A, and A1-GFP at the plasma membrane of HL-1 cells
measured at 37 °C using TIRFM. A, plots of the averaged MSD versus �T are
shown for KCNQ1-GFP-KCNE1 (E) and Kir6.2-GFP-SUR2A (�) and A1 recep-
tors (�). Note the deviation from linearity found for KCNQ1 at time intervals
above 0.2 s. B, distribution of estimates of Dlat for the population of molecules
studied shown as a histogram (symbols as for panel A). The solid lines are
least-squares fits to a � probability density function. Where y �(1)/
(baÃ(a))xa�1 � e(�x)/(b), in which b determines scale and a shape (note: 
(a) is
the � function of a). Note that the function fits the data for A1-GFP and Kir6.2-
GFP (�2 �� 95%) but is a very poor fit to the data obtained for KCNQ1-GFP
(�2 � 0%) (the data are summarized in Table 1). The right y axis refers to the
Dlat distribution for Kir6.2-GFP-SUR2A.
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500 ms) has allowed us to measure the intensity of a fusion
vesicle after it collapsed and fused with the membrane. This
process gives rise to a transient fluorescence rise immediately
prior to objects diffusing from the fusion point. Because some
GFP molecules are photobleached (photobleaching rate was
about 0.3 s�1 in these experiments) during the docking process,
we estimate the total number of channels released is about
twice the number of observed fluorescent spots.
The distribution of waiting times between arrested vesicle

motion and fusion is not well described by a single exponential
process. There were no events occurring with less than a 2.5-s
pause. The probability of missing short-lived events (�2.5 s) is
low because the time resolution of the imaging system is 100ms
(�25 faster). The observed kinetics can be explained by a two-
step process. After a vesicle arrives at the fusion site, a process
lasting about 3 s occurs before the vesicle becomes competent
to fuse with the plasma membrane. The model implies that the
fusion-competent vesicle structure has an average lifetime of a
further 3 s before it releases the channels into the plasmamem-
brane. Generally, ion channels are assumed to be delivered to
the plasma membrane via bulk constitutive transport in the
secretory pathway even in cells with prominent regulated exo-

cytosis (26, 36). It is also becoming apparent that surface deliv-
ery of ion channels is regulated by cell signaling pathways (37).
O’Connell and co-workers (38, 39) observed delivery of Kv2.1
potassiumchannels containing vesicles to the plasma cellmem-
brane of HEK293 and cultured hippocampal neurons at 37 °C.
The actual delivery of GFP-Kv2.1 channels to the plasmamem-
brane took place in 10–15 s, which is 50 times slower the fusion
rate of KCNQ1 containing vesicles reported here. At the same
time the degree of vesicle mobility (0.3–1 �m s�1) was similar
to our observations of 1.8 �m s�1 for KCNQ1 containing vesi-
cles. Zhao et al. (40) studied constitutive exocytosis of vesicles
containing a truncated version of the Kir6.2-eGFP potassium
channel in HEK293 cells. They did not observe any delays
between vesicle docking and channel release but found a signif-
icant increase in vesicle fluorescence at the beginning of the
fusion event. They attribute this phenomenon to a change in
GFP fluorescence as it moves from the relatively acidic intrave-
sicular environment to the neutral pH of the external medium
during fusion pore opening. In our case, the GFP was fused to
the intracellular domain of the KCNQ1 molecule, which is
located on the cytoplasmic face of the vesicular membrane and
therefore is not affected by intravesicle pH changes during the
fusion event.
By tracking themovement of single fluorophores using TIRF

microscopy we have found that the diffusion of A1-GFP adeno-
sine receptor, Kir6.2, KCNQ1(R518X) mutant, and the major-
ity of wild type KCNQ1, channels at the plasmamembrane was
well described by a simple Brownian walk. This is consistent
with the work of Nechyporuk-Zloy et al. (41) showing that a
calcium-activated potassium channel, KCa3.1, exhibited linear
MSD versus�T plots and the average Dlat that they determined
was close to values for Kir6.2 and KCNQ1 reported here.
We found that the cell context has a strong influence on

lateral diffusion coefficient: HEK293 cells, a commonly used,
immortalized cell line for the heterologous expression of pro-
teins display relatively rapid diffusion of proteins, whereas
HL-1 cells, derived from mouse atrial cardiac myocytes that
closely resemble acutely isolated adult cardiomyocytes (17),
show slower rates of diffusion. This result is not surprising
given the differing membrane environment, particularly lipid
composition and potential differences in the cytoskeleton
below themembrane.Within a particular cell type for the three
proteins examined there is a substantial difference in mobility.
In HL-1 cells where we have examined all three proteins these
differences scale with the differing number of transmembrane
domains in the complexes and their molecular mass. Kir6.2-
GFP-SUR2A is an octamer with a total of 76 transmembrane
chains and amolecularmass of�992 kDa (7). This large protein
complex has the slowest diffusion. The KCNQ1-GFP-KCNE1

FIGURE 9. Analysis of the diffusion of KCNQ1 channels (in HEK293 cells,
37 °C) indicates a transient, stop-start, behavior. A, velocity and vari-
ance of molecular displacements are plotted against time for 11 mole-
cules concatenated into a single data series. The vertical dotted lines indi-
cate where data for each molecule starts and ends. The horizontal dotted
line indicates the variance threshold used to discriminate periods of
paused movement. B, histogram showing the distribution of the lifetimes
of paused intervals. The solid black line is a least-squares fit to a single
exponential, At � Aoe�rt, where r � 4 s�1.

TABLE 1
Average lateral diffusion coefficients (�S.E.) of integral membrane proteins in HL1 and HEK293 cells measured at 37 °C, sample sizes (number
of objects and number of cells) is shown
A more detailed version of this is given in supplemental Table S1.

Protein KCNQ1-KCNE1
KCNQ1(R518X)-KCNE1, HL1 Kir6.2-SUR2A, HL1

A1
Cell type HL1 HEK HL1 HEK

Dlat (�m2 s�1) 0.11 � 0.008 0.19 � 0.01 0.14 � 0.04 0.07 � 0.004 0.16 � 0.01 0.41 � 0.016
n (n-cell) 16,081 (11) 11,436 (10) 6,174 (4) 15,906 (13) 5,542 (6) 6,222 (8)
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K� channel is a tetramer of the pore forming subunit and a
probable dimer of the modulatory KCNE1 subunit (4). This
complex has 26 transmembrane chains and amolecularmass of
�438 kDa and intermediate mobility in the plasmamembrane.
Traditionally, G-protein coupled receptors have been thought
of as monomeric proteins, however, recently there has been a
revision of this view with evidence for dimers and even higher
order oligomers (42). Assuming a dimeric arrangement this
gives a total of 14 transmembrane chains and a molecular mass
of 128 kDa. It is the fastest moving of the intrinsic membrane

proteins we have studied and ourmeasurements are in approx-
imate agreementwith those determined from fluorescence cor-
relation spectroscopy (43). In K� channels, ATP binding cas-
sette transporters, and G-protein coupled receptors the
transmembrane amino acid chains are predominantly arranged
as � helices that probably pack into roughly cylindrical shapes
and each individual transmembrane helix is likely to have the
same mass resident in the membrane (44–46). We expect the
radius (R) of the packed cylinder to scale with the square root of
the number helices. Modeling membrane proteins as cylindri-

FIGURE 10. The effect of jasplakinolide treatment on the mobility of KCNQ1-GFP-KCNE1 ion channels and the effect of artificially truncating the
molecule (mutant R518X) to remove its C-terminal protein kinase A anchoring protein domain. A, plot of MSD versus �T for KCNQ1-GFP-KCNE1 (E) in
HEK293 cells is fairly linear over the full range of the plot. Following treatment with 3 �M jasplakinolide (�) for 40 min mobility is reduced and restricted (or
anomalous) diffusion occurs at times greater than 0.4 s. B, histograms showing the distributions of Dlat for the above data (panel A) reveals that the anomalous
behavior seen after jasplakinolide treatment is due to a significant population of slow moving molecules (peak near to zero Dlat). The lines between data points
simply connect them to aid visualization. An analogous experiment performed with A1-GFP shows that the addition of 3 �M jasplakinolide (filled squares show
after treatment) for 40 min did not affect mobility (inset). The x and y axis labels for the inset are the same as for the main figure. C, mobility of wild type
KCNQ1-GFP (E) was compared with that of a C-terminal truncated mutant (R518X) (�) (HL1 cells, 37 °C), the mutant was more mobile and the plot more linear
than the parent, wild type molecule. The lines between data points simply connect them to aid visualization. The control KCNQ1-GFP-KCNE1 data are the same
as that shown in Fig. 6. D, histograms showing the distribution of Dlat show that the mutant (KCNQ-R518X) data fits well to a simple � function (see Fig. 5B,
legend), whereas the wild type data does not fit to the function (the lines drawn simply connect the data points to aid visualization) and reveals a significant
(13% of the data) slow-moving or immobile subpopulation (total trajectories analyzed; 12,198). The control KCNQ1-GFP-KCNE1 data are the same as that
shown in Fig. 6.
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cal objects moving in a continuous viscous medium Saffmann
and Delbruck (47) predicted that the diffusion coefficient
would only depend weakly on the protein radius (specifically D
� ln (1/R)). In contrast, a recent experimental study showed
that in practice the diffusion coefficient was more critically de-
pendent on the molecular size (D � 1/R) (48) and our data
(Table 1) support this finding. A third physicochemical variable
we examined is the influence of temperature on the diffusion
coefficient. Our Q10 values are �1.5–2.0, which is consistent
with there being a radical change inmembrane viscosity at tem-
peratures below physiological. One expects the rate of lateral
diffusion to be directly proportional to absolute temperature,
whereas we see a �2-fold change in diffusion coefficient for a
10 °C change in temperature (see supplemental Fig. S2).

The most striking aspect of the present study is the anoma-
lous diffusive behavior of the wild type KCNQ1-KCNE1 com-
plex. O’Connell et al. and others (39) also found that a popula-
tion of Kv2.1 potassium channels showed anomalous diffusion,
which they attributed to channels becoming trapped within
heterogeneous lipidmicrodomains. In our study, we found that
a significant population of wild type KCNQ1-KCNE1 mole-
culeswere either immobile throughout the experimental obser-
vation period or exhibited “stops,” with a half-life of 0.25 s. We
found that a truncated form of KCNQ1, R518X, lacking the
C-terminal region of the molecule, showed many fewer inci-
dences of stop-start diffusive behavior and the totally arrested
population of molecules (found with the wild type protein) was
absent. We know that some of the mutations that cause auto-
somal recessive long QT syndrome delete or alter part of the
C-terminal region. The relationship between the phenomena
we have observed with R518X in this study and the pathogen-
esis of the long QT syndrome is not clear. We have previously
shown that the R518Xmutant is largely retained intracellularly
and that there are no membrane currents when this mutant is
expressed in a heterologous expression system (19, 23). It is
likely, however, that the intracellular retention is not absolute:
the single molecule detection capabilities of TIRFM shows
there is some leakage of these mutant channels to the plasma
membrane. More tentatively it is plausible that the interaction
of the wild type channel with the actin cytoskeleton as evi-
denced by the immobile fraction may stabilize it at the plasma
membrane.Wewere unable to determinewhether the channels
were monomers from the pattern of photobleaching as we did
not detect multiple step photobleaching for either mutant or
wild type KCNQ1-GFP-KCNE1. However, there is indirect evi-
dence that KCNQ1(R518X) can formmultimers albeit less effi-
ciently than wild type molecules (23). Patch clamping the cells
expressing low cDNA concentrations of KCNQ1-GFP and
KCNE1 revealed significantmembrane currents with slow acti-
vation kinetics characteristic of IKs. This suggests that a signif-
icant proportion of themolecules we observe are probably fully
formed complexes. Ulbrich and Isacoff (28) recently used step-
wise photobleaching to determine stoichiometry of channel
protein complexes. However, we observed multistep photo-
bleaching only rarely even when we looked specifically at very
early times after the start of laser exposure. In addition, we did
not see endogenous expression of KCNQ1 in HL-1 or HEK293
cells (supplemental Fig. S3). However, we found that the distri-

bution of spot intensities was consistent with KCNQ1 com-
plexes being functional tetramers and A1 adenosine receptors
being amixture ofmonomers and dimers. The intensity of indi-
vidual particles showed complicated changes in intensity
because of a combination of factors: when objects diffuse close
to one another their apparent intensity transiently rises and
falls as images merge; if a particle is lost by the tracking algo-
rithm intensity will seemingly fall immediately to background
levels. GFP blinking means that the intensity recorded from a
cluster of fluorophores will fall and rise as a fluorophore blinks
off and on. Our analysis shows that the distribution of intensi-
ties can be approximated to the sum of Gaussian terms that are
multiples of that recorded from a single fluorophore (with
standard deviation proportional to square root of intensity
level). The spot intensity distributions measured over time is
well described by sequential loss of GFP fluorophores from a
multisubunit complex as they photobleach. However, the
intensity changes measured for any individual complex is often
more complicated than expected and reported for other sys-
tems (28).
Part of the C-terminal domain of KCNQ has recently been

crystallized and shown to form a coiled-coil structure known to
be a protein-protein interaction module (33). This domain is
responsible for channel assembly into tetramers (23, 31) and
interaction with yotiao, a protein kinase A anchoring protein
critical for the sympathetically mediated activation of the cur-
rent (32). Our data are consistent with the idea that this domain
undergoes intermittent association with the actin cytoskeleton:
Jasplakinolide, an actin polymerizing agent, increased the
immobile pool of KCNQ1 molecules, whereas the mutant
R518X decreased the immobile pool. Our observation that wild
type KCNQ1 molecules exhibit intermittent pauses during
their diffusive motion might reflect transient association
with the cortical cytoskeleton (half-life of about 250 ms) (15).
Such transient confinement behavior has been seen with other
proteins and attributed to confinement within lipid microdo-
mains or the assembly of macromolecular signaling complexes
that may be transiently linked to the cytoskeleton (49, 50). A
physical link between the cytoskeleton and the channel could
be functionally important as there is evidence that changes in
cell volume (and therefore movement between the underlying
cytoskeleton and the plasma membrane) can influence the
function of KCNQ1 in both the heart and epithelia (51, 52). A
mechanical connection between the ion channel and the
cytoskeleton might give rise to a strain sensing mechanism. In
summary, we have used TIRFM and singlemolecule imaging to
observe the fusion of vesicles and release of individual K� chan-
nels at the plasmamembrane and have also discovered a unique
diffusive behavior for KCNQ1 and identified important factors
determining intrinsic membrane protein mobility.
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