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Acid sensitive background potassium channels
K,3.1and K 9.1 undergo rapid
dynamin-dependent endocytosis
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Acid-sensitive, two-pore domain potassium channels, K, 3.1 and K_9.1, are implicated in cardiac and nervous tissue
responses to hormones, neurotransmitters and drugs. K, 3.1 and K, 9.1 leak potassium from the cell at rest and directly
impact membrane potential. Hence altering channel number on the cell surface drives changes in cellular electrical
properties. The rate of K .3.1 and K ,9.1 delivery to and recovery from the plasma membrane determines both channel
number at the cell surface and potassium leak from cells. This study examines the endocytosis of K, 3.1 and K, 9.1. Plasma
membrane biotinylation was used to follow the fate of internalized GFP-tagged ratK, 3.1 and K 9.1 transiently expressed
in HelLa cells. Confocal fluorescence images were analyzed using Imaris software, which revealed that both channels
are endocytosed by a dynamin-dependent mechanism and over the course of 60 min, move progressively toward
the nucleus. Endogenous endocytosis of human K, 3.1 and K, 9.1 was examined in the lung carcinoma cell line, A549.
Endogenous channels are endocytosed over a similar time-scale to the channels expressed transiently in Hela cells.
These findings both validate the use of recombinant systems and identify an endogenous model system in which K, 3.1

and K, 9.1 trafficking can be further studied.

Introduction

Two-pore domain potassium (K,,) channels are the molecular
component of potassium leak currents' and key contributors to
the resting membrane potential of both excitable and non-excit-
able cells. While all 15 members of the K, channel family play
key roles in a range of physiological processes, including neuro-
nal excitability, cardiac contraction and smooth muscle tone, the
acid-sensitive K, (TASK) channels, have received considerable
interest due to their association with cerebral ischemia, the effects
of anesthetics and malignancy.?

TASK channels [K, 3.1 (TASK-1), K, 9.1 (TASK-3) and the
non-functional K, 15.1 (TASK-5)] show widespread tissue dis-
tribution and are characterized by their sensitivity to extracel-
lular pH, pO, and volatile anesthetics.** Slow changes in TASK
current magnitude have been implicated in cardiac and nervous
tissue responses to hormones, glucose concentration, neurotrans-
mitters and drugs, while more acute responses have been shown
to have a putative role in peripheral and central chemoreception,
T-cell activation and mediating the effects of anesthetics.’!?
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Paradoxically, TASK channels are thought to play a role in gran-
ule cell deterioration in cerebellum (during development) while
also being implicated in enhancing hippocampal cell survival
during cellular stress.'*'* A number of reports have also impli-
cated TASK channels in showing altered expression in carcino-
mas (breast, colorectal and melanoma) and to potentially provide
an oncogenic advantage.”"® As K, channels are active at physio-
logical resting membrane potentials, changes in channel number
at the plasma membrane drastically alter the electrical properties
of the cell. For this reason, control of cell surface expression of
TASK channels is of paramount importance to cell function.
Delivery of TASK channels to the cell surface is tightly regu-
lated at the transcriptional and post-transcriptional levels, via
regulation of biogenesis, sorting and trafficking.”” The export of
newly synthesized K, 3.1 (and K, 9.1) channels from the endo-
plasmic reticulum to the cell surface is subject to tight quality
control mechanisms.?*?* Phosphorylation-dependent interaction
with auxiliary proteins (including coatomer proteins, annexin
IT light chain and cytosolic adaptor protein, 14-3-3) determines
the number of functional K, 3.1 channels on the cell surface.”>*
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Clearly, retrieval from the cell surface, degradation or recycling
of K, channels will have an equally important role in regulat-
ing cell surface expression of these channels. Indeed, Gabriel et
al.”> suggest that phosphorylation of K, 3.1 and recruitment of
14-3-3 may have a regulatory role in channel endocytosis, while
Matsuoka et al.?® propose that nerve growth factor induces endo-
cytosis of K, 3.1 in adrenal medullary cells. While these reports
focus on regulators of stimulated endocytosis of TASK channels,
to date, the molecular mechanism of K, channel retrieval from
the cell surface has not been characterized.

Cells use various mechanisms to internalize plasma mem-
brane proteins, including clathrin mediated endocytosis (CME)
or clathrin independent endocytosis (CIE).*’ Less well-defined
than CME, mechanisms of CIE include caveolae-associated
endocytic pathways as well as Clathrin-Independent Carrier
(CLIC) or Arf6- or Flotillin-dependent pathways.?” Each path-
way utilizes distinct mediators to enable vesicle formation and
to recruit specific cargo. Pathway convergence is seen at the early
endosomes (EE) from which proteins can either be recycled to
the plasma membrane or be degraded via the late endosomes and
lysosomes. Distinct endocytic pathways will have their own func-
tions and different types of specialized cells will therefore rely
on different pathways to varying extents to control their comple-
ment of cell surface proteins.

Understanding the pathways utilized to recover TASK chan-
nels from the cell surface will provide critical understanding of
the mechanism by which cells control not only their innate excit-
ability and cellular function but also their response to external
stimuli. In this study we identify the endocytic pathways utilized
by K,,3.1 and K, 9.1 in a recombinant system, which enables us
determine intracellular localization of the internalized channels
precisely. We then use similar experimental strategies to examine
channel internalization in human lung carcinoma cell line, A549,
which shows endogenous expression of both channels.

Results

TASK channels retrieved from the cell surface localize within
the early endosome. The EE is a point within the endocytic
pathway at which a number of independent endocytic routes
converge. We, therefore, asked whether rat (r) K, 3.1 is retrieved
from the plasma membrane to the EE. A sensitive cell surface
biotinylation assay®® was used to follow the fate of plasma mem-
brane GFPrK,,3.1. HeLa cells transiently expressing GFPrK, 3.1
(green; Fig. 1A) underwent surface biotinylation on ice, then
were warmed to 37°C to facilitate endocytosis. Samples were
fixed at pre-defined time intervals. Any remaining external biotin
was removed and internal biotin was stained to identify internal-
ized cargo (red; Fig. 1A), while the EE was identified by labeling
with an antibody against early endosome antigen 1 (EEAT; blue;
Fig. 1A). Confocal fluorescence image z-stacks were analyzed
first for colocalized channel and biotin (GFPrK,,3.1 + Biotin),
representing internalized channel and next for triple fluorescence
overlap (GFPrKZPS.l + Biotin + EEAI), representing endocy-
tosed channel in EE. At time zero, essentially no internalized
GFPrK, 3.1 was detected (Fig. 1A). After 60 min, however,
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punctate structures containing GFPrK, 3.1 and biotin were dis-
tributed throughout the cytoplasm, a proportion of which also
colocalized with EEAT.

To further analyze K 3.1 endocytosis and localization within
EE at these time points, Imaris 7.6 software (Bitplane AG) was
utilized to identify puncta or spots of specific dimensions and
defined quality criteria that could be modeled as vesicles. Detailed
examination of individual puncta within confocal slices enabled
the diameter of the puncta to be determined. 0.6 pwm was deemed
to be an appropriate diameter for many of the spots. Other, larger
spots were approximately 1.2 m in diameter. Many spots of both
diameters were detected at time zero (Fig. 1B; total vesicles), but
almost none of these showed positive staining for GFPrK, 3.1
with biotin (green and red), or with biotin plus EEA1 (green,
red and blue). This finding was expected as the biotinylation had
taken place on ice which restricted endocytosis. After a 60-min
incubation at 37°C, many double-positive (GFPrK, 3.1 plus
biotin) and triple-positive (GFPrK,,3.1 plus biotin and EEA1)
vesicles were apparent (Fig. 1B; colocalized vesicles at 60 min),
suggesting that under unstimulated conditions, GFPrK, 3.1 is
internalized and enters eatly endosomes.

A time course of channel endocytosis with samples fixed at 5,
15, 30 and 60 min displays an increase in the number of vesicles
containing internalized GFPrK, 3.1 over time (Fig. 1C; upper
images). When the distance of triple-stained vesicles from the
nucleus is examined, our analysis reveals progression of stained
vesicles from the cell periphery toward the nucleus with time (Fig.
1C; lower images, color-coded by distance from the nucleus). At
early time points, a large majority of vesicles are greater than 2.5
pwm away from the nucleus, whereas at 60 min, closer to half the
vesicles are within 2.5 pm of the nucleus (84% of vesicles are >
2.5 wm away from nucleus after 5 min of endocytosis compared
with 58% after 60 min).

Surface biotinylation and time-course experiments as outlined
above for 1K 3.1 were performed for rK, 9.1 in HeLa cells tran-
siently expressing GFPrK, 9.1. As for 1K, 3.1, an accumulation
of vesicles containing GFPrK, 9.1 and biotin, or GFPrK, 9.1,
biotin and EEA1 after a 60-min incubation was observed (Fig.
2A). Biotin and channel co-stained vesicles were observed at the
5-min time point, with the number of vesicles increasing over
time (Fig. 2B, upper panel). When comparing vesicle proximity
to the nucleus for both channels, relatively more vesicles contain-
ing internalized GFPrK,,9.1 were closer to the nucleus at the early
time points (Fig. 2B, lower panel), suggesting that endocytosis of
GFPrK, 9.1 occurs more rapidly than that of GFPrK, 3.1.

K, 9.1 undergoes more rapid retrieval than K, 3.1.
Analysis of the number of 0.6 pm colocalized vesicles contain-
ing GFPrK, ;3.1 and biotin or GFPrK, 9.1 and biotin (double-
positive) over the course of a 60-min incubation compared with
the number of triple-positive vesicles, containing EEA1 provided
valuable information of rate of channel retrieval (Fig. 3). At 0
min post removing endocytosis block almost no double- or tri-
ple-positive vesicles for either channel were observed (Fig. 1B;
Fig. 2A). Following 5 min of unstimulated endocytosis, compa-
rable numbers of double-positive vesicles were observed for both

channels (K, 3.1 37 + 4.8 SEM; K,,9.1 53 + 7.5 SEM; numbers
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are per 10000 pm? cytoplasm). Similarly, fewer but compara-
ble numbers of triple-positive vesicles were detected after 5 min
(K,,3.1 3.8 + 1.9 SEM; K, 9.1 2.6 + 0.8 SEM). After 15 min
of unstimulated endocytosis, more double-positive vesicles were
observed for GFPrK, 9.1 than GFPrK, 3.1; this reached signifi-
cance at 30 min (K,,3.1 96 = 11.4 SEM; K, 9.1 174 + 12.0 SEM;
p = 0.001; Fig. 3A and B) and this trend was maintained for all
time points examined. While the number of double-positive vesi-
cles increased in number with time, the number of triple-positive
vesicles for each channel did not alter significantly with time after
5 min (K,;3.1: 3.8 £ 1.9 SEM, at 5 min and 10.2 + 2.2 SEM, at
60 min p < 0.111; K,,9.1: 2.6 + 0.8 SEM, at 5 min and 22 + 9.6
SEM, at 60 min p < 0.095). Furthermore, despite increased num-
bers of double-positive vesicles for K,,9.1 compared with K 3.1
there was no significant difference in number of triple-positive
vesicles at any time point between these two groups (Fig. 3B).
Significantly, the number of 0.6 pm triple-positive vesicles is only
approximately 10% of the internalized channel. Analysis of indi-
vidual confocal slices suggests that smaller triple vesicles fuse to
form larger and more complex structures that are first apparent at
15 min and become much more prominent at 30 min and 60 min
(Fig. 3B). These data indicate that GFPrK ,9.1 may be endocy-
tosed more readily than GFPrK_,3.1 and that the channels do not
accumulate in the early endosome.

Dynamin-dependent endocytosis of TASK channels. To
determine the endocytic routes utilized by TASK channels, we
examined colocalization of endocytosed channels with clathrin
and the impact of disrupting dynamin-dependent endocyto-
sis (which includes both clathrin-mediated endocytosis (CME)
and caveolin-dependent endocytosis)®*** on colocalization.
Using a method similar to that described in Figures 1 and 2
and Imaris Cell to identify 0.6 pm and 1.2 pwm vesicles, inter-
nalized GFPrK 3.1 or GFPrK, 9.1 colocalization with clathrin
was examined (Fig. 4). After 30 min of unstimulated endocyto-
sis, vesicles positive for biotin (red) channel (green) and clath-
rin (blue) were detected (Fig. 4A; vesicles). For GFPrK, 3.1 the
number of triple-positive 0.6 pm vesicles (GFPrK, 3.1, biotin
and clathrin) was 20.5 per 10000 pm?® cytoplasm (SEM 2.2, n
= 3 fields of view) demonstrating GFPrK, 3.1 colocalizes with
clathrin and likely utilizes CME as a pathway of entry into the
cell (colocalized vesicles; Fig. 4A and C).

Dynasore is a powerful, cell-permeant inhibitor of dynamin-
dependent endocytic pathways and therefore disruptss CME.?
Dynasore treatment resulted in a general reduction in the level
of channel endocytosis as determined by fewer double-positive
(biotin and channel) vesicles (153 + 25 SEM in control condi-
tions vs. 45 + 8 SEM following treatment with 80 M Dynasore;
t = 30 min; n = 3 fields of view). Moreover, a marked reduction
in triple-positive (biotin, channel and clathrin) vesicles (7.1 per
10000 pwm? cytoplasm SEM 1.1, n = 3 fields of view; p < 0.01;
Fig. 4A and C) was observed at 30 min.

Endocytosed GFPrK, 9.1 also showed localization within
clathrin-positive vesicles (Fig. 4B). Dynasore treatment had a
similar inhibitory effect on endocytosis of GFPrK, 9.1 (Fig. 4B).
Under control conditions 22.8 + 2.5 (SEM; n = 3 fields of view)
triple-positive 0.6 pwm vesicles were observed, while significantly
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fewer (9.6 + 3.0; n = 3 fields of view; p < 0.05) triple-positive
vesicles were observed following a 30-min preincubation with 80
wM Dynasore (Fig. 4C).

Dynamin is also required for the fission of caveolae,* so we
asked whether GFPrK, 3.1 and GFPrK,,9.1 colocalize with
caveolin-1 (Fig. 5). Marked overlap of the fluorescence of both
channels with caveolin was observed throughout the cell. As
a measure of the proportion of overlap between caveolin and
each of the channels, mean Mander’s coefficients were calcu-
lated. The Mander’s coefficient for the degree of colocalization
of GFPrK, 3.1 with caveolin is 0.60, (SEM 0.07, n = 3 fields of
view), while caveolin with GFPrK, 3.1 is 0.36, (SEM 0.10). The
Mander’s coefficient for GFPrK, 9.1 with caveolin is 0.35 (SEM
0.08, n = 3 fields of view), while that of caveolin with GFPK, 9.1
is 0.29 (SEM 0.09). Numerous 0.6 pm and 1.2 pm vesicles of
GFPrK, 3.1 and GFPrK, 9.1 colocalized with caveolin vesicles
(Fig. 5; colocalized vesicles), together these data suggest that the
channels may enter the cell by more than one pathway.

The fate of endocytosed TASK channels. After retrieval from
the plasma membrane, proteins may enter rapid or slow recycling
pathways, or be targeted for degradation.’** To determine if
internalized GFPrK,,3.1 or GFPrK 9.1 were targeted for degra-
dation and hence present in lysosomes we performed endocyto-
sis assays as before and probed for lysosomal localization. After
60-min incubation areas of triple colocalization of GFPrK, 3.1,
biotin and RFP-LAMP1 were observed (Fig. 6A; mean Mander’s
coefficient for GFPrK,,3.1-biotin with RFP-LAMP1 is 0.55 =+
0.07 SEM, n = 3 fields of view), suggesting that a portion of inter-
nalized GFPrK 3.1 is targeted for degradation. A 3D rendering
of colocalized GFPrK,,3.1 and biotin (surface shown in cyan)
and its relationship with the lysosome (RFP-LAMPI1 surface
shown in red) is depicted in large right hand panel in Figure 6A
and provides a visual representation of the proportion of channel
within lysosomal vesicles and similarly the proportion of lyso-
somal vesicles containing internalized GFPrK, 3.1.

Internalized GFPrK, 9.1 was also found to localize within
LAMP1 positive vesicles (Fig. 6B). The mean Mander’s coef-
ficient for GFPrK, 9.1-biotin with RFP-LAMP1 is 0.30 (SEM
0.10, n = 3 fields of view).

To determine whether GFPrK, 3.1 or GFPrK 9.1 might
undergo recycling to the cell surface following endocytosis, we
examined colocalization of internalized channel with Rabl1 as
a marker for recycling vesicles. A very small amount of internal-
ized GFPrK 3.1 was detected in Rabl1-containing vesicles after
30-min endocytosis. Figure 6C shows confocal whole cell projec-
tions of channel, biotin and Rab11 labeling for both GFPrK, 3.1
and GFPrK, 9.1. The merged image shows each of these images
superimposed and enabled detection of small areas of overlap.
Imaris Cell was then utilized to identify 0.6 pum vesicles contain-
ing channel, biotin or Rabl1 (Fig. 6C; vesicles) and the number
of triple-positive 0.6 pm vesicles per 10000 pm? was found to be
only 2% of the total internalized GFPrK, 3.1 (coloc vesicles; Fig.
6Cand D). For GFPrK, 9.1, the figure was slightly higher with 6%
of the internalized channel at 30 min detected in Rabl1-positive
vesicles. These results suggest that under resting conditions, a
modest amount of both channels may enter recycling pathways.
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Figure 1. For figure legend, see page 292.
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Figure 1 (See previous page). Endocytosis of GFPrK, 3.1. (A) Hela cells transiently expressing GFPrK, 3.1 were surface-biotinylated on ice and either
immediately stripped to remove the external biotin and fixed (upper images, 0 min) or warmed to 37°C for 60 min (lower images, 60 min) before
stripping and fixing. Cells were stained with streptavidin-Alexa Fluor 546 (red; Biotin) to reveal internalized biotin and with anti-EEA1 (blue; EEAT1).
GFPrK, 3.1 is shown in green. Images are whole cell projections and the Merge panels represent GFPrK_ 3.1, biotin and EEAT superimposed. GFPrK, 3.1
+ Biotin colocalization (grayscale) represents internalized GFPrK 3.1. GFPrK, 3.1 + Biotin + EEAT colocalization (grayscale) represents internalized
GFPrK, 3.1 present in EEA1-positive compartments. Bar represents 10 pum. (B) Images of Hela cells treated as in (A) were analyzed by Imaris software to
identify 0.6 and 1.2 um vesicles of GFPrK, 3.1, biotin and EEAT at 0 min and 60 min. Total vesicles: all the spots detected by Imaris software. Colocal-
ized vesicles: all the colocalized GFPrK ;3.1-biotin spots (green and red) and triple colocalized GFPrK, 3.1, biotin and EEAT spots (green, red and blue).
Bar represents 10 pm. Vesicles outlined by a white square (60 min, colocalized vesicles) are shown in the foreground of the enlarged image, taken
along the xy plane of the cell. Small patches of nucleic acid stained outside the nucleus are complexes of DNA and jetPEl taken up by the cells during
transfection. (C) HeLa cells from the time-course experiment shown in (A and B) were analyzed after 5, 15, 30 and 60 min incubation at 37°C to identify
internalized GFPrK_.3.1. Upper images show colocalized GFPrK, 3.1-biotin spots (green and red) and triple colocalized GFPrK 3.1, biotin and EEA1
(green, red and blue). Lower images show the same cells, but with the vesicles color-coded according to distance to the nucleus. Magenta vesicles are
nearer than 2.5 wm and cyan vesicles are further than 2.5 wm from the nearest nucleus. Numbers represent the proportion of vesicles in each distance

category. Scale bars: 10 pm.

TASK channel endocytosis in an endogenous model system.
While recombinant systems are useful in defining the molecu-
lar mechanisms in membrane trafficking, a system in which the
endogenous distribution, trafficking and expression levels can be
examined provides additional valuable information. We therefore
sought to identify a cell line that showed endogenous expression
of both K 3.1 and K ,9.1. We screened a range of cell lines by
RT-PCR for transcript expression of KCNK3 and KCNK9 and
found product of the correct size and sequence for both genes in
the human lung carcinoma cell line, A549 (shown in Fig. S1A),
as well as in SH-SY5Y (brain) and MCF7 (breast) cell lines.
Expression of the channels in A549 cells was confirmed at the
protein level by immunofluorescence. Generally, antibodies to
acid-sensitive K, channels do not perform well for immunofluo-
rescence, so we tested a bank of commercially available antibod-
ies and validated their performance in HEK293 cells transiently
expressing either GFPhK, 3.1 and GFPhK 9.1. We found Sigma
rabbit anti-K ,3.1°° and Santa Cruz goat anti-K, 9.1 to show
overlapping signal with GFP and no signal within non-transfected
cells (Fig. S1B and C). Following validation, the same conditions
were used to probe the presence and sub-cellular localization of
both K,,3.1 and K,,9.1 in A549. Both channels were detected on
the cell periphery as well as within the endoplasmic reticulum
and Golgi apparatus (Fig. S2A and B), as previously observed
within recombinant systems.!?-2%4

To examine endocytosis of TASK channels in this system,
surface biotinylation assays were performed. After 60-min unstim-
ulated endocytosis, channel and biotin signals were found to colo-
calize (Fig. 7 for hK,,3.1 and Fig. 8 for K, 9.1; endocytosis panels).

Channel colocalization with key markers of different points
within the endocytic pathway (EEA1, Rab7 and Rabll) was
also examined. We allowed Imaris to identify 0.6 um vesicles of
hK,,3.1 and each of the markers using automatic quality thresh-
olds for both channel and marker in question. Approximately 2%
of all hK 3.1 positive vesicles colocalized with EEA1 (Fig. 7;
EEAL, coloc vesicles image) while 13% colocalized with Rab7
(Fig. 7; Rab7). K, 3.1 showed a small degree of colocalization
with Rabll (mean Mander’s coefficient 0.16, SEM 0.01, n = 3
fields of view; approximately 6% of 0.6 pum hK 3.1 vesicles).

K,,9.1 also showed colocalization with each of the endocytic
pathway markers. Approximately 4% of hK_,9.1 vesicles colocal-
ized with EEA1, 2% with Rab7 and 4% with Rab11 (Fig. 8).

292 Channels

Discussion

Data presented here provide the first insight into the endocytic
pathways utilized by acid-sensitive K, channels, K 3.1 and
K,,9.1. Antibodies to K, ;3.1 and K 9.1 do not recognize external
epitopes, which makes tracking channel internalization from the
cell surface via traditional primary antibody capture methods dif-
ficult without the introduction of external epitope tags to enable
distinction between K, channels from the plasma membrane
and other intracellular K,, channels. We adopted an alternative
method to investigate channel endocytosis in cells transiently
expressing GFP-tagged channels: a “pulse” biotinylation of the
cell surface on ice, followed by a 37°C “chase.” We reasoned
that vesicles containing both GFP-tagged protein and biotin must
have originated from the plasma membrane; therefore by analyz-
ing only structures that contain both GFP and biotin, we can
exclude secretory vesicles from our analyses. Using this approach,
we detected internalized K,,3.1 and K, 9.1 channels within the
EE. Endocytosed channels were also observed within Rabl1 posi-
tive vesicles, indicative of channel recycling and within LAMP1-
positive vesicles, suggestive of channel degradation.

Our colocalization analysis was performed using Imaris
software which utilizes the statistical methods of Costes et al.*®
Statistically robust Pearson and Mander’s coefficients were gen-
erated by the software, and further insight was obtained with
Imaris Cell, which enabled detailed qualitative and quantitative
analyses of structures; thus providing an appreciation of how
different compartments relate to one another in 3D space. This
enabled analysis of channel overlap with distinct compartments
as well as in relation to their location within the cell and the
movement of endocytosed K, channels to be tracked. Indeed,
K, channels internalized at the plasma membrane were found
to move from the cell periphery toward the perinuclear region
with time (Fig. 1; Fig. 2); these observations clearly demonstrate
a non-random nature to the observed colocalization® but also
may provide insight into the process of transport of endocytosed
TASK channels. For example, the observed accumulation of
endocytosed GFPrK, 3.1 and GFPrK,,9.1 within the perinuclear
region might suggest interaction with the recycling endosome
also found within this locale and this together with channel
localization within Rab11 vesicles is supportive of the hypothesis
that TASK channels undergo recycling following endocytosis.
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Figure 2. Endocytosis of GFPrK, 9.1. (A) HeLa cells transiently expressing GFPrK, 9.1 (green) were surface-biotinylated on ice and either immediately
stripped to remove the external biotin and fixed (upper images, 0 min) or warmed to 37°C for 60 min (lower images, 60 min) before stripping and fixing.
Cells were stained with streptavidin-Alexa Fluor 546 (red) to reveal internalized biotin and with anti-EEA1 (blue). Confocal z-stacks were analyzed by
Imaris to detect 0.6 wum and 1.2 um vesicles, as in Figure 1. Total vesicles: all the spots detected by Imaris software. Colocalized vesicles: all the colocalized
GFPrK,.9.1-biotin spots (green and red) and triple colocalized GFPrK 9.1, biotin and EEAT spots (green, red and blue). Bar represents 10 um. (B) HeLa cells
from the time-course experiment shown in (A) were analyzed after 5-, 15-, 30- and 60-min incubation at 37°C to identify internalized GFPrK_,9.1. Upper
images show colocalized GFPrK, 9.1-biotin spots (green and red) and triple colocalized GFPrK,,9.1, biotin and EEA1 (green, red and blue). Lower images
show the same cells, but with the vesicles color-coded according to distance to the nucleus. Magenta vesicles are nearer than 2.5 wm and cyan vesicles
are further than 2.5 pum from the nearest nucleus. Numbers represent the proportion of vesicles in each distance category. Scale bars: 10 pm.
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Figure 3. Rates of endocytosis. (A) HeLa cells transiently expressing GFPrK, 3.1 or GFPrK_.9.1 were surface biotinylated on ice, then warmed to 37°C for
the indicated periods of time, before being stripped to remove external biotin, then fixed and stained to detect internalized biotin and the early endo-
some marker, EEA1. Images were analyzed using Imaris software to calculate the number of colocalized 0.6 wm vesicles per unit volume of cytoplasm
(10000 pwm?). Numbers are means from n = 3 to 6 fields of view from two independent experiments. Error bars are standard error of the mean. Closed
circles: colocalized GFPrK, 3.1 and biotin (endocytosed GFPrK, 3.1); open circles: triple-colocalized GFPrK, 3.1, biotin and EEA1 (endocytosed GF-
PrK,,3.1 in early endosomes); closed triangles: colocalized GFPrK, 9.1 and biotin (endocytosed GFPrK .9.1); open triangles: triple-colocalized GFPrK 9.1,
biotin and EEA1 (endocytosed GFPrK,.9.1 in early endosomes). (B) Images from the 30-min samples described above. Endocytosed GFPrK, 3.1 or
GFPrK,,9.1, as indicated, in 0.6 um and 1.2 um vesicles [colocalized K, channel (green) with biotin (red)], and endocytosed GFPrK, 3.1 or GFPrK, 9.1 in
early endosomes (colocalized green, red and blue spots). Structures consisting of colocalized 1.2 wm spots became more numerous as time pro-
gressed, suggesting fusion of smaller vesicles to form larger entities. White arrows indicate the direction from which the magnified perspective views
are taken. Nucleus shown in white. Scale bars: 10 pm.
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0.01; GFPrK,,9.1 at p < 0.05.

Figure 4 (See previous page). Dynamin-dependent endocytosis of GFPrK 3.1 and GFPrK ,9.1. HeLa cells transiently expressing GFPrK_ 3.1 [green, (A)]
or GFPrK 9.1 [(green, (B)] were incubated with DMSO vehicle (Control) or the dynamin inhibitor, Dynasore (as indicated) before surface biotinylation
on ice and warming to 37°C for different periods of time. Images show cells stripped to remove surface biotin and fixed after a 30-min incubation
period, before staining to detect biotin (red) and clathrin (blue). Merge: whole cell projection. Vesicles: image analyzed using Imaris to detect 0.6 pm
and 1.2 wm spots. Colocalized vesicles: only the channel-biotin or channel-biotin-clathrin triple-colocalized 0.6 wm and 1.2 um spots shown. Scale
bars: 10 um. (C) Images were analyzed by Imaris to calculate the number of triple-colocalized (channel, biotin and clathrin) 0.6 wm vesicles per unit
volume of cytoplasm. Numbers are the mean and standard error from n = 3 fields of view. Inhibition by Dynasore is significant for GFPrK, 3.1 at p <

When exploring the possible endocytic pathways utilized by
TASK channels, both GFPrK, 3.1 and GFPrK,,9.1 showed colo-
calization with vesicles positive for clathrin. Dynasore treatment
significantly reduced the number of vesicles containing inter-
nalised K, channel and clathrin (as well as the number of struc-
tures containing internalised K, channels). Dynasore is a small
molecule that non-competitively inhibits the GTPase activity of
dynamin,® blocking clathrin-dependent endocytosis. We did
not observe a complete block of endocytosis, which is either due
to incomplete inhibition of dynamin, or the operation of more
than one endocytic pathway for GFPrK, 3.1 and GFPrK 9.1.
Dynamin is also necessary for the scission of caveolae to form
transport vesicles. Examination of the expression pattern of the
caveolar scaffolding protein, caveolin-1, in HeLa cells transfected
with GFPrK, 3.1 and GFPrK, 9.1, revealed considerable colocal-
ization of both channels with caveolin-1. While numerous vesic-
ular structures that contained both caveolin-1 and GFPrK 3.1
and GFPrK, 9.1, which likely represent endocytic, secretory or
recycling vesicles were observed,* it is possible that some of the
overlap may be due to an ER and Golgi pool of caveolin-1.%?
Further characterization of these pools will enable the precise role
of caveolin-dependent endocytosis in TASK channel internaliza-
tion to be defined.

The number of particular subsets of vesicles within a defined
volume of cytoplasm (in this study, 10000 wm?) can be quan-
tified using Imaris cell. When this was performed for the total
number of 0.6 m vesicles positive for internalized GFPrK, 3.1
or GFPrK, 9.1 we found that following surface labeling and sup-
porting endocytosis the number of vesicles carrying internalized
TASK channels increased rapidly and plateaued within ca. 20
min (Fig. 3A). More GFPrK, 9.1-positive vesicles were observed
with respect to GFPrK, 3.1. Significantly, the number of vesi-
cles positive for internalized channel and the EE marker did not
increase in parallel with the increase in total internalized chan-
nel. This finding suggests that while endocytosed GFPrK, 3.1
and GFPrK, 9.1 transit through the early endosome, they are
rapidly transferred to other parts of the pathway. Indeed, Rab
GTPases were used as markers for identifying different endocytic
compartments®’ and both channels were found to locate within
Rabl1 positive vesicles. Membrane protein recycling is important
for regulating activity of receptors and channels. While some con-
stitutive return to the plasma membrane likely occurs, recycling
is also expected to be an important source of channel regula-
tion with Rabl1-dependent cargoes previously shown to undergo
recycling to the plasma membrane following stimulation.*-4
Acute stimulation of hK, 3.1 endocytosis by the phorbol ester
PMA resulted in the appearance of the channel in a transferrin-
positive compartment after a 30-min stimulation, but with no
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overall protein degradation by 60 min.” This observation would
suggest an internal pool of hK, 3.1 that is available for recycling
to the plasma membrane given the appropriate stimulus.

It is imperative for cells to carefully regulate the level of expres-
sion of leak K* channels on their cell surface to achieve optimal
expression levels for the distinct functions of individual cell
types. This is doubtless achieved through the balance of channel
delivery to the membrane, internalization and recycling to the
cell surface. While studies in recombinant systems in which the
movement of tagged channels can be tracked are necessary to our
understanding of the general processes at play within these path-
ways and provide insight into which pathways may recruit these
channels; it is crucial to aspire to study these processes in more
physiologically relevant settings. To this end, here we report that
the human lung carcinoma cell line, A549, expresses hK2P3.1
and hK 9.1 at both the transcript and protein level and show
that it can be used as a model system to study the trafficking
of endogenous hK, 3.1 and hK, 9.1 using the same methods as
for the recombinant system presented in this study. The use of
cell surface biotinylation removes the requirement for an exter-
nal epitope tag and enables the existing commercially available
antibodies to be used to analyze endocytosis of endogenous K,
channels. We show that, after a 60-min incubation, both hK, 3.1
and hK 9.1 can be found in vesicles containing biotin and that
the channels are found in a range of endocytic compartments.
We observed marked colocalization of both hK 3.1 and hK,,9.1
with an ER marker, PDI, which is in line with published observa-
tions for both channels in recombinant systems.'>?** Both chan-
nels were observed within the EE and interestingly, a noticeable
pool of hK, 3.1 colocalizes with Rab7 in prominently stained
vesicles, suggesting that under unstimulated conditions, endocy-
tosed hK_ 3.1 may be targeted on a degradative pathway.

These studies not only support the observations drawn from
recombinant studies but moreover provide the tools and technol-
ogy to further investigate both the endocytic pathways and the
regulation of entry and transit of TASK channels within these
pathways in these and other physiologically relevant cells.

Materials and Methods

Cell culture. HeLa cells were cultured in RPM1/10% FCS; HEK
293 and A549 human lung carcinoma cells were cultured in
DMEM/10% ECS. Culture media were routinely supplemented
with 50 U/ml penicillin and 50 pwg/ml streptomycin; antibiot-
ics were omitted during transfection and subsequent endocytosis
experiments. FCS was replaced by low protein growth medium
supplement (Nu Serum, BD Biosciences, 355500) for experi-
ments using the inhibitor Dynasore (Sigma-Aldrich, D7693).
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Figure 5. GFPrK 3.1 and GFPrK, 9.1 colocalize with caveolin. HelLa
cells transiently expressing GFPrK, 3.1 and GFPrK,.9.1 (Channel, green)
were fixed and stained with anti-caveolin-1 (Caveolin, blue). Images
are confocal whole cell projections. Merge: superimposed green and
blue channels (nucleus in gray). Channel + caveolin: colocalized K,
channel and caveolin, as determined by the colocalization module of
Imaris software, using the automatic thresholding function. Vesicles: 0.6
wm and 1.2 wm spots of GFPrK, 3.1 or GFPrK 9.1 (green) and caveolin
(blue) were detected using Imaris software (nucleus in gray). Colocal-
ized vesicles: colocalized 0.6 pm and 1.2 um K, channel and caveolin,
detected using Imaris software. Scale bar: 10 wm.

(GFPhK, 3.1) by ligating a 5-HindllI-Xbal-3' fragment encod-
ing hK, 3.1 into the plasmid pEGFP-C1 (Clontech, GenBank
accession U55763). The identity of the construct was confirmed
by restriction digest and DNA sequencing. The plasmid encod-
ing hK 9.1 with an N-terminal eGFP tag (GFPhK,9.1) was a
gift from Dr Iain Rowe, Robert Gordon University, Aberdeen.
Fusion proteins were expressed transiently after transfection of
HeLa cells using jetPEI (Polyplus, 101-10N), as described previ-
ously,”? using 3 wg DNA and 6 pl jetPEI per well of a 6-well
culture plate (34.8-mm well diameter).

RNA extraction, cDNA synthesis and RT-PCR. Total
RNA was extracted from frozen A549 cell pellets using the
TRIZOL method. Briefly, cells were lysed in 1 ml TRIZOL
(Life Technologies, 15596-026), 200 pl chloroform added and
the lysate shaken vigorously for 15 sec. After 5 min at RT, the
lysate was centrifuged for 10 min at 12,000 g, 4°C to separate the
mixture into three phases. The top aqueous phase was removed
and RNA precipitated in 500 pl isopropanol and 20 ng glyco-
gen for 30 min at -80°C. The RNA was pelleted and washed
twice in 75% ethanol; then the pellet dried for 10 min at RT,
before resuspension in 50 wl RNase-free water. The extracted
RNA was purified to remove any remaining genomic DNA
using the RNeasy Plus Mini Kit (Qiagen, 74134). The RNA
obtained was quantified by UV spectrophotometry and stored
at -80°C, before reverse-transcription to cDNA. cDNA synthe-
sis was performed using SuperScript Reverse Transcriptase 111
(Life Technologies, 18080-044) according to the manufactur-
er’s protocol, except each reaction contained 1 pg of extracted
mRNA, and the random primers were obtained from Promega
(C118).

Expression of KCNK3 (hKZPS.l) and KCNK9 (hK2P9.l)
was examined using exon-spanning primers: KCNK3 forward:
5-CAACCTCAGC CAGGGCGGC TAC-3, and reverse:
5-GATGAAGCAG TAGTAGTAGG CCTGG-3' (product 430
bp); KCNK9 forward: 5-GAAGTACAAC ATCAGCAGCG
AGGAC-3' and reverse 5-GGAAGAAGCT CCACTCCTCA
CACTG-3'
the housekeeping gene, transferrin receptor (TFRC; for-
ward: 5-GCAGAAGCAT TATCTTTGCC AG-3, reverse:
5-CCCAGTTGCT GTCCTGATAT AG-3', product 252 bp)
were used to check the quality of the synthesized cDNA.

RT-PCR reactions were performed using GoTaq DNA poly-
merase (M300, Promega). Each reaction contained 5 pl tem-
plate cDNA, 4 pl 5X GoTaq buffer, 0.25 mM dNTP mix, 0.625
wM each of forward and reverse primers, 1.25 U GoTaq DNA

(product 413 bp). Primers designed against
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Figure 6 (See previous page). Fate of endocytosed GFPrK, 3.1 and GFPrK, 9.1. Hela cells were first transduced with CellLight BacMam 2.0 baculovirus
particles to express the lysosomal fusion protein RFP-LAMP1 (shown in red), then transiently transfected with a plasmid encoding either GFPrK ;3.1
[green, (A)] or GFPrK 9.1 [green, (B)]. After surface biotinylation on ice, cells were warmed to 37°C for 1 h, then stripped to remove external biotin,
fixed and stained to reveal internal biotin (shown in blue). All images are confocal whole cell projections. Merge: superimposed K, channel, RFP-
LAMP1 and biotin. Large images show a 3D reconstruction of colocalized GFPrK ;3.1 and biotin [cyan, (A)] or GFPrK 9.1 and biotin [cyan, (B)] repre-
senting K,, channel endocytosed during the 60 min incubation, together with the distribution of RFP-LAMP1 fusion protein (shown in red), repre-
senting the lysosomal compartment. Scale bars: 10 wm. (C) HeLa cells transiently expressing GFPrK, 3.1 (green, upper images) or GFPrK, 9.1 (green,
lower images) were surface biotinylated on ice, then warmed to 37°C for 30 min, before stripping to remove external biotin, fixing and staining with
streptavidin-Alexa Fluor 546 to reveal internal biotin (red) and with anti-Rab11 (blue). All images are confocal whole cell projections. Merge: superim-
posed K, channel, biotin and Rab11. Vesicles: images were analyzed by Imaris software to detect GFPrK, 3.1 or GFPrK 9.1 (green), internalized biotin
(red) and Rab11 (blue) 0.6p.m diameter spots. Coloc vesicles: colocalized GFPrK, 3.1 or GFPrK 9.1 and biotin vesicles; triple-colocalized K, channel,
biotin and Rab11 vesicles. Scale bar: 10 wm. (D) Numbers of colocalized 0.6 wm vesicles per unit volume cytoplasm after a 30-min incubation (C). Black
bars: GFPrK .3.1. Gray bars: GFPrK .,9.1. Channel-biotin-Rab11: triple-colocalized 0.6 um vesicles. Percentages refer to the proportion of endocytosed
K,, channel that is in Rab11-positive vesicles. Channel-biotin: endocytosed K. Channel-Rab11: number of colocalized K,, and Rab11 0.6 um vesicles —
includes but is not confined to material endocytosed during the 30-min incubation. Numbers are means (n = 2 or 3 fields of view) and error bars are
SEM.

Vesicles ’ Coloc vesicles

Endocytosis

Vesicles

EEA1

Rab7

Rab11

Figure 7. Endocytosis of endogenous human K, 3.1. All images are confocal whole cell projections. K 3.1 is shown in green. Scale bar: 10 um. Endo-
cytosis panels: A549 cells were surface-biotinylated on ice, warmed to 37°C for 60 min, then stripped to remove external biotin and fixed. Cells were
stained with anti-K, 3.1 and streptavidin-DyLight 650 (blue) to reveal internal biotin. Merge: superimposed K ;3.1 and biotin. Vesicles: 0.6 um and 1.2
wm spots of K, 3.1 (green) and biotin (blue) detected by Imaris software. Coloc vesicles: colocalized 0.6 um and 1.2 um K, 3.1 and biotin spots. EEA1
panels: fixed A549 cells were stained with anti-K 3.1 and anti-EEA1 (red). Merge: superimposed K, 3.1 and EEAI. Vesicles: 0.6 um and 1.2 pm spots of
K,,3.1 (green) and EEAT1 (red) detected by Imaris software. Coloc vesicles: colocalized 0.6 pm and 1.2 um K,.3.1 and EEA1 spots. Rab7 panels: as for EEAT
panels, except anti-Rab7 (red) as the counterstain. Rab11 panels: fixed A549 cells were stained with anti-K, 3.1 and anti-Rab11 (red). Merge: superim-
posed K .3.1 and Rab11. Vesicles: 0.6 pm spots of K ;3.1 (green) and Rab11 (red) were detected by Imaris software. Coloc vesicles: colocalized 0.6 um
spots of K, 3.1 and Rab11.
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Figure 8. Endocytosis of endogenous human K, 9.1. All images are confocal whole cell projections. K 9.1 is shown in green. Scale bar: 10 um. Endo-
cytosis panels: A549 cells were surface-biotinylated on ice, warmed to 37°C for 60 min, then stripped to remove external biotin and fixed. Cells were
stained with anti-K, 9.1 and streptavidin-DyLight 650 (blue) to reveal internal biotin. Merge: superimposed K,,9.1 and biotin. Vesicles: 0.6 um and 1.2
wm spots of K, 9.1 (green) and biotin (blue) detected by Imaris software. Coloc vesicles: colocalized 0.6 um and 1.2 um K, 9.1 and biotin spots. EEA1
panels: fixed A549 cells were stained with anti-K 9.1 and anti-EEAT (red). Merge: superimposed K,.9.1 and EEAT. Vesicles: 0.6 wm and 1.2 um spots of
K.,,9.1 (green) and EEAT (red) detected by Imaris software. Coloc vesicles: colocalized 0.6 wm and 1.2 um K,,9.1 and EEA1 spots. Rab7 panels: as for EEAT
panels, except anti-Rab7 (red) as the counterstain. Rab11 panels: fixed A549 cells were stained with anti-K, 9.1 and anti-Rab11 (red). Merge: superim-
posed K.9.1 and Rab11. Vesicles: 0.6 pm spots of K ,9.1 (green) and Rab11 (red) were detected by Imaris software. Coloc vesicles: colocalized 0.6 um

spots of K,,9.1 and Rab11.

polymerase and water to a final volume of 20 pl. The PCR con-
ditions used were initial denaturation at 93°C for 3 min; 35—-40
cycles at 93°C for 1 min, annealing temperature for 1 min, 72°C
for 1 min; and a final extension step at 72°C for 10 min.

PCR products were separated using DNA electrophore-
sis on 1% agarose gels stained with Nancy-520 stain (Sigma-
Aldrich 01494). Product bands were cut from the gel and
the product extracted using GenElute gel extraction kit
(Sigma-Aldrich NA1111). The extracted DNA was sequenced
using the following primers: TFRC, 5-GCAGAAGCAT
TATCTTTGCC AG-3'; KCNK3, 5-CTACTTCGCC
ATCACCGTCA-3" and KCNK9, 5-GGAGCTGGTG
ATCCTGCAGT C-3.

300 Channels

Antibodies. Antibodies were obtained from the following sup-
pliers and used at the concentrations indicated: Sigma-Aldrich,
rabbit anti-K 3.1 (P0981, 12 pg/ml) and mouse anti-Rab7
(R8779, 4 pg/ml); Santa Cruz, goat anti-K, 9.1 (sc-11320, 10
pwg/ml), goat anti-EEA1 (sc-6414, 2 wg/ml), mouse anti-EEA1
(s¢-53939, 2 pg/ml), mouse anti-caveolin-1 (sc53564, 2 pg/ml);
Abcam, rabbitanti-EEA1 (ab2900, 5 jg/ml) mouse anti-clathrin
(ab2731, 6 pg/ml), mouse anti-PDI (ab2792, 10 pg/ml), mouse
anti-58 kDa Golgi protein (ab27043, 1 pg/ml); Merck Millipore,
mouse anti-Rabll (05-853, 2.5 pg/ml). Secondary detection
reagents were obtained from Life Technologies: Alexa Fluor 488
goat anti-rabbit F(ab’), (A-11070), Alexa Fluor 647 goat anti-
mouse F(ab’),, (A-21237), Alexa Fluor 647 chicken anti-rabbit
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(A-21443), Alexa Fluor 647 chicken anti-goat (A-21469), Alexa
Fluor 546-streptavidin (S-11225). DyLight 650-streptavidin
was purchased from Pierce (84547). The lysosomal marker was
RFP-LAMPI, expressed in HeLa cells after transduction with
CellLight BacMam 2.0 baculovirus particles (Life Technologies,
C10597; manufacturer’s protocol).

Endocytosis assay. The protocol for the endocytosis assay,
based on the method described by Richardson and Mulligan®
has already been described in detail.? Briefly, sub-confluent
HeLa cells on 22 mm coverslips were transfected with DNA
encoding GFPrK, 3.1 or GFPrK, 9.1, cultured overnight, then
transferred to serum-free medium for 90 min at 37°C, 5% CO,.
Cycloheximide (Sigma-Aldrich, C7698, final concentration 100
pg/ml in DMSO) was added to prevent protein synthesis and the
cells returned to the 37°C incubator for a further 30 min. After
biotinylation on ice, washes were replaced with 1 ml RPMI1/10%
FCS containing 100 pg/ml cycloheximide and coverslips either
warmed to 37°C for a time-course incubation, or immediately
placed on ice and stripped to remove external biotin (zero time
samples). After 5, 15, 30 or 60 min at 37°C, coverslips were placed
on ice, stripped to remove external biotin, fixed and stained for
immunofluorescence microscopy. In experiments to inhibit
clathrin-mediated endocytosis, cells in 2 ml serum-free RPMI
were preincubated 30 min at 37°C with 80 wM Dynasore or an
equivalent volume, typically 2 ul, of the vehicle DMSO, applied
at the same time as the standard cycloheximide protein synthe-
sis blocking step given to all samples. After biotinylation on ice,
RPMI containing 10% FCS and 100 pg/ml cycloheximide, plus
80 wM Dynasore or the equivalent volume of DMSO was added
to the cells for the duration of the time-course incubation.

Microscopy. Coverslips were mounted in Mowiol and visual-
ized using either a Zeiss Axio Observer D1 or a Leica TCS SP5
confocal scanning microscope in the University of Southampton
Biomedical Imaging Unit. Confocal images were acquired using
a X63 HCX Plan Apo Lambda Blue NA 1.4 UV oil immer-
sion objective and a pinhole of 1 Airy Unit, with slices every
0.2 pm. Z-stacks were imported by Imaris 7.6 (Bitplane AG)
for image analysis. All images shown are whole cell projections,
not individual confocal slices, unless stated otherwise. Weakly
fluorescent cells were chosen for analysis, to minimize any pos-
sible deleterious effects of GFP fusion protein overexpression
on the morphology and function of the transfected cells. The
Coloc module of Imaris was used to calculate Mander’s coef-
ficients. Where appropriate, regions of interest were defined as
transfected (GFP-positive) cells. Next, automatic threshold-
ing of each channel of interest was performed according to*® to
exclude false colocalization due to image noise. The software per-
formed simultaneous analysis of randomized images created from
the same pixels as the sample image to determine whether the

colocalization was statistically significant at the level p < 0.05.
Colocalization coefficients were only recorded if the data
passed the significance test. P values were typically < 0.01 or <
0.001. For analysis of triple colocalization, a color channel was
first constructed representing colocalization of GFPrK, 3.1 or
GFPrK, 9.1 with internalized biotin; we assumed this repre-
sented endocytosed K, Colocalization of this channel with
the third marker (e.g., RFP-LAMP1, EEAI, clathrin) was then
calculated. Vesicle detection was performed within the Imaris
Cell creation wizard. Transfected cells and their nuclei were first
identified to enable the calculation of cytoplasm and total cell
volume. The creation wizard identifies vesicles as three-dimen-
sional bright spots of user-defined dimensions. We chose 0.6 um
and 1.2 pum as a reasonable approximation of the spot diameters,
based on inspection of a large number of images of transfected
cells expressing GFPrK, 3.1 and GFPrK, 9.1. Spots were identi-
fied using local background subtraction, were assumed spherical
and were filtered for “quality” (a parameter related to fluorescence
intensity at the center of the spot) according to the following cri-
teria: for 0.6 um GFPrK, 3.1, GFPrK, 9.1, biotin, clathrin and
EEAL spots, the quality was set manually to 3.0, based on broadly
consistent transfection and immunostaining intensities between
experiments. For all 1.2 um spots and where stated for hK, 3.1
and hK, 9.1 in A549 cells, the quality threshold was set automat-
ically by the software. Once vesicles were identified, a MatLab
XTension algorithm linked to Imaris was used to map colocal-
ized structures. Colocalized vesicles were those whose distance
apart is equal to or less than the radius of an individual vesicle.
Another MatLab XTension, “Find Spots Close to Surface,” cal-
culated the distance of each vesicle to the nearest nuclear surface.

Data analysis. All colocalization and vesicle data were first
exported to Microsoft Excel for initial calculations, then the
graph and statistical analysis software SigmaPlot 12.0 (Systat
Software) was used to plot endocytosis data and evaluate signifi-
cance. Data were first subjected to the Shapiro-Wilk test for nor-
mality and. normal populations were analyzed using Student’s
t-test. Where appropriate, the Mann-Whitney rank sum test was
used instead of Student’s t-test.
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