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Clathrin-coated vesicles bud from selected cellular membranes to traffic-specific intracellular
proteins. To study the dynamic properties of clathrin-coated membranes, we expressed clathrin
heavy chain tagged with green fluorescent protein (GFP) in Dictyostelium cells. GFP-clathrin was
functional and retained the native properties of clathrin: the chimeric protein formed classic
clathrin lattices on cellular membranes and also rescued phenotypic defects of clathrin null cells.
GFP-clathrin distributed into punctate loci found throughout the cytoplasm, on the plasma
membrane, and concentrated to a perinuclear location. These clathrin-coated structures were
remarkably motile and capable of rapid and bidirectional transport across the cell. We identified
two local domains of the plasma membrane as sites for clathrin recruitment in motile cells. First,
as cells translocated or changed shape and retracted their tails, clathrin was transiently concen-
trated on the membrane at the back of the cell tail. Second, as cells capped their cell surface
receptors, clathrin was recruited locally to the membrane under the tight cap of cross-linked
receptors. This suggests that local sites for clathrin polymerization on specific domains of the
plasma membrane undergo rapid and dynamic regulation in motile cells.

INTRODUCTION

Most small membrane vesicles that transport molecules be-
tween organelles and the plasma membrane are initially
encased in a protein “coat.” The clathrin coat, the first char-
acterized proteinacious coat, surrounds membrane transport
vesicles (for recent reviews, see Mukherjee et al., 1997;
Schmid, 1997). These vesicles mediate endocytosis at the
plasma membrane and the initial trafficking of lysosomal
hydrolases from the trans-Golgi network to the lysosome.
Clathrin itself is a multisubunit protein consisting of three
heavy chains and three light chains. This three-legged pro-
tein complex, called a triskelion, has been visualized by
negative staining and rotary shadowing. Triskelions assem-
ble as polygonal lattice structures on membranes to mold
coated pits that invaginate to form clathrin-coated vesicles.
Both clathrin-coated pits on membranes and empty clathrin
cage structures formed in vitro have been visualized by
quick-freeze deep-etch and high-resolution electron micros-
copy, respectively. Although electron microscopy has un-

covered much about the structure of clathrin, these static
single images cannot reveal the dynamics of clathrin move-
ment or behavior in live cells.

One cellular behavior that is particularly dynamic is cell
motility. Models of cell motility have invoked a role for
endocytosis, coupled with directed secretion, in driving cell
movement and capping cell surface receptors (Bretscher,
1984). At present, little is known about the functional con-
tribution of particular membrane proteins to motile pro-
cesses. By virtue of its ability to selectively remodel discrete
areas of the plasma membrane, clathrin could partner with
the actin cytoskeleton to remodel the plasma membrane
during cell motility functions. Indeed, this possibility has
been suggested by structural studies that show clathrin dis-
tributed in close proximity to areas where the actin cytoskel-
eton is tethered to the plasma membrane (Aggeler and
Werb, 1982; Maupin and Pollard, 1983). Clathrin-minus Dic-
tyostelium cells display defects in motility events driven by
the actin cytoskeleton such as cytokinesis (Niswonger and
O’Halloran, 1997a) and cell translocation (Niswonger and
O’Halloran, 1997b; Wessels, et al., 1999). If clathrin is respon-
sible for removing discrete proteins and lipids, thereby re-
modeling the local membrane, then clathrin localization
might change on discrete areas of the membrane during
motility functions. To examine the dynamics and localiza-
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tion of clathrin in motile cells, we have imaged clathrin
labeled with green fluorescent protein (GFP) in live Dictyo-
stelium cells during cytokinesis, movement, streaming, cap-
ping, and phagocytosis.

MATERIALS AND METHODS

Strains, Growth, and Development
Dictyostelium discoideum strains were Ax2, an axenic wild-type
strain, and 5E2, a clathrin-minus strain derived from Ax2 that
carries blasticidin resistance (Niswonger and O’Halloran, 1997a).
Cells were grown at 20°C in HL5 media (0.75% proteose peptone
[Difco, Detroit, MI], 0.75% thiotone E peptone [Becton Dickinson,
Cockeysville, MD], 0.5% Oxoid yeast extract [Unipath, Basingstoke,
Hampshire, England], 1% glucose, 2.5 mM Na2HPO4, and 8.8 mM
KH2PO4, pH 6.5) supplemented with penicillin-streptomycin (Life
Technologies, Gaithersburg, MD) at 60 U/ml. Cells were either
grown on plastic culture dishes or in suspension culture in shaking
flasks on a gyratory shaker. For development of fruiting bodies,
cells were plated on SM-5 agar plates on a lawn of bacteria (Esche-
richia coli B/r) and incubated at 20°C for 5 d (Niswonger and
O’Halloran, 1997a).

Expression of GFP-Clathrin in Dictyostelium Cells
The GFP-clathrin expression plasmid p14A3dchcgfp was an inte-
grating plasmid constructed from the plasmid pTZ19 containing the
actin 15 promoter and the 2H3T terminator (Larochelle et al., 1997).
The actin 15 promoter drives expression of the clathrin cDNA fused
with the GFP variant, S65T-GFP, at its C terminus. Linkers of five
alanines on both sides flanked the S65T-GFP. Wild-type AX2 cells
and clathrin-minus cells were cotransformed with this GFP-clathrin
expression construct and a second integrating plasmid that carried
the G418 resistance gene, pTO103S (O’Halloran and Anderson,
1992a). Plasmids were introduced into cells by electroporation using
a gene pulser (Bio-Rad, Richmond, CA) according to the method of
Kuspa and Loomis (1992). Cells were plated in 96-well plates in HL5
media containing 10 mg/ml G418 (Life Technologies). Clonal cell
lines were screened for GFP-clathrin expression by Western blot
analysis. Cells (2 3 106 per lane) were lysed in boiling sample buffer
and run on a 7.5% SDS-PAGE gel. The gel was transferred to
nitrocellulose and blotted with a rabbit polyclonal antibody to Dic-
tyostelium clathrin heavy chain (O’Halloran and Anderson, 1992b)
followed with a horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G. The blot was developed according to standard
methods (O’Halloran and Anderson, 1992b).

Capping, Phagocytosis Assays, and Endocytosis
Assays
For capping experiments, cells were plated on coverslips and
washed in PDF (11 mM K2HPO4, 13.2 mM KH2PO4, 20 mM KCl, 1
mM CaCl2, and 2.5 mM MgSO4, pH 6.4). Concanavalin A labeled
with Texas Red (Molecular Probes, Eugene, OR) was added to cells
at 0.5 mg/ml for 30 s. Cells were washed twice in PDF and incu-
bated for various periods before imaging. For phagocytosis assays,
Dictyostelium cells were plated on coverslips and rinsed with PDF
buffer, and yeast cells (5 3 106 cells/ml; Molecular Probes) were
added. Cells were immediately imaged with a confocal microscope.
For endocytosis assays, log-phase cells were harvested and resus-
pended at 1 3 106 cells per ml HL5 (4 ml total) in small flasks.
Rhodamine-dextran, Mr 70,000 (Molecular Probes), was added to a
final concentration of 2 mg/ml. Cells were gently shaken at 20°C for
1 h. To stop endocytosis, the cells were washed twice with ice-cold
HL5, resuspended in 4 ml of ice-cold HL5, and immediately ana-
lyzed on either a FACScan or FACstarPlus (Becton Dickinson) flu-
orescence-activated cell sorter. Eight thousand to 9000 cells were
assessed for each sample, and the relative fluorescence of internal-

ized rhodamine-dextran was determined. Background was deter-
mined by measuring the fluorescence of rhodamine-dextran inter-
nalized by parallel samples of cells incubated at 0°C; this
background measurement was subtracted for each sample.

Cell Fixation and Microscopy
To image fixed cells, cells were allowed to adhere to coverslips for
15 min in a humid chamber, rinsed with PDF buffer, and then
overlaid with a thin sheet of agarose (Fukui et al., 1987) before
fixation in 1% formaldehyde/methanol at 210°C for 5 min. After
fixation, the coverslips were washed in 17 mM phosphate buffer, pH
6.8, three times and mounted on slides. Cells were imaged using
differential interference contrast microscopy and epifluorescence
with a Zeiss (Thornwood, NY) Axiophot microscope, a Photomet-
rics (Tucson, AZ) cooled charge-coupled device camera, and IP Lab
software (Signal Analytics, Vienna, VA).

Electron Microscopy
Growing cells were ruptured, quick frozen, and prepared for elec-
tron microscopy as described by Heuser et al. (1993). Before rupture,
cells were pretreated with 10 mmol of latrunculin (Molecular
Probes) for 10 min. This treatment increases the number of coated
pits on Dictyostelium membranes without changing their structural
character (T.J. O’Halloran and J. Heuser, unpublished observation).

Confocal Microscopy
For live imaging, cells were grown in HL5 in a 60-mm Petri dish
with a coverslip glued to a hole cut in the bottom of the dish. Before
imaging, the HL-5 was replaced with PDF buffer. For imaging
moving cells, cells were incubated in PDF buffer for 2–16 h before
imaging to induce rapid polarized movement. Laser scanning con-
focal microscopy used a Zeiss Microsystem LSM microscope at an
excitation wavelength of 488 nm and emission filter of 488/586 nm
with attenuation set at 10%. Cells were scanned at various intervals,
ranging from 2 to 15 s. Scan lengths ranged from 1 to 4 s. Confocal
microscopy images were captured by Zeiss LSM-PC version 3.50.
Videos were compiled using Quicktime 3.0 from confocal micros-
copy images. For still images, selected images were cropped,
aligned, and adjusted for contrast in Adobe Photoshop 5.0 (Adobe
Systems, Mountain View, CA).

RESULTS

Expression of Functional GFP-Clathrin in
Dictyostelium Cells
As a way to track the dynamic movement of clathrin traffic
in living cells, we constructed a plasmid for expression of
the Dictyostelium clathrin heavy chain tagged at its C termi-
nus with GFP. The expression plasmid was transformed into
both clathrin-minus and wild-type Dictyostelium cells, and
transformants were selected. Western blots of these trans-
formants probed with an anti-clathrin heavy chain serum
demonstrated good expression of GFP-clathrin in both clath-
rin null and wild-type backgrounds (Figure 1). Possibly
because of differences in plasmid copy number, levels of
GFP-clathrin varied in different cell lines. Nonetheless,
many cell lines achieved levels of GFP-clathrin equivalent to
the endogenous levels of clathrin expressed by wild-type
strains (Figure 1, compare the WT lane with the CHC-/GFP-
CHC lane).

A potential concern with GFP-tagged proteins is the pos-
sibility that adding the 25-kDa GFP protein has altered the
native properties of the tagged protein. Supporting the re-
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tention of native properties of GFP-clathrin was its ability to
polymerize into lattices on intracellular membranes. Inspec-
tion of these coated pits by electron microscopy revealed
polygonal lattices that were indistinguishable from those
formed by wild-type clathrin (Figure 2). Additional support
for native activity in GFP-clathrin was its ability to rescue
several phenotypic deficiencies exhibited by clathrin-minus
cells. Because clathrin-minus cells are defective in cytokine-
sis, they are completely unable to divide and grow in sus-
pension culture (Niswonger and O’Halloran, 1997b). Expres-
sion of GFP-clathrin allowed these cells to grow in
suspension culture (Figure 3A), demonstrating that their
cytokinesis defect was rescued. GFP-clathrin also rescued
developmental deficiencies displayed by clathrin null cells.
Whereas clathrin-minus mutants are blocked early in devel-
opment and fail to form multicellular fruiting bodies
(O’Halloran and Anderson, 1992a; Niswonger and
O’Halloran, 1997a), clathrin-minus cells expressing GFP-
clathrin completed development and formed fruiting bodies
indistinguishable from wild-type structures (Figure 3B). A
third deficiency rescued by expression of GFP-clathrin in
clathrin-minus mutants was endocytosis of a fluid-phase
marker, a property that is dramatically reduced in clathrin-
minus cells (Figure 3C). The rescue of these phenotypes
provided strong evidence that the GFP-tagged clathrin func-
tioned properly in cells and thus correctly reflected the
dynamic behavior of clathrin.

Inspection of cells expressing GFP-clathrin with fluores-
cence microscopy showed a distribution of clathrin in punc-
tate loci scattered throughout the cell. In many cases, a
bright patch of GFP-clathrin was apparent adjacent to the
nucleus, possibly reflecting a perinuclear localization to the

trans-Golgi (Figure 4B). The distribution to the plasma mem-
brane, cytoplasm, and a perinuclear region is characteristic
of the localization of clathrin vesicles revealed by immuno-
fluorescence and electron microscopy in many kinds of cells
(Anderson et al., 1977; Swanson et al., 1981; Robinson and
Pearse, 1986; O’Halloran and Anderson, 1992a).

Dynamic Visualization of Clathrin Traffic in Living
Cells
To follow the localization and movement of clathrin, we
used a low-light camera equipped with fluorescence optics
to collect a timed series of images of GFP-clathrin living
cells. These images showed fluorescent punctate dots, pre-
sumably clathrin-coated vesicles, that moved continuously
around in the cytoplasm. The majority of these fluorescent
loci persisted for #30 s, and moved for approximately #1
mm, indicating that they either “uncoated” or moved out of
the plane of focus. Remarkably, occasional GFP-coated
structures moved long distances and traversed approxi-
mately half the length of the cell before vanishing. These
long-distance movements appeared to be on linear tracks on
which the GFP–coated vesicles could exhibit bidirectional
movement (Figure 4C). The subsequent disappearance of
these structures could be due to the uncoating of GFP-
clathrin from the membrane by an uncoating ATPase.

The ability to image functional clathrin in living cells
allowed us to examine the dynamic distribution of clathrin
during cell motility. We monitored the distribution of GFP-
clathrin during four motility events: cell movement, the
capping of cell surface receptors, phagocytosis, and cytoki-
nesis.

Clathrin Dynamics in Live Dictyostelium Cells
during Cytokinesis
We recently identified a requirement for clathrin in cytoki-
nesis (Niswonger and O’Halloran, 1997b). Although clath-

Figure 2. Coated pits of polymerized GFP-clathrin. Clathrin null
cells expressing GFP-clathrin were prepared for electron micros-
copy using quick freeze and deep etch. An electron micrograph
shows that the membranes of these cells display clathrin coats
formed from GFP-clathrin that were indistinguishable in size and
shape from the clathrin coats found in control wild-type cells.
Micrograph kindly provided by Dr. John Heuser (Washington Uni-
versity Medical School, St. Louis, MO).

Figure 1. Expression of GFP-clathrin in Dictyostelium cells. Wild-
type (WT) and clathrin-minus (CHC2) Dictyostelium cells were
transformed with the GFP-clathrin (GFP-CHC) expression plasmid.
These strains were screened for GFP-clathrin expression by SDS-
PAGE followed by Western blot analysis with a polyclonal antibody
that recognizes wild-type clathrin (black arrow) and GFP-clathrin.

Clathrin Dynamics in Dictyostelium
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rin-minus cells initially construct a cleavage furrow, ulti-
mately the furrow becomes unstable, and cytokinesis fails
(N. Gerald, C. Damer, and T.J. O’Halloran, unpublished
results). One possible explanation for the requirement for
clathrin in cytokinesis is that local endocytosis mediated by
clathrin-coated vesicles is required for remodeling the mem-
brane in preparation for construction of a functional furrow.
To examine this possibility, we used confocal microscopy to
image the membrane of dividing cells. A time-lapse series of
confocal images of cells expressing GFP-clathrin showed a
distribution of clathrin vesicles throughout the plasma
membrane and also in the cytoplasm, similar to the distri-
bution of clathrin found in interphase cells (Figure 4C).

Although clathrin was not enriched in the cleavage fur-
row or other portions of the cell during cytokinesis, we
observed an unexpected enrichment of GFP-clathrin at the
back of the two daughter cells after they completed division
and moved away from each other. An example of a cell
nearing the completion of cytokinesis is shown in Figure 5.
GFP-clathrin was observed at the tail of each daughter cell as
the cells moved away from each other (arrows).

Clathrin Dynamics in Motile Dictyostelium Cells
To determine whether the transient localization of clathrin
on the plasma membrane of the tail of the cell was charac-
teristic only of daughter cells separating during cytokinesis,
we examined populations of Dictyostelium cells as they
moved during interphase (Figure 6). In most translocating
cells, punctate dots of GFP-clathrin moved around in the
cell, apparently in a random pattern. Frequently, however,
we observed a transient enrichment of GFP-clathrin to the
posterior edge of the tail, similar to the localization to the tail
observed in dividing cells (Figure 6, A and B, arrows). The
accumulation of fluorescence on the C-shaped edge of the
tail indicated that the GFP-clathrin was distributed on the
plasma membrane, not in the adjacent cytoplasm.

Although common, increased GFP-clathrin in the tail was
not found in all moving cells. In many instances, cells trans-
located without showing an increase in GFP-clathrin at their
tail (Figure 6C). Thus increased GFP-clathrin in the tail was
not a prerequisite for cell translocation. Close examination of
the subset of cells that exhibited the increase in GFP-clathrin
at the posterior plasma membrane revealed a common be-
havior. GFP-clathrin appeared to localize to the rear of the
cell only when cells retracted their tails while moving for-
ward or changing direction. To test this, we measured the
distance between the position of the nucleus of the cell and
the edge of the tail in moving cells over time. As cells
elongated and extended their leading edges forward, this
distance increased; when cells subsequently retracted their
tails, this distance decreased (Figure 7). The retraction phase
of this cycle, ;20–30 s, coincided with a transient increase in
GFP-clathrin to the posterior plasma membrane. These re-
sults showed that clathrin does not generally localize on the
tail plasma membrane of moving cells. Rather, clathrin as-
sociates with the back plasma membrane when this portion
of the cell is rapidly retracted into the body of the cell.

Clathrin Dynamics in Cells Capping Cell Surface
Receptors
Many amoeboid cells, including Dictyostelium, gather cross-
linked membrane receptors on their cell surfaces, a process

Figure 3. Rescue of phenotypic defects by GFP-clathrin. (A) Rescue
of cytokinesis. Cells from wild-type (WT) and clathrin-minus (CHC2)
parental strains and cells expressing GFP-clathrin derived from these
strains (WT/GFP-CHC and CHC2/GFP-CHC) were seeded at 1 3 104

cells/ml and grown in suspension culture on a shaking platform.
Although CHC2 cells failed completely to grow in suspension,
CHC2/GFP-CHC cells divided and grew in suspension. (B) Rescue of
development. Wild-type (WT), clathrin-minus (CHC2), and clathrin-
minus cells expressing GFP-clathrin (CHC2/GFP-CHC) were seeded
on a lawn of bacteria. After the bacterial food source was depleted,
wild-type cells (WT) and cells expressing GFP-CHC (CHC2/GFP-
CHC) developed into fruiting bodies; clathrin-minus (CHC2) cells
formed only multicellular aggregates. (C) Rescue of endocytosis. Cells
from wild-type (WT) and clathrin-minus (CHC2) parental strains and
cells expressing GFP-clathrin (CHC2/GFP-CHC) were incubated with
RITC-dextran, a fluid-phase marker, for 1 h. After washing to remove
extracellular RITC-dextran, the fluorescence of internalized RITC-dex-
tran was assessed for each sample by fluorescence-activated flow cy-
tometry. The median fluorescence for each sample (8000–9000 cells) is
reported as the percentage of median RITC-dextran fluorescence mea-
sured in wild-type cells.
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called capping (Pasternak et al., 1989; Fukui et al., 1990; Jay
and Elson, 1992). In some cells, clathrin coats localize under-
neath the capped ligand, suggesting an involvement for
clathrin in the capping process (Salisbury et al., 1980). We
therefore investigated the dynamic distribution of GFP-
clathrin in capping Dictyostelium cells. We initiated capping
of cell surface receptors using a fluorescently labeled lectin
to cross-link cell surface receptors. Cells expressing GFP-
clathrin were treated with Texas Red-concanavalin A (Con
A) for 30 s and washed free of unbound lectin. GFP and
Texas Red were visualized every 30 s for 10 min. Figure 8
shows cells at various times after the addition of Con A. No
enrichment of clathrin on the plasma membrane was ob-
served in the initial process of capping. GFP-clathrin did not
accompany clusters of Con A during patch formation; nor
did GFP-clathrin accompany the C-shaped ring of Con A
that formed on one side of the cell. However, once the
half-moon of capped ligand coalesced into a tight cap, GFP-
clathrin colocalized with the cap (Figure 8, E and F). Subse-
quently, ;15 min after ligand challenge, GFP-clathrin and
labeled lectin were occasionally found together in small
vesicles in the cell cytoplasm, suggesting that the capped
ligand could be internalized through clathrin-mediated en-
docytosis (our unpublished results).

Clathrin Dynamics during Phagocytosis
The process of internalization of cell surface receptors when
bound and capped by ligand has similarities to phagocyto-
sis, the process of internalization of solid particles. Like
capping, phagocytosis involves ligand-stimulated internal-
ization of the plasma membrane. To determine whether this
analogous process triggered a similar association of clathrin
with internalized plasma membrane, we examined phago-
cytosis. Figure 9 shows Dictyostelium cells engaged in the

phagocytosis of yeast cells. In contrast with the internaliza-
tion of membrane and receptors during capping, GFP-clath-
rin failed to colocalize with phagocytic cups. Indeed, a z-
series of confocal images showed that GFP-clathrin was
absent from the membrane engulfing the yeast and ap-
peared excluded from the area surrounding the engulfed
yeast. Thus these data suggested that clathrin does not as-
sociate with the membrane during the internalization of the
plasma membrane during phagocytosis.

DISCUSSION

Here we used GFP-clathrin to study the distribution of
clathrin during dynamic behaviors in living cells. Impor-
tantly, expression in a Dictyostelium null background al-
lowed us to assess the functional capacity of the GFP-tagged
protein in living cells. The ability of GFP-clathrin to rescue
the endocytic, cytokinesis, and developmental deficiencies
of the clathrin-minus cells provided strong evidence for its
ability to function in vivo. Indeed the lattice structures of
coated pits assembled from GFP-clathrin were indistin-
guishable in appearance from lattices formed by wild-type
clathrin heavy chain. In fact, we were initially puzzled that
we could not detect a structure corresponding to the 25-kDa
globular GFP protein in electron micrographs of lattices
assembled from GFP-clathrin. However, a recent analysis of
the molecular structure of purified clathrin triskelions as-
sembled into lattices in vitro predicts that the C terminus of
the clathrin trimer projects inward (Musacchio et al., 1999;
Smith and Pearse, 1999). Our electron micrographs of lattices
assembled from GFP-clathrin also support the idea that the
GFP-containing domain at the C terminus of clathrin
projects toward the membrane and is obscured by the over-
lying legs of the triskelion. This provides evidence from

Figure 5. Distribution of GFP-clathrin dur-
ing cytokinesis. Clathrin-minus cells express-
ing GFP-clathrin were imaged every 15 s
with a confocal microscope. Images shown
are from 30-s intervals of one cell nearing
completion of cytokinesis. GFP-clathrin ac-
cumulates at the posterior plasma mem-
branes of the two daughter cells as they
move away from each other (arrows). See
accompanying video. Video is 120 times real
time.

Figure 4. Dynamic distribution of GFP-clath-
rin. Cells expressing GFP-clathrin were fixed
and imaged with differential interference con-
trast (A) and fluorescence microscopy (B). (C)
Single frame from images collected at 1-s in-
tervals of a living cell expressing GFP-clathrin.
Although most fluorescent spots in this cell
moved relatively short distances before disap-
pearing, occasionally fluorescent loci moved
relatively long distances. Superimposed on the
frame are two paths of fluorescent spots that
moved long distances, shown as a series of
colored dots. Each dot marks the position of
fluorescent spot at 1-s intervals, with the first position marked with a red dot and the last position marked with either a blue dot (the left
track) or a purple dot (the right track). These were overlaid on the single image of the cell. See accompanying video. Video is 30 times real time.
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living cells that support the model for clathrin assembly
obtained from purified proteins.

Throughout the years, the identification of cellular pro-
teins that govern cell motility and their functions has been
the focus of intensive study. The efforts of many have pro-
vided abundant evidence supporting an active role in mo-
tility for proteins associated with the actomyosin cytoskele-
ton. In contrast, less evidence has emerged for a similarly
important and active role for specific proteins associated
with the plasma membrane, although an active role for the

membrane in driving cell motility has been proposed
(Bretscher, 1984, 1989, 1992, 1996; Bretscher and Aguado-
Velasco, 1998). It remained to be established whether the
plasma membrane, and its complement of membrane pro-
teins, is an active participant or a passive partner in cell
motility.

When considering proteins that could actively remodel
and change local domains of the plasma membrane, clathrin
is an obvious candidate by virtue of its capacity to selec-
tively endocytose proteins and lipids. Indeed throughout

Figure 6. Clathrin localizes to the tail of moving cells. Confocal images were collected from fields of Dictyostelium cells expressing
GFP-clathrin during cell locomotion; the numbers indicate the time interval (seconds) between frames. (A and B) During tail retraction,
translocating cells displayed enriched GFP-clathrin at their posterior edges (arrows). (C) A cell translocating without tail retraction showed
no enrichment of GFP-clathrin in its tail. See accompanying video. Video is 80 times real time.

Figure 7. Clathrin localization to the posterior
plasma membrane during tail retraction. (A)
Time sequence taken of a translocating cell. The
numbers indicate the time interval (seconds) be-
tween frames. GFP-clathrin concentrated at the
posterior plasma membrane coincident with tail
retraction (arrow). (B) The distance between the
nucleus and the posterior end of a typical cell
undergoing two cycles of lamellipodia extension
and tail retraction was measured from confocal
images taken every 3 s. GFP-clathrin localization
to the posterior plasma membrane (bars) coin-
cided with tail retraction.
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the years, several models have invoked an active role for
clathrin coats in influencing the local domains of the plasma
membrane as cells bend, change shape, and translocate in
various motile cell behaviors (Salisbury et al., 1980;
Bretscher, 1987; Bretscher and Aguado-Velasco, 1998). Our
ability to monitor the localization of clathrin and cell shape
simultaneously in living cells allowed us to address whether
clathrin actively remodels the local membrane in cells dur-
ing various motile behaviors. Our experiments fail to sup-
port a widespread role for clathrin in all of these events but
suggest specific roles for clathrin in discrete locations during
a subset of motility behaviors. Our studies are consistent
with a recent proposal that the contribution of endocytosis
to cell motility is driven by a non-clathrin mechanism
(Aguado-Velasco and Bretscher, 1999).

Dynamic monitoring of clathrin localization during the
course of cell division provided no evidence for a special
role for clathrin-coated membranes during cleavage furrow
construction, despite the severe defects in the furrow exhib-
ited by clathrin null mutants. The cellular role of clathrin in
cytokinesis remains to be determined, but these experiments
rule out a model in which clathrin directly models the cleav-
age furrow. Instead, the defective cleavage furrow could
result from deficits in intracellular membrane traffic in clath-
rin-minus cells. For example, protein sorting normally man-
aged by clathrin traffic from the trans-Golgi Network or from
recycling endosomes could be essential for delivery of the
proper proteins to construct a robust cleavage furrow.

As cells moved away from each other after cytokinesis,
and in other moving cells, we observed a pattern of clathrin
localization on the tail of cells. This transient increase in
clathrin occurred when the tail retracted from the substrate
as the cell moved forward. Tail retraction is integral to cell
translocation, a complex process that involves repeated cy-
cles of lamellipodia extension, formation of attachments
with the substratum, and cytoskeletal contraction. To con-
tinue forward movement, cells require mechanisms to re-
lease adhesions at their rear (Wessels et al., 1994; Lauffen-
burger and Horwitz, 1996; Cramer and Mitchison, 1997).
Video tracking of integrins, membrane proteins that are
involved in cell–substratum attachments, reveals that new
adhesions tend to form at the leading edge of a motile cell
and persist until they reach the rear (Regen and Horwitz,
1992). Some cell types use endocytosis to release their inte-
grins from the substrate (Bretscher, 1984; Regen and Hor-
witz, 1992; Lawson and Maxfield, 1995; Palacek et al., 1996).
Thus, the presence of clathrin in the tail of moving cells
could facilitate the spatially regulated endocytosis of inte-
grin-like receptors, internalizing these cell–substrate recep-
tors to allow release of the tail as the cell moves forward.
This possibility is especially intriguing because clathrin ap-
pears enriched in the plasma membrane of the tail just
before its release.

A second possibility invokes a new role for clathrin lat-
tices, a role in maintaining the polarized tail of a moving cell.
By internalizing specific membrane proteins from the tail,
clathrin could help maintain the identity and unique char-
acteristics of the tail. This possibility predicts that clathrin-
minus mutant Dictyostelium would be unable to maintain a
discernible tail, an idea supported by a recent analysis of the
movement and translocation of clathrin-minus Dictyostelium
cells (Wessels et al., 2000). Without clathrin, mutant Dictyo-
stelium lack a single dominant pseudopod and a trailing tail.
Instead, clathrin-minus cells extrude multiple pseudopods
and fail to adopt an elongate polarized morphology with a
definitive tail (Wessels et al., 2000).

The cap of cross-linked receptors was a second locale of
increased clathrin localization during cell motility. The re-
cruitment of clathrin to this site may be important for the
subsequent internalization of cross-linked receptors; al-
though not blocked in capping, clathrin null cells are much
less efficient than wild-type cells. The internalization of solid
particles is similar to capping in many ways: both involve
the signal-mediated internalization of large surface areas of
membrane. However, recruitment of increased clathrin at
the membrane is triggered solely by capping and not by
phagocytosis. This indicates that the coalescence of receptors

Figure 8. GFP-clathrin localization during Con A capping. Clath-
rin-minus cells expressing GFP-clathrin were treated with Con A
labeled with Texas Red and imaged 2 (A and B), 4.5 (C and D), and
6 (E and F) min after Con A treatment for GFP (A, C, and E) and
Texas Red (B, D, and F). Initially GFP-clathrin did not colocalize
with the C-shaped Texas Red cap formed early in capping (C and
D), but once the cap coalesced into a compact spot, GFP-clathrin
colocalized with the Texas Red-Con A cap (E, arrows).
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into a tight cap initiates a local and specific signal for in-
creased clathrin polymerization at that site.

Cells can target exocytosis to the leading edge of moving
cells (Bretscher and Aguado-Velasco, 1998); our results show
that cells can also target the endocytic machinery of clathrin
to specific domains of the plasma membrane. Although a
study using GFP-clathrin showed that coated vesicles ema-
nate from defined sites in cultured vertebrate cells (Gaidarov
et al., 1999), we found no evidence for a similar restriction in
Dictyostelium cells. This phenomenon may differ according
to cell type. Sites for coated vesicle formation may rapidly
change in highly motile cells such as Dictyostelium according
to rapidly shifting functional domains of the plasma mem-
brane. Presumably a signal for clathrin polymerization must
be triggered in a spatially restricted manner, perhaps in the
tails of receptors that arrive in particular domains (such as
the back of the cell) or receptors at particular concentrations
(such as the mass of aggregated receptors in a cap). To
uncover these signals, it will be important to explore these
experiments in other cell types where the identity and reg-
ulation of receptors such as integrins is well characterized.
Because clathrin heavy chains are highly conserved in amino
acid sequence across a wide range of species, addition of
GFP to the C terminus of other clathrin heavy chains should
also prove a useful tool, particularly in mammalian systems
in which it is difficult to replace the endogenous clathrin
heavy chain.
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