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Kinase-regulated quantal assemblies and kiss-and-

run recycling of caveolae

Lucas Pelkmans' & Marino Zerial'

A functional genomics approach has revealed that caveolae/raft-
mediated endocytosis is subject to regulation by a large number of
kinases'. Here we explore the role of some of these kinases in
caveolae dynamics. We discover that caveolae operate using
principles different from classical membrane trafficking. First,
each caveolar coat contains a set number (one ‘quantum’) of
caveolin-1 molecules. Second, caveolae are either stored as in
stationary multi-caveolar structures at the plasma membrane, or
undergo continuous cycles of fission and fusion with the plasma
membrane in a small volume beneath the surface, without dis-
assembling the caveolar coat. Third, a switch mechanism shifts
caveolae from this localized cycle to long-range cytoplasmic
transport. We have identified six kinases that regulate different
steps of the caveolar cycle. Our observations reveal new principles
in caveolae trafficking and suggest that the dynamic properties of
caveolae and their transport competence are regulated by different
kinases operating at several levels.

Caveolae are involved in dynamic cellular processes such as signal
transduction® and endocytosis®, but appear to be constitutively
immobile*. Inside the cell, caveolar vesicles dock on, fuse with
and are released from endocytic organelles without disassembling the
caveolin-1 (CAV1) coat®. It is not known whether caveolae are
assembled de novo at the cell surface or originate from intracellular
pools, whether they interact dynamically with the plasma membrane,
how they participate in membrane trafficking and how this is
regulated by kinases'. We address these questions using a combi-
nation of quantitative total internal reflection fluorescence
microscopy (TIR-FM)’, computational analysis and functional
genomics using RNA interference (RNAi)".

Caveolae were visualized in HeLa cells stably expressing CAV1
labelled with green fluorescent protein (GFP)® (see Supplementary
Information for detailed methods). Fitting the intensity distributions
of the visualized spots to multiple gaussian curves revealed that
caveolar structures were assembled from unit-sized building blocks,
with a constant fluorescence intensity quantum (g). (Fig. la, b).
Quantal incorporation into synaptic vesicles has been shown for
neurotransmitters and lipid dyes®®. To assign each gaussian peak to
a morphologically known structure, we estimated their size.
CAV1-GFP spot sizes of g, were as large as the diffraction limit
of our imaging system (~200nm) (Supplementary Fig. Sla—c), but
size differences became apparent for higher g values (q=,). Together
with previous ultrastructural analysis of CAV1-GFP on the cell
surface™'’, we conclude that the g, structures (~50 nm in size) are
individual caveolae, and that g~ structures are grape-like clusters of
multiple caveolae.

Using mouse Cavl '~ fibroblasts'! expressing CAV1-GFP, the
number of CAV1 molecules in g, structures was estimated to be
144 * 39 (Supplementary Fig. S1). The intensity of CAV1-GFP ¢,
quanta in HeLa cells was ~0.56 of that in Cav1 ~/~ fibroblasts (Fig. 1b
and Supplementary Fig. S1f). As CAV1-GFP is expressed at similar

levels as endogenous CAV1 in HeLa cells®, this indicates that quanta
of both cell lines contain a similar number of CAV1 molecules, and
that the GFP moiety does not disturb incorporation or quantal
assembly. The number of CAV1 molecules in quanta was indepen-
dent of expression level (Supplementary Fig. S1d, f). However, upon
5-10-fold overexpression of CAV1-GFP, CAV1 also appeared in
surface structures at sub-quantal intensity (0.1-0.3g; Supplementary
Fig. Sle, f) that, in contrast to individual caveolae, showed lateral
mobility within the plane of the membrane (Supplementary Video 1).
These might represent CAV1 oligomers that failed to be incorporated
into caveolae owing to saturation of the assembly mechanism.

We observed that many caveolae are not fixed at the plasma
membrane, but instead appear and disappear (Supplementary
Videos 2, 2a), as indicated by rapid quantal increases and complete
losses of fluorescence intensity (Fig. ¢, d and Supplementary Videos
3, 3a, 3b). During docking, spot intensity remained constant and
CAV1-GFP did not diffuse into the surrounding membrane (Sup-
plementary Fig. S1i), suggesting that pre-assembled caveolar vesicles
keep their structural integrity while cycling between the cytoplasm
and the cell surface®.

Most structures showing kiss-and-run interactions (90/398) were
individual caveolae (Fig. 1d). In fact, over a period of 300s, 45%
(71/158) of all individual caveolae were dynamic. Occasionally, we
observed the docking of a q; vesicle and the subsequent docking of a
second ¢q; vesicle, resulting in the formation of a g, structure
(Supplementary Fig. S1j). We thus conclude that multi-caveolar
assemblies are formed by multiple individual caveolar vesicles
docking on top of one another. These are stably attached to the cell
surface, whereas half of the individual caveolae show continuous
kiss-and-run interactions with the plasma membrane.

To demonstrate that caveolae can undergo a cycle of docking,
fusion and fission, we used pH quenching'> with dual colour
TIR-FM. The outside of caveolar vesicles was visualized with CAV1
tagged with monomeric red fluorescent protein (CAV1-mRFP) and
the vesicle lumen was visualized with fluorescein-isothiocyanate-
labelled Cholera toxin B (FITC-ChTxB)'". Because the interior of
caveolar vesicles and caveosomes is pH neutral', we used rapid loss
of FITC signal upon acidification as the readout for fusion.

Using TIR-FM, we found that most caveolar structures incorpo-
rated the FITC-ChTxB toxin, including those showing kiss-and-run
interactions with the plasma membrane (Supplementary Fig. S2a
and Supplementary Video 4). Upon acidification of the extracellular
medium to pH 5.5, the FITC signal was quenched, predominantly in
multi-caveolar assemblies; it was not quenched in several individual
caveolae, suggesting that these caveolae were docked on, but not
continuous with the plasma membrane (Fig. 1e). However, the FITC
signal was rapidly quenched to background levels in these structures
about 1s after docking (Fig. 1f, g, Supplementary Fig. S2b and
Supplementary Videos 4a—c). Similar quenching kinetics were
observed at an extracellular pH of 6.2, a pH at which some signal
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remained (in agreement with the pK, of FITC) (Fig. 1g). Out of 32
docking vesicles, 27 became rapidly quenched in a N-ethylmaleimide
(NEM)-sensitive manner (Supplementary Fig. S2b, d). Addition of
ionophores, which equilibrate protons across membranes, resulted in
quenched FITC signal in docking caveolar vesicles (Supplementary
Fig. S2b). Together, these observations indicate that intracellular
caveolar vesicles that have incorporated ChTxB during a previous
visit to the cell surface or to intracellular, pH-neutral organelles like
caveosomes™'*, can dock at and fuse with the plasma membrane.
Alternatively, model membrane experiments suggest that exposure of
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the vesicle lumen to the extracellular medium during kiss-and-run
interactions might be determined by length-controlled accessibility
of a tubular membranous neck continuously connected to the
surface®.

Under conditions of neutral extracellular pH, FITC-ChTxB was
not released into the surrounding membrane after fusion of a
caveolar vesicle. However, release did occur when the glycosphingo-
lipid-bound toxin was exocytosed by other, CAVI-mRFP-negative
vesicles (Fig. 1f and Supplementary Fig. S2¢), in a manner similar to
the release of lipid dyes or transmembrane proteins from secretory
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Figure 1| Quantal assembly and kiss-and-run of caveolar structures.

a, TIR-FM of HeLa cells stably expressing CAV1-GFP. Scale bars, 10 pm
(left) and 2 pm (right). b, Intensity histogram of 396 CAV1-GFP-positive
structures in HeLa cells, fitted to 4 gaussian curves (degrees of freedom
(d.£) = 13; R* = 0.99; absolute sum of squares (S.S.) = 154.8; residuals
(Sy.x) = 3.45). The mean of the first peak is defined as g. ¢, Plots of intensity
over time (17-ms interval) of 12 appearing and 10 disappearing structures in
TIR-FM, and sigmoidal curve fits (solid lines) of average (£s.e.m.) values
(filled circles) (appearing: d.f. = 344, R?>=10.82,5.5.=1.7, Syx=0.07;
disappearing: d.f. = 233, R?>=0.81,5.5. = 1.3, Sy.x = 0.07). The rates of
appearance (17.8 * 2.1qs~ ') and disappearance (—43.7 * 7.4qs” ') and
the level of background signal (b) are shown on the graph. d, Intensity
histograms and gaussian fits of 90 docking/mobile (d.f. = 6, R* = 1.00,
S.S. =438, S, = 0.89) and 308 fixed/immobile structures (d.f. = 14,
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R?=0.97,S.S. = 146.3, S,.x = 3.23). Of the 90 mobile spots, 71 are g, and 7
are q,. Of the 308 fixed spots, 87 are g, and 221 are ¢,,~,. €, Dual-colour
TIR-FM, intensity histogram and gaussian fit of 73 caveolar structures with
non-quenchable FITC-ChTxB (d.f. = 10, R* = 0.97, S.S. = 12.9,

Sy.x = 1.14). Scale bar, 5 pm. f, Selected frames from 100-ms interval
recordings. Left, FITC-ChTxB in a caveolar vesicle, quenched by low
extracellular pH during docking. Middle, FITC-ChTxB in a caveolar vesicle
remains sequestered at neutral pH during docking. Right, FITC-ChTxB in a
non-caveolar vesicle is released into the surrounding membrane at neutral
pH during docking. Scale bar, 1 pm. g, CAV1-RFP and FITC-ChTxB
fluorescence intensity traces (100-ms intervals; no background correction)
during kiss-and-run of an individual caveola at extracellular pH 7.4, 6.2 or
5.5. Fusion is detected at as rapid quenching of the FITC signal before the
RFP signal disappears.
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vesicles'®. Thus, during the fusion of individual caveolae with the
plasma membrane, the caveolar coat does not fully dissociate, and
it retains the ability to sequester a ganglioside GM1-associated
multivalent ligand, similar to intracellular caveolar vesicles®.

To follow the origin and fate of the cycling population of caveolar
vesicles, we combined TIR-FM with epifluorescence microscopy
(Epi-FM)'°. A spot appearing in TIR-FM was invariably observed
first in Epi-FM (Fig. 2a, ¢ and Supplementary Videos 5, 5a),
confirming that caveolae are not assembled de novo at the surface,
but instead are pre-assembled in intracellular caveolar vesicle stores
and then transported to the cell surface. Indeed, we could directly
monitor a FITC-ChTxB-containing, pre-existing vesicle appearing
from the cytoplasm, docking on the surface, exposing its lumen to
the extracellular space, and internalizing again (Supplementary
Fig. S3). Between docking events, we occasionally observed rapid,
directional movement. The majority of mobile caveolae, however,
repeatedly docked in a small area of the plasma membrane, and
combined this with short-range motility below the surface (Fig. 2b
and Supplementary Video 5b). We performed statistical analysis of
the spatial distribution of all docking events over a 300-s recording
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period, and confirmed that most were confined to an area of 3-8 pm?
(Fig. 2d). Apparently individual caveolae undergo (1) continuous
short-range cycles of fusion and internalization, during which they
do not travel long distances but are restricted within a small
cytoplasmic volume beneath the cell surface, and (2) occasional
trafficking between the plasma membrane and intracellular pools.
This is consistent with a slow exchange between these two pools and a
seemingly fixed position of caveolar structures on the cell surface*’.

We next performed an in-depth analysis of six kinases identified as
potential candidate regulators of caveolae/raft-mediated endocytosis
that are also involved in infectious entry of simian virus 40 (SV40)'. A
series of RNAi phenotypes reflected functions at distinct steps of the
caveolar cycle described above. First, the silencing of ARAFI (also
known as ARAF), a serine/threonine kinase involved in mitogenic
signalling, resulted in diffuse CAV1-GFP staining that was laterally
mobile, in addition to the characteristic spot-like pattern (Fig. 3a,
Supplementary Fig. S2c and Supplementary Video 6). We suggest
that in the absence of ARAFI, the caveolar coat is less stable or
inefficiently assembled.

Second, ablation of MGC26597 (a hypothetical kinase with a
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Figure 2 | Cycling is restricted to local areas beneath the plasma
membrane. a, Combined TIR-FM (green) and Epi-FM (red). Plasma
membrane kiss-and-run by a caveolar vesicle departing from an intracellular
organelle (top) and rapid, directional transport of a caveolar vesicle between
two docking events (bottom). Time is relative to the first frame. Scale bars,
1pm (top), 2 pm (bottom). b, Maximum intensity projections (X1 ,,) of
TIR-FM (green) and Epi-FM (red) time-lapse sequence reveal areas of
clustered spots that co-localize with each other. Scale bar, 10 pm. ¢, Average
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phosphoinositide 4-phosphate 5-kinase (PI(4)P5K) homology
domain) or SRC resulted in clustering of caveolae (Fig. 3a), leading
to an increase in multi-caveolar assemblies (q,~3) at the expense of
individual caveolae. As a result, caveolar structures accumulated
at the cell surface, and both the dynamics of caveolae (Fig. 3b, ¢) and
the internalization of SV40 particles were strongly reduced
(Supplementary Fig. S2d and Supplementary Video 7).

Third, silencing of two serine/threonine kinases (KIAA0999 and
MAP3K?2), strongly reduced kiss-and-run dynamics, leading to an
accumulation of caveolar structures at the cell surface (Fig. 3b, c and
Supplementary Video 8) without affecting caveolae coat assembly or
clustering (not shown). Conversely, knockdown of the Ser/Thr
MAPK-related kinase DYRK3 strongly increased the dynamics of
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Figure 3 | Caveolae coat stability, clustering and cycling mode are
controlled by kinases. a, TIR-FM and quantal index analysis (average
values * s.e.m.; n = 212-479; 3 cells) of CAV1-GFP shows that
RNAi-mediated knockdown of ARAFI (RNAi:ARAF]I) results in diffuse
staining (<q,) and RNAi:SRC results in the formation of large, multi-
caveolar clusters. b, Coordinate determination of caveolar docking sites
during RNAi-mediated knockdown of SRC, KIAA0999 or DYRK3, and after
treatment with 1 pM okadaic acid (OA) or exposure to SV40. Scale bars,
10 pm. ¢, Average CAV1-GFP spot density (*s.e.m.) determined for the first
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caveolar vesicles (Fig. 3b, ¢) and had a minor destabilizing effect on
the caveolar coat (Supplementary Video 9).

Increased dynamics were also observed upon exposure to
okadaic acid or SV40, both known to stimulate caveolae-mediated
endocytosis®'” (Fig. 3b, ¢ and Supplementary Video 10). There was
no net change in the number of caveolae at the cell surface, but we did
detect a three- to fivefold increase in the number of docking events,
which occurred at random positions on the plasma membrane
(Fig. 3¢, d), Random docking is also seen after actin depolymeriza-
tion (data not shown), and this is initiated by SV40 (ref. 4). Because
cell-surface and intracellular pools of CAV1 exchange upon addition
of okadaic acid® or SV40 (data not shown), we propose that
stimulation of caveolae-mediated endocytosis requires elimination
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frame and XI,,,, minus the first frame, from 8 areas of 21.6 pm? each.
RNAIi:SRC and RNAi:KIAA0999 reduce the number of docking events and
increase the number of caveolar structures on the cell surface. RNAi:DYRK3,
OA-treatment and SV40 incubation increase the number of docking events.
d, Quantification of clustering of docking events after RNAi:DYRK3,
OA-treatment and SV40 exposure shows loss of clustering. Regions of the
curve above the 99% CI indicate clusters of caveolae within an area size of
radius r (see Methods).
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of the spatial restrictions on caveolae dynamics imposed by the actin
cytoskeleton?, resulting in a switch from futile kiss-and-run cycles to
long-range, microtubule-dependent transport cycles. This results in
‘committed’ internalization of caveolae to intracellular organelles
and their replenishment with caveolar vesicles from intracellular
locations.

In this study, we have identified new principles of caveolae
membrane trafficking. First, a quantal number of 144 = 39 mol-
ecules of CAV1 are incorporated in one caveolar coat. Second,
whereas caveolae not engaged in trafficking are stored as clusters in
multi-caveolar assemblies that communicate with the extracellular
space, transport-competent caveolae undergo constitutive kiss-and-
run cycles in a small volume underneath the plasma membrane,
during which the caveolar coat stays intact and sequesters multi-
valent, sphingolipid-bound cargo. Third, a molecular switch changes
the mode of cycling from short- to long-range and activates caveolae-
mediated transport to intracellular locations (such as caveosomes'*
and, to a lesser extent, early endosomes®). Intracellular caveolar
vesicles are concomitantly recycled to the plasma membrane.

We have identified six kinases that regulate coat stability (ARAFI),
caveolae clustering (SRC, MGC26597), kiss-and-run dynamics
(KIAA0999, MAP3K2) and long-range cycling (DYRK3). Mitogenic
signalling downstream of ARAFI might act through (de)stabilizing
the caveolar signalling scaffold®> and differentially shaping
CAV1-GFP-positive membranes'.

Ablation of SRC or MGC26597 causes the same caveolae-
clustering phenotype as overexpression of the GTP hydrolysis-
deficient mutant of dynamin2 (ref. 18; Supplementary Fig. S2e),
and blocks infectious entry of SV40. This is consistent with suggested
roles for SRC in caveolae function and/or dynamics'**. The specific
recruitment and activation of dynamin2 on caveolar structures
might be regulated by MGC26597 (through phosphatidylinositol-
4,5-bisphosphate (PtdIns(4,5)P,) synthesis; ref. 21) and SRC*.
MGC26597 could be a caveolae/lipid raft-mediated endocytosis-
specific PI(4)P5K, as it is not required for clathrin-mediated
endocytosis'.

Differential regulation of short- and long-distance cycling between
the cell surface and intracellular organelles by KIAA0999, MAP3K2
and DYRK3 points to the existence of kinase-regulated molecular
machinery that can activate these two modes of trafficking and switch
between them. This probably involves changes in the cortical actin
cytoskeleton and activation of microtubule-dependent motility"'**.

Finally, we can make suggestions regarding different modes of
caveolae- and raft-dependent endocytosis. First, a ligand-activated
switch from short- to long-range cycles induces committed inter-
nalization of caveolae. Second, directional transport independent of
this switch might be established when locally cycling caveolae
transiently fuse with nearby organelles when a cue induces ligand
release®. Third, a mechanism might be in place to destabilize the
caveolar coat at the plasma membrane, allowing release of lipid rafts
and their internalization by means of non-caveolae-derived vesicles,
which could be under the control of mitogenic kinases'. Continuing
with the combined approaches of functional genomics and TIR-FM
will allow systems analysis and a more detailed understanding of
these related processes.

METHODS

For full details of the methods used, please refer to the Supplementary
Information.

Cell culture and transfection. All cells were cultured in medium containing 10%
fetal calf serum. The medium for cells expressing CAV1-GFP or CAV1-mRFP
contained 500 pg ml~' G418. Transient transfections were performed by lipofec-
tion using FuGene6 (Roche) and short interfering RNA was transfected using
Oligofectamine (Invitrogen). For imaging purposes, cells were plated in glass-
bottomed micro-well dishes (MatTek) and maintained in CO,-independent
medium (GibcoBRL). Time-lapse experiments were performed at 25 °C and 37 °C.
Imaging. Imaging was performed using an Olympus IX70 inverted microscope
equipped with a dual-port condensor (TILL Photonics), an argon-krypton laser
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(Innova 70C Spectrum, Coherent) and a 100 W mercury arc lamp light source, to
allow both Epi-FM and TIR-FM. The laser beam was focused at an off-axis
position in the back focal plane of high numerical aperture X 63/NA 1.45
(Olympus) or X 100/NA 1.45 (Zeiss) oil immersion objectives, such that the
laser beam struck the interface between the glass and cell at an angle less than 55°.
As a result, the laser light underwent total internal reflection, leading to the
excitation of molecules within 100 nm above the interface only. For dual-colour
experiments, a beam splitter (Dual-View Micro-Imager, Optical Insights) was
used to project green and red components side by side onto a back-illuminated
CCD camera (Micromax 512BFT, Roper Scientific). Time-lapse sequences were
acquired at 100-500-ms intervals. For high-speed imaging (17-ms intervals), a
50 X 50 pixel region of interest was selected.

Identification of quantal assembly. Background-corrected intensity histograms
were fitted to functions consisting of the sum of 2 or 4 gaussian curves:

_U-kg?

k=n
F()=Y we *i (1
k=1

where F is the number of caveolar structures at a given intensity I; vy is the
amplitude of the kth peak, o, is the variance of the intensity of an individual
quantum and q is the intensity of an individual quantum. Structures with I
values with >95% probability of belonging to the k = 1 gaussian curve (g, spots)
were used to determine the number of CAV1-GFP molecules.

Determination of the number of incorporated caveolin-1 molecules. To
calculate the number of CAV1-GFP molecules in g, spots, we compared the
distribution of integrated gaussian curves fitted to radial sweeps of 375 rotavirus-
like particles (VLPs) containing 120 molecules of GFP with the distribution of
integrated gaussian curves fitted to radial sweeps of 405 g, spots (Supplementary
Fig. S1).

Analysis of fusion events. HeLa cells expressing CAV1-mRFP were allowed to
bind ~10,000 molecules of FITC-ChTxB for 5min at 37°C and were then
extensively washed with warm CO,-independent medium. Cells were transferred
to the microscope and the imaging system was prepared to record kiss-and-run
dynamics. An equal amount of citric acid-buffered, CO,-independent medium
was subsequently added to obtain a final pH of 5.5 (or 6.2) and dynamics
of CAVI-mRFP and FITC-ChTxB were immediately recorded using dual-
colour TIR-FM. Each video was finished within 1 min of acidification of the
medium.

Statistical analysis using Ripley’s K function. Coordinates of docking events on
the plasma membrane were used to determine the distance between each
docking event and to analyse the second-order property of the point pattern,
defined by Ripley’s K function:

K(r) = N (2)

where N(r) is the expected number of neighbours within a distance r, and K(r) is
N(r) normalized to A, the density of the pattern. The function used in our
analysis is derived from equation (2) and describes L(r), which is K(r) corrected
for values at complete spatial randomness (CSR) at which N(r) is Awr?:

L = % —r 3)

At CSR, which is used as the benchmark in our analysis, L(r) is 0. Monte Carlo
simulations were performed to calculate the 99% confidence interval (CI) for
CSR and L(r) values are presented relative to the 99%CI. L(r) functions were
plotted and regions of the curve that emerge above the 99%CI indicate
significant clustering within an area size of radius r.
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