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ABSTRACT Using clathrin-minus Dictyostelium cells, we
identified a novel requirement for clathrin during cytokinesis.
In suspension culture, clathrin-minus cells failed to divide and
became large and multinucleate. This cytokinesis deficiency
was not attributable to a pleiotropic effect on the actomyosin
cytoskeleton, since other cellular events driven by myosin II
(e.g., cortical contraction and capping of concanavalin A
receptors) remained intact in clathrin-minus cells. Examina-
tion of cells expressing myosin II tagged with green fluores-
cent protein showed that clathrin-minus cells failed to assem-
ble myosin II into a functional contractile ring. This inability
to localize myosin II to a particular location was specific for
cytokinesis, since clathrin-minus cells moving across a sub-
strate localized myosin II properly to their posterior cortexes.
These results demonstrate that clathrin is essential for con-
struction of a functional contractile ring during cell division.

Cytokinesis, which follows nuclear division in a coordinated
fashion, is the process by which one cell divides into two (1).
During late anaphase/early telophase, as condensed chromo-
somes move toward opposite poles of a cell, a contractile ring
assembles in the center of the cell. As the contractile ring
pinches the cell in half, two cells are formed. While many of
the cellular properties involved in cytokinesis have been
studied extensively, central questions remain. Especially lack-
ing is information about how the plasma membrane and
associated proteins integrate with the contractile ring to form
a cleavage furrow during cytokinesis.

The best characterized proteins of the contractile ring are
actin and myosin II. Actin filaments form the scaffold for the
contractile ring, whereas myosin II is the motor that drives
constriction of the ring. Additional proteins, both membrane-
bound and cytosolic, are certainly involved in contractile ring
formation and function. Some proteins identified recently
include racE, a small GTPase required for cytokinesis in
Dictyostelium (2), and septins, identified first in Saccharomyces
cerevisiae (3) and then in Drosophila (4). In addition, the
actin-binding protein anillin (5, 6) and the formin-like protein
diaphanous (7) are required for cytokinesis in Drosophila. In
Dictyostelium, the actin-binding protein cortexillin (8) and the
cytoskeletal protein coronin (9) both function in cytokinesis.
Finally, the actin-binding protein radixin (10) has been local-
ized to the contractile ring in dividing culture cells. Many other
molecules may be involved, but their identities as well as
potential interactions with the contractile ring and the plasma
membrane remain unknown.

Because functional connections between the actomyosin
cytoskeleton and membrane remodeling have been proposed
(11, 12), we explored the possible requirement of clathrin-
mediated membrane traffic during cytokinesis. Clathrin
coated vesicles convey membrane traffic between specific
cellular compartments (13, 14). Clathrin heavy and light chains
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assemble into a characteristic polygonal lattice on membranes.
This protein coat, initially a planar lattice on the intracellular
surface of the plasma membrane, invaginates to bud coated
vesicles into the cytoplasm. Subsequently, vesicles shed their
clathrin coat and join the endolysosomal system. In a similar
fashion, clathrin coated vesicles bud from the trans-Golgi
network to join the endolysosomal system. Clathrin is impor-
tant for the internalization of receptors from the plasma
membrane and the trafficking of vacuolar and lysosomal
hydrolases from the trans-Golgi network (13, 15, 16). Con-
ceivably, clathrin-mediated membrane traffic could internalize
receptors, signals, and plasma membrane required for effective
cytokinesis. Another possible role for clathrin-mediated mem-
brane traffic is in the trafficking and processing of proteins
needed for cytokinesis. To examine a possible requirement for
clathrin during cytokinesis, we studied this process in clathrin-
minus Dictyostelium cells (15).

MATERIALS AND METHODS

Growth Curves and 4,6-Diamidino-2-phenylindole (DAPI)
Staining. Clathrin-minus Dictyostelium cell lines have been
engineered by gene replacement (15, 17). For control cells, we
used a cell line from the original transformation with nonho-
mologous integration of the plasmid and wild-type levels of
clathrin protein, whose doubling time during growth on plates
matched clathrin-minus cells. Alternatively, we examined the
parental wild-type cell line Ax2 as a control. Cells were seeded
at 1 X 10 cells per ml in HL5 medium (17) and grown at 19°C
in either a flask shaken at 220 rpm or on a plastic Petri dish.
The number of cells was counted daily and plotted versus time.
At 72 hr, a sample of each cell line was allowed to attach to a
coverslip and fixed in 1% formaldehyde in methanol at —15°C
for 5 min. Cells were stained with 0.1 ug/ml DAPI (2). The
cells were visualized using a Zeiss Axiophot microscope
equipped with a cooled CCD camera.

Azide Contraction. Cells were allowed to attach to a sub-
strate in HLS medium. After 10 min, the medium was replaced
with HLS containing 10 mM sodium azide. Cells were photo-
graphed both before and 5-10 min after azide treatment.

Capping. Cells were allowed to attach to a coverslip for 15
min, washed for 5 min in phosphate buffer (PB) (14.6 mM
KH,PO4/2 mM Na,HPO,, pH 6.1), pulsed for 2 min with 0.5
mg/ml fluorescein isothiocyanate—concanavalin A (Con A)
(Molecular Probes) in PB, and incubated at room temperature
for 5-15 min, before fixing for 5 min at —20°C in 1%
formaldehyde in methanol (2).

Myosin Localization. Clathrin-minus or control cells were
transformed as described (15) with the green fluorescent
protein (gfp)-myosin heavy chain construct generously sup-
plied by Sheri Moores and Jim Spudich (18). Transformants
were selected for growth in 10 ug/ml G418 (GIBCO/BRL).
Cells were grown to confluency on a Petri dish, diluted into
fresh HL5 medium, and allowed to attach to a coverslip. At

Abbreviations: Con A, concanavalin A; DAPI, 4,6-diamidino-2-
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5-min intervals, cells were fixed for 1 min in 3.7% formalde-
hyde and 0.05% Triton X-100 in PBS, then for 1 hr in 3.7%
formaldehyde in PBS. The cells were washed twice in PBS,
incubated for 10 min in 50 mM NH4CI and 0.1 mg/ml DAPI
in PBS, washed twice in PBS, and mounted on a slide in 50%
glycerol in PBS containing 100 mg/ml diazabicylo[2.2.2]octane
(Sigma). For immunofluorescence microscopy, we followed
published methods (2) using anti-myosin polyclonal antiserum
provided by Arturo De Lozanne (Duke University Medical
Center).

RESULTS AND DISCUSSION

We recently engineered Dictyostelium cell lines that are
devoid of clathrin heavy chain and identified defects in specific
membrane traffic events such as endocytosis and regulated
secretion (15, 19). Clathrin-minus cells also were blocked in
development (17). In addition to these defects, we saw that the
clathrin-minus cells grew similarly to a matched wild-type
control strain when attached to a substrate, but failed to grow
in suspension culture (Fig. 14). This phenotype is reminiscent
of the conditional growth defect of cytokinesis mutants such as
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Fi6. 1. Clathrin-minus cells fail to undergo cytokinesis. (4) Clath-
rin-minus and wild-type control cells were grown in adherent or
suspension cultures. (B) After 72 hr, samples were fixed and stained
with DAPI, revealing multiple nuclei in clathrin-minus cells grown in
suspension cultures. (¢ and b) Clathrin-minus cells. (¢ and d) Control
cells. (@ and ¢) Adherent cultures. (b and d) Suspension cultures. (Scale
bar = 10 w.)
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Dictyostelium myosin heavy chain null cells (20-22). We
therefore tested the possibility that clathrin-minus cells har-
bored a similar defect in cytokinesis. We stained clathrin-
minus and control cells, grown in adherent or suspension
culture for 72 hr, with the DNA-binding dye DAPI. Clathrin-
minus cells grown on a substrate generally contained a single
nucleus, as did control cells grown under all conditions (Fig.
1B). Conversely, we found that clathrin-minus cells grown in
suspension culture were large and multinucleate, containing as
many as 20 nuclei per cell (Fig. 1B). Since the doubling time
of this clathrin-minus cell line in adherent culture is normally
18 hr, in 72 hr we would expect to see 16 cells arising from each
original cell. However, instead of increasing in titer in 72 hr, the
clathrin-minus cells exhibited a small decrease in cell titer
accompanied by a 10-fold increase in the number of nuclei per
cell (data not shown). Because the number of nuclei but not the
cell titer correlated well with the normal doubling time in
adherent culture, we inferred that clathrin-minus cells under-
went karyokinesis but not cytokinesis in suspension culture.
Once clathrin-minus cells accumulated many nuclei, the cells
lysed, accounting for the drop in titer over 72 hr. These results
suggested that clathrin was essential for cytokinesis.
Cytokinesis requires functional myosin II and the actin
cytoskeleton (20-22). We examined the possibility that clath-
rin-minus cells harbored defects in other cellular processes
driven by the cytoskeleton. To test the functional integrity of
myosin II, we tested the contractile response of cells exposed
to azide (23). As a metabolic poison that rapidly depletes
intracellular ATP, azide causes an irreversible attachment of
myosin II to actin. This rigor attachment results in contraction
of the cellular cortex and subsequent detachment of the cell
from the substrate. When exposed to azide, clathrin-minus
cells behaved the same as wild-type cells (Fig. 2 a—d): both cell
types contracted their cortices, rounded up and detached from

FiG. 2. Clathrin-minus cells contract their cortex and cap Con A
receptors. Wild-type (@) or clathrin-minus (c) cells adhere to a
substrate, but upon treatment with 10 mM azide, both control (b) and
clathrin-minus (d) cells contract, form clumps of cells, and float off the
substrate. Wild-type (e and f) and clathrin-minus (g and /) cells cap cell
surface receptors for the lectin Con A. (Scale bar = 10 u.)
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the plate. As a negative control for our assay, we verified that
myosin I null cells failed to contract their cortex and remained
flattened and adherent (data not shown). The wild-type re-
sponse of clathrin-minus cells to azide demonstrated that
myosin II can function normally in clathrin-minus cells.

As a second measure of a process that requires myosin II, we
also tested the ability of clathrin-minus cells to cap cell surface
receptors (23). When incubated with the lectin Con A, wild-
type cells rapidly gathered the cross-linked Con A receptors
into a polar cap (Fig. 2 e and f). Similarly, clathrin-minus cells
exposed to Con A also formed a cap at one end of the cell (Fig.
2gand h). This is in contrast with the complete absence of caps
seen in identical experiments with myosin—II null cells (ref. 24
and data not shown). We found that clathrin-minus cells were
not as efficient at capping (=5% of mutant cells formed caps
vs. =50% of wild-type cells), possibly due to swelling of the
mutants in the hypotonic buffer used in the capping assay (19).
Nonetheless, the ability of clathrin-minus cells to form Con A
caps contrasted markedly with the complete failure of myosin
II-null mutants to form caps.
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Clathrin-minus cells can contract their cortex and cap Con
A receptors, but fail to complete cytokinesis in suspension
culture. Therefore, while not required for general actomyosin
function, clathrin is required specifically for cytokinesis. To
dissect the mechanism of the cytokinesis defect, we examined
the possibility that the phenotype arose from a failure to
organize a functional contractile ring. We looked for the
presence of a contractile ring in clathrin-minus cells dividing
on a substrate, a condition permissive for cell division and
growth. As a marker for the contractile ring, we examined cells
that expressed myosin II tagged with gfp (gfp—myosin) (18). In
wild-type cells, we found many examples of gfp-myosin con-
centrated in a contractile ring within the constricting cleavage
furrow (Fig. 3 a—f). Indeed, every example of wild-type cells
containing condensed chromosomes typical of late anaphase
or telophase had gfp-myosin localized in a contractile ring
(Fig. 3 a, c, and e). However, in clathrin-minus cells, we were
unable to find a single example of gfp—myosin concentrated in
a contractile ring (Fig. 3 g—o0). Although we found many
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FiG. 3. Clathrin-minus cells do not form a functional contractile ring like wild-type cells. Using cells expressing gfp—myosin, we examined cell
division on a substrate. We showed by DAPI staining that dividing cells were binucleate (b, d, f, h, j, [, and n). Three examples of wild-type cells
in cytokinesis are shown (a—e). Dividing wild-type cells concentrated gfp—myosin (a, ¢, and e) in a cleavage furrow that was bright in subsequent
stages of cytokinesis. Shown are four examples of clathrin-minus cells that had a binucleate, elongate morphology suggestive of cell division (g-0).
Clathrin-minus cells showed a cortical distribution of gfp-myosin (g, i, and k), but did not concentrate gfp—myosin between the nuclei of dividing
cells. Also shown is a clathrin-minus cell that appears to be undergoing cell division by traction-mediated cytofission on a substratum (m-o).
Immunofluorescence of control (p) and clathrin-minus (g) cells without the gfp—myosin cassette are shown. Myosin II, visualized with an anti-myosin
II antibody, localized to the posterior cortex of both cells as they migrated to the right. (Scale bar = 10 u.)



8578 Cell Biology: Niswonger and O’Halloran

examples of clathrin-minus cells with chromosomes in late
anaphase or telophase (Fig. 3 4 and j), none of these had
gfp—myosin assembled into a contractile ring. Instead, we
found gfp-myosin associated with the plasma membrane in
binucleated clathrin-minus cells. This cortical distribution for
myosin is normally found in an interphase cell, not in a dividing
cell. The inability of clathrin-minus cells to assemble myosin in
a contractile ring was specific for this structure, because during
migration, clathrin-minus cells localized myosin II properly to
their posterior cortex (Fig. 3 p and gq).

The dramatic absence of contractile rings in clathrin-minus
cells raised the question of how clathrin-minus cells divide on
a substrate. Since their ability to divide requires attachment to
a substrate, one possibility is that clathrin-minus cells divide
when opposite ends of a binucleate cell crawl away from each
other and break the cell in two (Fig. 3 m—o). This adhesion-
dependent mechanism, used by myosin II-null cells, is called
traction-mediated cytofission (24). Alternatively, clathrin-
minus cells may divide by “attachment assisted mitotic cleav-
age,” a mechanism of cell division that also does not require
contractile ring formation (25). This method of cell division,
described recently in myosin II-null cells, is closely synchro-
nized with mitosis and is characterized by cleavage furrow
formation in the absence of a contractile ring. It is thought that
both adhesion-dependent processes contribute to normal cy-
tokinesis in Dictyostelium cells.

Although the plasma membrane is an obvious cellular
participant in cytokinesis, these results are the first identifi-
cation of a membrane-associated protein required for this
process. Because the contractile ring fails to form in clathrin-
minus mutants, the cellular requirement for clathrin must
precede contractile ring assembly. At this point, we can
envision several possible models for the specific role of clathrin
in dividing cells. Clathrin at the plasma membrane could serve
to remodel the membrane locally, either to create a membrane
zone permissive for contractile ring attachment or assembly, or
perhaps even to endocytose and thereby remove a membrane
protein inhibitory for contractile ring formation. Conceivably,
clathrin lattices on the plasma membrane could interact di-
rectly with the actomyosin cytoskeleton. Whereas this kind of
interaction is relatively unprecedented, recent studies uncov-
ered high-affinity binding between clathrin and a domain of
the cytoskeletal protein ankyrin (26). An additional model for
the role of clathrin in cytokinesis invokes its trafficking po-
tential. By analogy with the importance of clathrin in traffick-
ing a-mannosidase in Dictyostelium (15), clathrin could also be
required for the processing of membrane proteins involved in
contractile ring assembly. Ultimately, more experimental stud-
ies are needed to further substantiate any of these scenarios.
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Dictyostelium clathrin-minus cells provide an excellent re-
source for defining the molecular mechanism of the cellular
role of clathrin in cytokinesis.
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