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Abstract

We report here detection of novel intracellular clathrin-coated structures revealed by continuous
high-speed imaging of cells expressing green fluorescent protein fusion proteins. These structures,
which we operationally term ‘gyrating clathrin’ (G-clathrin), are characterized by localized but
extremely rapid movement, leading to the hypothesis that they are coated buds on waving
membrane tubules. G-clathrin structures have structurally and functionally distinct features. They
lack detectable adaptor proteins AP-1 and AP-2 but contain GGAL [Golgi-localized, y-ear-
containing, Arf (ADP-ribosylation factor)-binding protein] as well as the cation-dependent
mannose-6-phosphate receptor. While they accumulate internalized transferrin (Tf), they do not
contain detectable levels of cargos targeted for the late endosome/lysosome pathway such as EGF
and dextran. Pulse-chase studies indicate that Tf appears in G-clathrin structures in the cell
periphery after sorting endosomes (SEs), but before filling of the perinuclear endocytic recycling
compartment. Furthermore, the inhibitors LY 294002 and wortmannin, which inhibit direct
recycling of Tf from SEs to the plasma membrane, also block its appearance in G-clathrin. These
observations suggest that peripheral G-clathrin contributes to rapid recycling, a kinetically defined
compartment that has largely eluded structural identification. More generally, the rapid continuous
live cell imaging reported here reveals new aspects of membrane trafficking.
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Clathrin-mediated membrane trafficking is involved in many aspects of cargo and
information transmission between the plasma membrane (PM) and intracellular
compartments. The structure and function of clathrin-coated membranes in eukaryotic cells
have been the focus of many studies, and the involvement of more than 30 proteins in coated
pit function has emerged (reviewed in 1,2). However, an understanding of the nature of their
individual functions as well as the timing, extent and consequences of their interactions
remains unclear in most cases.
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In addition to PM coated pits and clathrin in the frans-Golgi network (TGN) region, clathrin-
coated structures also occur on both vesicular and tubular portions of endosomal
membranes. Pinpointing the exact functions of endosomal clathrin-coated membranes has
been challenging, but they have been demonstrated to function in multivesicular body
formation and targeting to the late endosomal/lysosomal degradative pathway, in recycling,
as well as in retrograde transport of cargo from the endocytic pathway to the TGN (3-7). /n
situ, endosomal structures have been reported to be relatively stationary or to show
microtubule-dependent vectorial movements (x0.5-1 wm/second) consistent with delivery
of cargo to more centripetal organelles within the cell including late endosomes, lysosomes
and the TGN (8,9).

We report here the detection of another group of clathrin coat structures in the periphery of
cells, using fast imaging of live cells expressing green fluorescent protein (GFP)—clathrin.
We characterize their movements, which are much faster than that previously reported for
clathrin yet highly localized at the same time, leading to the inference that they reflect a
distinctive gyrating or waving movement of coated buds along or on the ends of membrane
tubules. Furthermore, we demonstrate that these structures, which we operationally term
‘gyrating clathrin’ (G-clathrin), contain cargo and coat components involved in recycling. It
is likely that these structures, which are distinct from peripheral early endosomal vacuolar
regions containing early endosomal antigen 1 (EEA1), may comprise part of an endosomal
recycling compartment that has been defined kinetically but not previously discretely
visualized.

Rapidly moving ‘G-clathrin’ structures

Previously we have reported that high-level exogenous expression of phosphatidylinositide
3-kinase C2a (PI3K-C2a) can induce the proliferation of numerous punctate clathrin
structures in the cytoplasm of cells that move extremely rapidly but in a very restricted area,
and that these movements were both energy dependent and microtubule mediated (10). We
hypothesized that exogenous PI3K-C2a expression might grossly exaggerate the normal
occurrence of these structures. Here we asked whether fast, localized GFP—clathrin
movement could be detected in the absence of exogenous PI3K-C2a expression, and which
may have previously eluded detection at the comparatively long exposure times generally
used for live cell microscopy. Accordingly, we investigated more closely the behavior of
GFP—clathrin signals in cells in the absence of any other exogenous protein. Using 0.5 to 1
second exposure times generally employed (Video S1), the slight jiggling behavior of
relatively stationary coated pits was readily observed (11,12). Interestingly, even under these
image acquisition conditions, a sense of rapid clathrin movements could be appreciated as a
barely perceptible blur (Video S1, boxed region). However, continuous imaging with short
exposure times (<50 milliseconds) allowed the rapid clathrin behavior in the same field to be
more readily appreciated (Video S2, boxed region). These movements, which were both
energy and temperature dependent (Figure S1A and B), were rapid but localized, and gave
the sensation of a gyrating motion about a relatively fixed locus (Figure 1A). Accordingly,
we refer to them here operationally as ‘gyrating clathrin’ or G-clathrin.

Observation of other cell lines transiently expressing GFP—clathrin using short exposure
times demonstrated that G-clathrin structures occur widely. In addition to COS-1 cells, they
are readily evident in HEK293, A431, HepG2 and Du145 human prostate cancer cells, and
to a lesser but still detectable extent in HeLa and NIH 3T3 cells (data not shown). G-clathrin
could be detected by focusing on the bottom PM, although they appear sharper when the
focal plane is raised ~0.4 um, suggesting that they exist directly above the PM. Quantitative
analysis of image stacks captured from the latter focal plane indicated that G-clathrin
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comprises about one-third of the detectable clathrin structures in this region [29 + 3%
(SEM)], most of which probably reflect coated endosomal membranes (5,12). The structures
appear to move in and out of the focal plane as suggested by the intensity and shape changes
of individual spots (Video S2, boxed region).

To learn more about these structures, cells expressing GFP—clathrin were imaged for
extended periods (~10 seconds) with 36-millisecond exposures. We then analyzed all GFP-
clathrin objects in multiple fields that could be continuously and reliably tracked for =5
seconds and grouped spots based on their speed and ‘distance index’, the latter reflecting
maximal separation displacement achieved during a time sequence compared with total
accumulated distance moved. By these parameters, the localized waving movements of G-
clathrin structures were readily obvious in having very low values for distance index despite
high speeds (Table 1; Figure S2), and were quantitatively distinct from clathrin spots that
moved in a predominantly vectorial manner. The latter covered more distance (higher
distance index), and likely reflect clathrin-coated endosomes or transport carriers derived
from the TGN that have been observed previously (12-15).

The G-clathrin was also readily distinguished from the many clathrin spots in the cell
periphery that are essentially stationary, showing only very small, irregular movements and
correspondingly small average speeds (Table 1). These structures are PM coated pits or
relatively stationary endosomes, and some of their small apparent movement may actually
be because of minor shape changes or intensity shifts. As seen in the three representative
examples presented in Figure 1B, the unique mobility characteristics of G-clathrin were also
apparent in actual spot traces and in root mean square displacement analyses of spot
movement traces (16). Here, vectorial motion yielded linear plots of displacement versus
interval time, whereas the localized mobility of G-clathrin was highlighted by much smaller
and limiting displacement values.

G-clathrin structures are associated with GGA1

To begin to obtain compositional and functional information about G-clathrin structures, we
asked whether they might also contain clathrin adaptors such as adaptor proteins AP-1 or
AP-2 (17). The G-clathrin structures are clearly not PM coated pits (see above), and as
expected did not contain detectable AP-2 as determined by examining cells expressing both
mCherry—clathrin and GFP-AP-2 (Figure S3). AP-1 spots are also readily detectable in the
peripheral cytoplasm of cells as well as in the Golgi region (13,18). Many of these are
stationary, while some move vectorially; however, none of these was observed to be
coincident with G-clathrin (Video S3).

Far more extensive co-localization of G-clathrin was observed with GGA, a clathrin adaptor
whose role in the TGN has been intensively studied but which has also been reported to
occur on peripheral clathrin structures (19,20). In cells expressing yellow fluorescent protein
(YFP)-GGAL, in addition to a strong perinuclear Golgi localization, we found that at least
two populations of GGAL signal could be discerned in the periphery (Video S4; Figure 2).
First, a substantial amount of YFP-GGAL1 signal was essentially stationary on the timescale
of our experiments (~1 second) and all of these structures also contained mCherry—clathrin
(Figure 2) as previously reported (13), although not all clathrin spots contained GGAL. More
interestingly, highly dynamic YFP-GGAL1 structures were also observed, comprising about
half of the total GGAL spots detected in the cell periphery in these cells [48.6 £ 4.9%
(SEM)]. Simultaneous high-speed imaging of YFP-GGA1 and mCherry—clathrin (Figure 2,
kymograph; Figure S4, Video S4) revealed that virtually all the motile G-clathrin structures
also contained YFP-GGAL [97 £ 1% (SEM)]. This enabled us to use this distinctively
motile GGAL signal as a marker for the G-clathrin structures (denoted G-GGA/clathrin), as
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it gave a clearer pattern by virtue of lacking the background of stationary coated pits, which
did not contain GGAL (Figure 2; 19).

One of the major ligands for GGA adaptors in cells is the cation-dependent mannose-6-
phosphate receptor (CD-MPR), which is involved in sorting of lysosomal enzymes in the
TGN and throughout the endocytic pathway (reviewed in 21). When both mCherry—clathrin
and GFP-CD-MPR were expressed in COS-1 cells and imaged using rapid acquisition, we
could readily detect CD-MPR in G-clathrin (Video S5), demonstrating that both adaptor and
receptor are in these structures.

Are G-clathrin structures components of the endocytic pathway?

To determine whether G-GGA/clathrin structures accumulate internalized cargos, we
incubated cells with Alexa568-transferrin (Tf) for 60 min and then fixed the cells. Under
these conditions, internalized Tf was observed in most peripheral YFP-GGAL structures
(Figure 3A), consistent with their being components of the endocytic pathway. Interestingly,
simultaneous localization of EEA1 showed only limited coincidence with GGA1, suggesting
that most peripheral sorting endosomes (SEs) lack GGAL coats in these cells (22).

We then used simultaneous dual color imaging of YFP-GGA1 and Alexa568-Tf to directly
visualize Tf cargos in G-GGA/clathrin structures in live cells. This revealed that after 15
min incubation, virtually all the dynamic G-GGA/clathrin structures (90 £ 2% SEM) were
associated with Tf (Video S6; Figure 3B). Interestingly, in some cases, G-GGA/clathrin
decorated only part of the Tf-labeled membrane (Video S7), appearing to have a bipolar
distribution. Here, the presence of one or more distinct YFP-GGA1 buds on the same
structure could best be appreciated by observing the rapid, coordinated movement of the
GGAL1 and Tf signals over time (Video S7; Figure 3C).

To determine more precisely what part of the endocytic pathway these Tf-containing G-
GGA/clathrin structures comprised, we performed pulse/chase uptake experiments with
Alexa568-Tf at 23°C to slow internalization and recycling in cells expressing YFP-GGAL.
After a 1.5 min pulse, washout and about 2 min of chase, rapid imaging of cells indicated
that very few of the peripheral structures had become loaded with Tf. However, upon
chasing for 10 min, many G-GGA/clathrin structures contained Tf (Video S8), which
diminished after additional chasing in the presence of unlabeled Tf (data not shown).

These experiments provided a direct but qualitative indication of the time—course of Tf
trafficking into the G-GGA/clathrin compartment in live cells, and to get more quantitative
information, we used cells treated identically at 23°C but then fixed and stained for EEAL to
mark SEs. At the earliest times after a pulse of Alexa568-Tf uptake and immediate washout
and fixation, some EEA1-positive SEs containing Tf can be detected (Figure 4A). By 2 min
after Tf washout, most SEs now contained Tf (Figure 4B), consistent with previous
observations of the uptake of Tf, although very few of the peripheral GGA1 structures had
become loaded with Tf. However, by 10 min of chase, about 90% of the peripheral GGAL
spots were now Tf positive (Figure 4C), consistent with the live cell imaging data (Video
S8). Quantification of multiple experiments similar to that shown in Figure 4 demonstrated
that the increasing degree of overlap of Tf signal with peripheral GGAL structures, many of
which must actually be G-clathrin (*50%, see above), clearly demonstrated that the G-
GGA/clathrin compartment loads after the SE, and that the signals become largely
coincident by 10 min of chase (Figure 4D). In contrast, under these conditions, the extent of
labeling of the perinuclear endocytic recycling compartment with Tf is not substantial until
well after 10 min (23, and data not shown). Together, these results indicate that the G-GGA/
clathrin compartment is downstream of the SE, but clearly upstream or coincident with the
perinuclear endocytic recycling compartment.
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We then asked whether G-GGA/clathrin structures discriminate cargos destined for the late
endosomal and lysosomal compartments from those targeted to the recycling pathway. First,
cells expressing YFP-GGAL were incubated overnight in Texas Red-tagged dextran (M, ~
70 kDa) to saturate the fluid phase uptake pathway leading to late endosomes/lysosomes.
Upon live cell imaging, no evidence for Texas Red-dextran in the G-GGA/clathrin structures
was detected (data not shown). Second, we examined the distribution of EGF, a ligand
primarily sorted to late endosomes and lysosomes (2). Cells were labeled with Texas Red-
EGF (100 ng/mL) for 1, 4 or 10 min at 37°C, washed briefly and observed after chasing for
1-30 min. Again, Texas Red-tagged EGF was absent from G-GGA/clathrin structures
although it was detectable in stationary or vectorially moving structures bearing GGA coats
(Video S9).

As fluid phase markers do not accumulate in recycling compartments (24,25), the absence of
internalized dextran, as well as of EGF targeted to late endosomes/lysosomes, suggested that
G-GGA/clathrin structures might function in recycling pathways. Accordingly, we examined
peripheral GGAL structures for Rab11, a protein that is known to be involved in recycling
pathways in mammalian cells (26,27). We found that mCherry—Rab11 often moves
coordinately with G-clathrin and, like Tf, labels tubules whose end(s) are decorated by
GGAL1 (Figure 5) or clathrin (Video S10, arrows). Collectively, the presence of Rab11 and
of recycling cargo and receptors [CD-MPR (Video S5) and Tf receptors] are consistent with
the G-GGA/clathrin structures participating in a recycling pathway from the SE.

Having demonstrated that Tf accumulates in SEs before reaching G-GGA/clathrin
structures, we exploited the observation that incubation of cells with cargo at 16°C allows
uptake into SEs, but further transport is inhibited (28). First, we confirmed these
observations in our system by incubating cells with Alexa568-Tf for up to 1 hour at 16°C,
and then either fixed and stained for EEAL to reveal SEs, or imaged directly to evaluate
loading of G-GGA/clathrin with Alexa568-Tf. Under these conditions, appearance of
internalized Tf in G-GGA/clathrin structures was barely detectable, with only 8.9 + 3.2%
(SEM) of G-GGA/clathrin spots containing Tf after 1 hour incubation at 16°C. In contrast
and as expected, EEA1-positive SEs were strongly labeled under these conditions (data not
shown, and reference 28,29). Furthermore, upon washing the cells and raising the
temperature to 37°C for 5 min, endocytosed Tf was now readily detected in the G-GGA/
clathrin structures (84 + 5% SEM), consistent with earlier observations that the temperature
block is readily reversible (29), and with our observations that the G-GGA/clathrin
structures lie downstream of the SE (Figure 4D).

To determine more directly whether G-GGA/clathrin structures participate in recycling from
the SE, we used LY294002 and wortmannin. These reagents, which inhibit PI3Ks by
disparate chemical mechanisms (30), have been shown to inhibit recycling of endocytosed
receptors and cargo to the PM (31-33). To enhance accumulation of Tf in SEs, we examined
cells incubated at 16°C (as above) in the presence or absence of LY294002. We then used
flow cytometry to quantify the extent of Tf recycling upon releasing the temperature block
by chasing at 37°C. First, our observations (Figure 6A) are consistent with earlier reports
(33) in demonstrating an inhibition in rapid recycling from SEs in cells incubated with
LY294002 (~80% inhibition at 5-10 min), with lesser effects on recycling at longer times
likely corresponding to transport through the kinetically slower perinuclear recycling
compartment. Similar results were observed in cells treated with wortmannin (data not
shown). Importantly, live cell imaging of cells that had internalized fluorescent Tf under
these conditions revealed that LY 294002 treatment did not appear to detectably affect the
appearance or behavior of G-GGA/clathrin, but rather greatly inhibited its loading with Tf
on warm-up and chase for 5 min at 37°C (Figure 6B; Video S11). Quantification of these
results revealed that LY294002 treatment resulted in almost 85% inhibition of Tf
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appearance in G-GGA/clathrin under these conditions (Figure 6C). This correlates closely
with the approximately 80% inhibition in rapid recycling at this time-point measured by
flow cytometry. Together, these results strongly suggest that G-GGA/clathrin structures
function in rapid recycling from SEs to the PM.

Discussion

The rapid, gyrating G-GGA/clathrin movements that we have identified and analyzed here
have not, to the best of our knowledge, been reported previously. Key to their clear
visualization and study has been the use of continuous image acquisition with very short
exposure times, generally <50 milliseconds. G-GGA/clathrin structures occur widely and to
differing extents in all cell lines studied. Many are located in close proximity to SEs in the
cell periphery, although others that were not further characterized here can be detected
further toward the cell interior.

Clathrin-coated structures on internal membranes in the cell periphery have been identified
in a number of settings. For example, clathrin coats on vesicular portions of early
endosomes, often displaying distinctive bilayer coats at the ultrastructural level, have been
observed (4-7), but these must be distinct from G-GGA/clathrin as the latter does not co-
localize with SE markers. Coated tubular regions of early endosomes have also been
described (3), often containing AP-1 as well (34), and some of these structures have been
implicated in lysosomal targeting and retrograde transport of cargo from the endocytic
pathway to the TGN (35,36). G-GGA/clathrin may comprise a subset of these structures
although not those containing AP-1, which we observe to either be stationary or exhibit
vectorial motion distinct from the whirling G-GGA/clathrin movement described here.
Finally, most clathrin structures observed by total internal reflection fluorescence
microscopy are stationary coated pits, but a very small fraction have been reported to exhibit
linear lateral movement in the field of view (37). Their vectorial movement spatially
confined to the evanescent field directly abutting the PM is inconsistent with the waving
motion of the structures generally more distal to the membrane reported here.

Virtually all the peripheral G-clathrin structures also contain expressed GGAL. The majority
of GGA is in the TGN region and functions in sorting of late endosomal cargos (22).
However, peripheral GGA structures have also been identified (19,20,38), and the subset
containing AP-1 (39), distinct from G-clathrin which lacks this adaptor, have been shown to
function in transport between the TGN and peripheral endosomes (13,14). In light of our
findings of G-GGA/clathrin’s involvement in receptor recycling at the SE, it is interesting
that a role for GGA-dependent sorting of MPR in the perinuclear endocytic recycling
compartment has recently been reported (40). Poor viability of cells with silenced GGA
expression, as reported earlier (22), has hampered our attempts to further dissect the role of
GGA in G-clathrin function.

In this study, we show that the G-clathrin structures become loaded with internalized Tf and
identify them as early recycling structures based upon several criteria. First, kinetically they
are loaded after the EEA1-marked SE has acquired substantial Tf but before the perinuclear
endocytic recycling compartment has acquired detectable cargo. Second, in addition to Tf,
G-clathrin also contains recycling receptors including the CD-MPR, and is associated with
rab11, a marker for the recycling pathway (41), but it lacks detectable levels of cargos that
are delivered to the late endosomal/lysosomal compartment and are largely spared from
recycling, for example, EGF and dextran. Kinetic studies have shown that recycling from
SEs can occur rapidly either directly back to the PM, or more slowly by way of a perinuclear
endocytic recycling compartment (42,43). In this context, our finding that inhibitors of PI3K
that inhibit rapid recycling (33) also greatly decrease or block the appearance of recycling Tf
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in G-clathrin structures strongly suggests that the latter contribute or are responsible for
rapid recycling from the SE. These structures are thus excellent candidates for the
previously unidentified physical compartment whose recycling properties have been
appreciated from kinetic studies. The extent, dynamics and regulation of physical connection
between G-clathrin and SEs remains to be established, but we speculate that G-GGA/
clathrin may comprise part of a tubular endosomal network (3,44) responsible for the
complex sorting functions of endosomes and the recycling compartment. Further work at the
ultrastructural level will be needed to resolve this important question, as well as the nature
of other adaptors and regulators that traverse this compartment.

The observed dynamics of G-clathrin structures are consistent with waving movements of
fluorescently tagged coated buds along or on the ends of membrane tubules. It is intriguing
to consider what might be the functional advantages of this extremely rapid, localized
movement. For example, it might promote fission of the tubule, enhance its contact with
surrounding transport vesicles or even promote diffusion and segregation of receptors along
the tubule membrane.

An important aspect of this report is that it reveals intracellular membrane dynamics on a
timescale not previously appreciated. G-GGA/clathrin structures have been the focus of our
interest here, but similar rapid movements can be seen in the absence of expression of any
exogenous protein in cells that have endocytosed fluorescent Tf (Video S12). Thus, live cell
imaging at this sampling rate reveals a novel arena of membrane trafficking, and it seems
reasonable to expect that these kinds of movements play widespread and critical roles in
intracellular transport.

Materials and Methods

Constructs

Preparation of fluorescent protein fusions with clathrin LCa has been described (10,11).
YFP-GGAL1 (45) and GFP-CD-MPR (45) were generous gifts of Dr Juan Bonifacino (NIH).
mCherry—Rabl11a was generated by cloning full length Rab11 (46) from EGFP-C2-Rablla
(a generous gift from Dr Marci A. Scidmore, Cornell University) into the X#Aol and EcoRI
sites of mCherry-C1. YFP-AP-1y and GFP-AP-2a were constructed as described (47).

Antibodies and reagents

Alexa568/633/647-Tf, Texas Red-EGF and Texas Red-dextran (molecular weight ~ 70 kDa)
were purchased from Molecular Probes, Inc. Anti-EEAL antibody was from BD
Biosciences. LY294002, wortmannin and dimethyl sulfoxide (DMSO) were purchased from
Sigma.

Fluorescence microscopy and analysis

For immunostaining, transiently transfected COS-1 cells were fixed with 3.7%
formaldehyde at room temperature for 10 min and subsequent immunostaining was
performed as described previously (11).

For live cell imaging with transfected COS-1 cells in glass bottom culture dishes (MatTek),
the complete DMEM medium was replaced with HEPES-supplemented F12 medium and
images were acquired at indicated time intervals. For Tf pulse-chase experiments at 23°C,
cells were first incubated with 20 pg/ml fluorescently labeled Tf for 1.5 min, rapidly
washed, chased for indicated times and either fixed immediately or loaded on the
microscope for imaging. Texas Red-EGF (100 ng/ml) or Texas Red-dextran (1 mg/ml) was
used to challenge the cells for 1-10 min or 12 hour, respectively, at 37°C, washed briefly
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and observed. Samples were imaged on Zeiss Axiovert S100 TV widefield microscope
system (63x%/1.4 NA objective) thermostatted with a Harvard TC202-A controller and
PDMI-2 sample holder, as well as a fabricated objective thermostat fitted to a Lauda water
bath. Images were captured on a Cascade 650 camera (Photometrics, Inc.) controlled by
Metamorph software (Universal Imaging, Inc.). Unless otherwise indicated, live cell
imaging was performed with continuous streaming using the specified exposure time. Z-
stack control and acquisition used a piezo-driven objective with an E-662 LVPZT-
Amplifier/Servo controller. Simultaneous imaging of two fluorescent signals was
accomplished using a Dual-view system (Roper Scientific, Inc.).

For quantitative analyses in all experiments, between 100 and 120 spots in 10-20 randomly
selected regions of interest (ROISs) in the cell periphery, each comprising 50-70 pixels
square (~ 5.5-7.7 um square), were analyzed. For quantification of overlap in fixed cells
(e.g. Tf with EEA1 or GGAL structures), all the EEA1/GGAL structures in the ROI were
accurately outlined and the region was transferred to the corresponding Tf image to
determine coincidence. For quantification of overlap of G-clathrin with GGA1, Metamorph
‘stack arithmetic/maximum’ was applied to the time stack to find moving structures,
identified by a characteristic blurred, often rosetted, area. Accurate outlines were drawn
around these areas, the regions transferred to GGA images and overlap quantified. For
quantification of overlap of G-GGA with Tf, the G-GGA structures were similarly identified
and transferred to Tf images. Tf intensities in these regions 220% above the nearby
background were considered positive, and the co-localization of GGAL and Tf was further
confirmed by visually testing for coordinated movement in the color-combined stack. For
quantitative analysis of the fraction of G-clathrin structures near the PM, GFP—clathrin
expressing interphase cells were first located and in-focus images of the basal PM were
collected. The objective was then driven upward 0.40 um and 200 image frames were
streamed at 36 millisecond/frame. In these time stacks and for quantification of the
proportion of G-GGA in total GGA1 structures, Metamorph ‘stack arithmetic/minimum’
was used to find stationary spots, ‘stack arithmetic/maximum’ to reveal vectorially motile
spots, and nonlinear motile spot were counted manually, confirmed by the maximal image
rosettes and visualization through the time stack. Spots persisting in less than three
continuous frames were excluded.

Flow cytometry and quantification of Tf uptake and recycling

COS-1 cells were incubated at 16°C with 20 pg/ml Tf conjugated with Alexa Fluor 633
(Invitrogen) in the presence of 100 .M LY294002 in 0.2% DMSO (or 0.2% DMSO for
control, both present throughout all loading, washing and chase buffers) in HEPES-buffered
(pH 7.2) serum-free F12 medium for 1 hour. Bound Tf was removed from the cell surface
by washing at 16°C twice with F12 medium (pH 7.2), a brief acid wash in 50 mM sodium
MES [2-(4-morpholino)-ethane sulfonic acid], 150 mM NacCl, pH 5.0, followed by an
additional wash at pH 7.2. Subsequently cells were rapidly warmed in a water bath and
chase initiated by rinsing and incubating with F12 medium containing 2 mg/ml unlabeled Tf
for the indicated times at 37°C. Incubation was stopped by washing cells with F12 medium,
chilling on ice and analyzed using a FACSCalibur flow cytometer (Becton Dickinson). Data
were collected from 5000 events, and the mean fluorescent intensity was determined for
each time-point. Data were normalized against the mean fluorescent intensity of 0 min chase
of control cells. Error bars represent the SEM from triplicate samples. Cell viability was
confirmed by staining with trypan blue.

For live cell imaging of the effects of LY294002 treatment on Tf transport, the procedure
was identical to that in flow cytometry except that Tf conjugated with Alexa Fluor 568 was
used with COS-1 cells expressing YFP-GGAL. Both Tf and GGAL signals were
simultaneously imaged with 36-millisecond exposures for 50 continuous frames after 5 min
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chase at 37°C. To measure the amount of Tf in G-GGA/clathrin structures, G-GGA/clathrin
structures were identified by review of the time stacks, and for each structure, the brightest
frame, indicating the best focal plane in the time stack, was determined. An outline was
drawn around the G-GGA/clathrin structure, transferred to the corresponding Tf image in
the time stack, and the average Tf intensity in the outline was quantified. This was
background corrected by the average intensity of several nearby comparable regions devoid
of Tf. Tf intensities measured in this way were obtained in 22 G-GGA/clathrin spots from
three cells, and the corresponding mean value was determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. G-clathrin structures display localized waving movement

A) GFP-clathrin-transfected COS-1 cells were imaged at 36-millisecond intervals. A motile
clathrin spot displaying waving movement is shown in the montage of frames captured at
the indicated time-points, and in the corresponding kymograph of distance versus time. The
movement is characterized by frequent directionality transitions accompanied by intensity
changes, likely because of z-axis movements. Region size is 3 x 2 um. B) Trajectories and
root mean square displacements (RMSD) of clathrin spots during a 5 to 10 second tracking
period. Three examples of spots exhibiting either linear vectorial motion (blue) with large
RMSD, or gyrating motion (red) with small RMSD, are presented. Bar, 1 jum.
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Figure 2. G-clathrin structures contain GGAl

A) YFP-GGAL signals extensively co-localized with mCherry—clathrin; arrow indicates a G-
GGA/clathrin structure. B) Kymographs from several spots in the boxed region reveal the
identical behavior over time of GGA1 and clathrin in moving (panel B) and stationary
(panel C) GGA1-clathrin structures (also see Video S4); kymograph total duration 6.5
seconds. Bar, 2 pm.
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Figure 3. G-GGA/clathrin structures contain endocytosed Tf

A) COS-1 cells expressing YFP-GGAL were incubated with Alexa568 Tf for 1 hour at
37°C, then fixed and immunostained with anti-EEA1 antibody. Almost all the peripheral
GGAZ1 signals overlap with Tf signal (arrows), but the majority of peripheral GGA1
structures do not contain EEAL. Inset shows an expanded view of boxed region. Bar, 10 pm.
B) COS-1 cells expressing YFP-GGAL were incubated with Alexa568 Tf for 15 min at 37°C
and images of both GGAL and Tf were simultaneously acquired using 36-millisecond
exposures (Video S6). Rapid movements of G-GGA/clathrin structures along with Tf (boxed
regions) are presented in a series of frames from Video S6. Bar, 1 um. C) G-GGA buds
decorate a rapidly moving Tf structure. Panel shows a montage of a series of frames from
the boxed region (4 x 3.5 um) of Video S7.

Traffic. Author manuscript; available in PMC 2013 September 04.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Zhao and Keen

YFP-GGA1 Transferrin

o

Fraction of (EEA1 or GGA1)
structures containing Tf

1.1+

Chase time (min)

Figure 4. G-GGA/clathrin are post-sorting endosomal structures

Cells transfected with YFP-GGAL were pulse-labeled with Alexa647 Tf at 23°C for 1.5 min,
chased for 0, 2 or 10 min, fixed and stained with EEAL antibody. Inset shows an expanded
view of boxed region. A) At start of chase, Tf labels only a few small peripheral EEA1-
positive endosomes, and Tf is not detectable in GGAL structures. Bar, 10 wm in all panels.
B) After 2 min chase, almost all the EEA1 endosomes are labeled by Tf, while GGA1
structures still lack Tf. C) After 10 min chase, almost all the GGA1 structures contain Tf
(arrows). D) Quantitative analysis of appearance of Tf in GGA1- and peripheral EEA1-
positive structures (mean £ SEM). Ten regions from 10 cells at each time-point were
analyzed.
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Figure 5. G-GGA decorates Rab11-containing structures

COS-1 cells expressing YFP-GGA1 and cyan fluorescent protein —Rab11 were incubated
with Alexa568 Tf for 15 min at 37°C. GGAL partially co-localizes with Rab11-positive
membranes, sometimes decorating the ends of these membranes. Inset shows an expanded
view of boxed region. Bar, 5 um.
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Figure 6. LY294002 inhibits rapid recycling in COS-1 cells

A) COS-1 cells were incubated with 20 pg/ml Alexa568-Tf for 1 hour at 16°C, then chased
in 37°C medium supplemented with unlabeled Tf for indicated times, all in the presence or
absence of LY294002. Intracellular Tf levels were measured by flow cytometry. Rapid Tf
recycling in the initial 5 to 10 min chase was markedly inhibited by LY294002. B) COS-1
cells transiently expressing YFP-GGAL were treated as in (A), and images were acquired
after 5 min chase (Video S11). A series of still images and the maximal image from a time
stack of 50 continuous frames indicated that LY294002 significantly inhibited the loading of
Tf into G-GGA/clathrin structures. In contrast, control cells were not affected (data not
shown, but compare Figure 4D and Video S6). Boxed region includes several G-GGA
structures. Bar, 1 wm. C) Quantitative analysis indicated about 85% inhibition of Tf loading
of G-GGA structures after 5 min chase in the presence of LY?294002.
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Table 1

G-clathrin structures have unique mobility characteristics?

Average speed (wm/second + SD)  Distance index

Range (%)  Average + SD (%)

G-clathrin 3.73+0.53 5.23-12.77  8.00+1.78
Vectorial clathrin ~ 1.43 + 0.66 25.73-85.73  63.34 £ 19.14
Stationary clathrin ~ <0.01 N/A N/A

N/A, not applicable.

aGFP—cIathrin was imaged in live cells for 10 seconds using 36-millisecond exposures. All moving spots that persisted continuously as distinct
structures for more than 5 seconds (56 spots from four cells) were tracked using the Metamorph “track points’ function, and the average speed,
distance index and root mean square displacement were calculated in Excel. Stationary spots (173 in these images collected at the PM focal plane)
had average speed values <0.01 pm/second. Distance index: the greatest separation distance achieved by a spot in a time stack divided by its total
accumulated distance moved.
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