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Summary

Dynamin has been proposed to play an important role in cytokinesis, though the nature of its
contribution has remained unclear. Dictyostelium discoideum has five dynamin-like proteins:
DymA, DymB, DIpA, DIpB and DIpC. Cells mutant for dymA, dipA, or diIpB presented defects
in cytokinesis that resulted in multinucleation when the cells were cultured in suspension.
However, the cells could divide normally when attached to the substratum; this latter process
depends on traction-mediated cytokinesis B. A dynamin GTPase inhibitor also blocked
cytokinesis in suspension, suggesting an important role for dynamin in cytokinesis A, which
requires a contractile ring powered by myosin II. Myosin II did not properly localize to the
cleavage furrow in dynamin mutant cells, and the furrow shape was distorted. DymA and DIpA
were associated with actin filaments at the furrow. Fluorescence recovery after photobleaching
and a DNase I binding assay revealed that actin filaments in the contractile ring were
significantly fragmented in mutant cells. Dynamin is therefore involved in the stabilization of
actin filaments in the furrow, which, in turn, maintain proper myosin Il organization. We
conclude that the lack of these dynamins disrupts proper actomyosin organization and thereby

disables cytokinesis A.



Introduction

Cytokinesis is a mechanical process that cleaves a mother cell into two daughter cells
(Rappaport, 1971; Robinson & Spudich, 2000). In Dictyostelium, cytokinesis involves the
constriction of a contractile ring at the cleavage furrow, similar to cells of higher animals. The
contractile rings of these cells contain parallel filaments of actin and myosin I that are
assembled under the membrane of the cleavage furrow, perpendicular to the long axis of the
mitotic spindle. Active sliding between these two filament systems drives constriction (Yumura
& Uyeda, 2003). Myosin II is a major motor protein that generates the constriction forces
responsible for cytokinesis (Glotzer, 2001; Mabuchi & Okuno, 1977). In addition to classical
cytokinesis, which depends on myosin II (cytokinesis A), Dictyostelium also uses a distinct
method of cytokinesis (cytokinesis B), attachment-assisted mitotic cleavage, which is practiced
by myosin II null cells on substrates (Nagasaki et al., 2002; Neujahr et al., 1997; Uyeda et al.,
2000; Zang et al., 1997). MiDASes, large actin structures underneath nuclei, are involved in
cytokinesis B in Dictyostelium cells (Itoh & Yumura, 2007). Cytokinesis B has also been
reported in some cultured animal cells (Kanada et al., 2005).

Dynamin is a large GTPase responsible for diverse cellular processes in eukaryotic cells,
including the release of clathrin-dependent and -independent transport vesicles, fusion and
fission of mitochondria, division of chloroplasts and peroxisomes, cell division, and resistance to
viral infections (Heymann & Hinshaw, 2009; Thompson ef al., 2002). The soybean DRP1
homolog, phragmoplastin, was the first dynamin shown to be involved in cytokinesis (Gu &
Verma, 1996). Arabidopsis has 16 dynamin-like proteins grouped into 6 subfamilies (DRP1-6),
of which DRP2 is most closely related to mammalian dynamin 1 (Hong e al., 2003). DRPI,

DRP2 and DRP5 are involved in cytokinesis (Kang et al., 2003; Miyagishima ef al., 2008).
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Mammals have three classical dynamins. Dynamin | and dynamin 3 are expressed in a tissue-
specific manner: dynamin | in brain and dynamin 3 in the testis, lung and heart. Dynamin 2, by
contrast, is ubiquitously expressed (Ferguson & De Camilli, 2012; Tanabe & Takei, 2009). In
addition, several dynamin-like proteins have been reported in mammals, including DRP1, OPAI,
atlastin, mitofusin and the antiviral, interferon-inducible myxovirus resistance proteins (Ferguson
& De Camilli, 2012). Among the dynamin-like proteins, DRP1 is involved in mitochondrial and
peroxisomal division (Koch et al., 2005). In HeLa cells, dynamin 2 localizes at the spindle
midzone and the subsequent intercellular bridge, suggesting an important role for this protein in
the final separation of dividing cells (Chircop et al., 2011; Thompson et al., 2002). In
Caenorhabditis elegans, dynamin (Dyn-1) localizes to the cleavage furrow and accumulates at
the midbody of dividing embryos in a manner similar to that of mammalian cells. RNAI
silencing of dyn-1 in C. elegans embryos produced a marked defect in the late stage of
cytokinesis (Thompson et al., 2002). The Drosophila dynamin homolog shibire localizes to sites
of membrane invagination during cellularization, an alternate form of cytokinesis (Pelissier et al.,
2003).

Classical dynamin proteins have five characteristic domains: an N-terminal GTPase domain,
a middle domain, a pleckstrin homology (PH) domain, a GTPase effector domain (GED), and a
C-terminal proline-rich domain (PRD). In contrast, dynamin-related proteins lack the PRD and
PH domain (Praefcke & McMahon, 2004). Dictyostelium discoideum has five dynamin-like
proteins: DymA, DymB, DIpA, DIpB and DIpC (Praefcke & McMahon, 2004; Rai et al., 2011;
Schimmel ef al., 2012). DymA and DymB have three domains: a GTPase domain, a middle

domain and GED domain. An additional QNS (glutamine, serine and asparagine) domain is



present in DymA, and a QPS (glutamine, proline and serine) domain is present in DymB (Rai et
al.,2011; Wienke et al., 1999). DIpA, DIpB and DIpC have not yet been characterized.

Phylogenetic analysis places DymA in the same branch as the yeast proteins Vpslp and
Dnmlp and the mammalian proteins DRP1. The members of this group appear to support
peroxisomal and mitochondrial division, vesicle trafficking and cytokinesis (Miyagishima et al.,
2008; Rai et al., 2011; Wienke et al., 1999). DIpA, DIpB and DIpC are grouped with the plant
dynamin-related proteins DRP5SA and DRP5B, which are involved in cytokinesis and chloroplast
division (Miyagishima et al., 2008). Dynamin was initially identified as a microtubule-binding
protein in mammals (Shpetner & Vallee, 1989). Dynamin 2 was reported to associate with
microtubules through its PRD domain (Morita et al., 2010) and also localizes to the mitotic
spindle (Ishida ez al., 2011).

In previous reports, Dictyostelium mutant cells lacking DymA showed alterations in
mitochondrial, nuclear, and endosomal morphology as well as a defect in fluid-phase uptake
(Wienke et al., 1999). However, more recently, Schimmel e al. reported that DymA and DymB
are not essential for fission or fusion of mitochondria (Schimmel ef al., 2012). DymB depletion
affects many aspects of cell motility, cell-cell and cell-substratum adhesion, resistance to osmotic
shock, and fatty acid metabolism (Rai ez al., 2011). Previously, we showed that DIpA localized
to the furrow of dividing cells (Miyagishima et al., 2008). However, the molecular mechanism
by which these proteins contribute to cytokinesis has not been characterized to date.

In the present study, we examined knockout mutants of all of Dictyostelium dynamin-like
genes and show that some of these proteins, actively localizing to the cleavage furrow, play
important roles in cytokinesis. Several lines of experiments revealed that fragmentation of actin

filaments occurred at the furrow of dividing dynamin-like protein null cells, resulting in a
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significant increase in actin turnover. In Dictyostelium cells, dynamin-like proteins may
therefore help to stabilize actin filaments in the contractile ring. We discuss how dynamin

contributes to the maintenance of the contractile ring.



Materials and Methods

Cell culture
Dictyostelium discoideum AX2 wild-type cells and all mutant cells were cultured axenically
in HL5 medium (1.3% bacteriological peptone, 0.75% yeast extract, 85.5 mM D-glucose, 3.5

mM Na,HPOy, and 3.5 mM KH,POy, pH 6.4) at 22°C. Cells were cultured in suspension at 150

rpm or in plastic dishes.

Plasmid construction and transformation

Expression vectors containing EGFP-ABD 120K or EGFP-myosin Il heavy chain were
transformed into wild-type and dynamin mutant cells by electroporation as described previously
(Yumura et al., 1995). Positive cells were selected using 10 pg/ml G418 (Geneticin). To
generate the DIpA-GFP construct, which drives the expression of DIpA fused to GFP at the C-
terminus, the full-length dip4 gene was amplified from Dictyostelium genomic DNA by PCR
using the following primer set, including codons for 9 glycine linkers (underlined) and BamHI
sites (italics): 5~ ATCGGATCCAATGATATCTTGTACTAATCATCATCG-3" and 5°-

ATCGGATCCACCACCACCACCACCACCACCACCACCAGCAGATGGAGTTGGATTAG-

3’. The PCR product was subcloned into the pA15GFP vector as a BamHI fragment, the plasmid
was transformed into AX2 or dipA4 null cells, and cells expressing DIpA-GFP were selected in
the presence of G418. Knockout mutants for dipA, dipB and dlpC were generated previously
(Miyagishima et al., 2008). Knockout mutants for dymA and dymB were newly generated by
homologous recombination as previously described (Miyagishima et al., 2008). Myosin II null

cells (HS1) were originally generated by Manstein ef al. (Manstein ef al., 1989).



Microscopic observation

For immunostaining with anti-myosin Il (heavy chains of Dictyostelium myosin II)
antibodies, cells were fixed as described previously (Yumura et al., 1984). Briefly, cells were
settled on coverslips and overlaid with an agarose sheet, followed by fixation in ethanol
containing 1% formaldehyde for 5 min at -15°C. After washing with PBS (137 mM NaCl, § mM
Na,HPOy, 1.47 mM KH,PO4, 2.7 mM KCI, 15.4 mM NaNj3, pH 7.4), the cells were
immunostained with monoclonal anti-myosin II antibodies and FITC- or Alexa 488- conjugated
secondary antibodies (Molecular Probes). A 5 mM solution of Dynole was prepared in dimethyl
sulfoxide and stored at -20°C. For experiments, Dynole was dissolved in HL5 medium and used
to observe effects on cell growth and multinucleation.

For immunostaining with anti-dynamin antibodies, cells were fixed as described previously
(Miyagishima et al., 2008). Briefly, cells settled on coverslips were fixed in a fixative
containing 2% formaldehyde, 10 mM EGTA, 5 mM MgSO,, and 50 mM PIPES (pH 6.8) for 30
min at room temperature and then immersed in methanol at -20°C for 5 min. After washing with
PBS for 10 min, cells were immunostained as described above.

To stain Triton X-100-extracted cells, cells were overlaid with an agarose sheet and
permeabilized in Triton buffer (10 mM PIPES, 100 mM NaCl, 10 mM EGTA, 10 mM EDTA, 4
mM NaF, 0.2 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol, 10 mM benzamidine and
1% Triton X-100, pH 7.5) for 5 min and then washed in wash buffer (5 mM PIPES, 15 mM NaCl,
2 mM MgCl,, 0.2 mM dithiothreitol and 0.1% NaNj3, pH 7.5). The cells were then stained with a
50 ng/ml fluorescein isothiocyanate (FITC)-conjugated phalloidin (Sigma) and a 0.1 mg/ml

TRITC-DNase I (Molecular Probes) for 30 min and then washed in wash buffer. To



immunostain with anti-dynamin antibodies, the Triton X-100-extracted cells were incubated with
the antibodies and fluorescent secondary antibodies.

The cells were observed by fluorescence microscopy (TE 300, Nikon) and a TIRF
microscope of our composition (Yumura et al., 2008). Nuclei were stained with 4,6-diamidino-
2-phenylindole (DAPI) as previously described (Yumura ef al., 2005). Relative fluorescence
was measured by ImagelJ (http://rsb.info.nih.gov/ij/).

For live cell imaging, cells expressing DIpA-GFP or GFP-ABD 120K were overlaid with an
agarose sheet, and latrunculin B (10 uM final concentration, Sigma) was applied on the agar
surface while observing the dividing cells by confocal laser microscopy (LSM-510 META Zeiss)

using a 60x objective lens (Plan Neofluar, NA 1.4).

Soft agarose embedding

Cell division in suspension was observed using a low melting temperature agarose
embedding technique that mimics suspension conditions (Gerald ef al., 1998; Pramanik et al.,
2009). Cells were mixed with 0.033% (w/v) low melting temperature agarose (SIGMA) at room
temperature and then rapidly placed on ice for gelation. Live cell movies were captured under

phase-contrast microscopy (TE 300, Nikon).

Fluorescence recovery after photobleaching (FRAP) analysis
For FRAP experiments, wild-type and mutant cells expressing GFP-ABD120K were allowed

to attach to the coverslip-bottom chamber. Live imaging and photobleaching experiments were



performed using a confocal laser scanning microscope. The half-time of fluorescence recovery

was calculated as described previously (Yumura, 2001).

Polyclonal antibodies and immunoblotting

Polyclonal rabbit anti-dynamin antibodies were raised against recombinant polypeptides.
Recombinant dynamin polypeptides (amino acids 203-713 for DIpA, amino acids 76-575 for
DymA, amino acids 130-643 for DymB) were separately expressed in Escherichia coli, purified,
and injected into rabbits as described previously (Miyagishima ez al., 2008). The antiserum was
absorbed by acetone powder of E. coli and the respective null cells before use (Miyagishima et
al.,2008). For immunoblotting, whole cells were dissolved in 2x SDS sample buffer (0.125 M
Tris pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.2 M dithiothreitol, 0.02% bromophenol
blue). For Triton X-100-treated samples, cells were extracted with Triton buffer on ice for 15
minutes, collected by centrifugation at 8,000 rpm, and they were then dissolved in 2x SDS
sample buffer. All samples were separated on 8% SDS—polyacrylamide gels and transferred
onto polyvinylidene difluoride membranes (Immobilon; Millipore) at 100 V for 2 hr. After
incubating the membrane with adsorbed anti-dynamin serum followed by HRP-goat anti-rabbit
IgG (Sigma), the color reaction was developed using Chemi-Lumi One L (Nacalai Tesque,
JAPAN). The bands were monitored by a chemiluminescence detector (Fujifilm LAS 3000

Mini), and quantitative analysis was performed with ImagelJ software.
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Results

Dynamin contributes to cytokinesis

Dictyostelium has 5 dynamin-like protein genes, dymA, dymB, dIpA, dipB and dlpC. For
simplicity, we will refer to dynamin-like proteins as dynamins. To investigate the role of
Dictyostelium dynamins in cell division, we examined the growth of knockout mutant cells for
each genes. The number of dipA, dipB and dymA null cells increased more slowly than that of
wild-type cells (AX2) in suspension culture. dymA null cells showed the most severe defects in
suspension among the five mutant cell lines (Fig. 1A). However, when cultured on plastic dishes,
the growth of mutant cells was normal or only slightly slower than that of wild-type cells
(Fig.1B).

When wild-type cells were cultured in a nutrient medium containing Dynole, a dynamin
GTPase inhibitor, they also showed remarkable growth defects in suspension (Fig. 1A). The
doubling time of wild-type cells in suspension was 24.8 hrs in the presence of 4 uM Dynole but
only 9.8 hrs for untreated cells. At concentrations higher than 6 uM, Dynole had a cytotoxic
effect.

Figure 1C shows the nuclei of mutant cells stained with DAPI. When cultured in suspension,
the size of mutant cells, especially dymA, dIpA and dipB null cells, was much larger than that of
wild-type cells, and they contained multiple nuclei. In dymA, dipA and dipB null cells,
multinucleation was noted particularly frequently in suspension (Fig. 1D). When wild-type cells
were cultured in suspension in the presence of Dynole, they also increased in size and presented
multiple nuclei. Fig. 1E shows a dose-response curve for Dynole-induced multinucleation. Thus,
the deletion or inhibition of dynamin activity results in defective cytokinesis in suspension.

To determine why the cells failed to divide in suspension, dynamin null cells were embedded
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in low melting temperature agarose which mimics suspension conditions. Figure 1F shows
typical failures of cell division of dymA null cells embedded in agarose. A bulging structure with
double furrows was observed in unsuccessfully dividing dymA null cells (arrows in right panel of
Fig. IF, see also Fig. 4). In some cases (~10%), dividing dymA null cells produced two halves
with an interconnected cytoplasmic thread, which later fused, causing the cells to become
binucleate (left panels of Fig. 1F). dipA and dipB null cells also failed to achieve cytokinesis in a

similar fashion as dymA null cells.

Dynamin localizes to the furrow of dividing cells

The intracellular distribution of DymA and DIpA was previously examined in Dictyostelium
cells. Wienke et al. showed that DymA colocalized with the Golgi complex in interphase cells
(Wienke et al., 1999). We previously showed by immunostaining that DIpA localizes to the
cleavage furrow of dividing cells (Miyagishima et a/., 2008). In the present study, we produced
new specific antibodies against DymA and DymB. As we previously showed, immunostaining
with anti-DIpA antibodies clearly showed localization at the cleavage furrow (Fig. 2A and B).
DymA also localized to the furrow region (Fig. 2C-F). However, DymB was diffusely
distributed throughout the cytoplasm (Fig. 2G and H).

To observe the dynamics of DIpA in live cells, we made a GFP-DIpA expression construct in
which GFP was fused to the N-terminus of dlpA. Upon expression in living cells, the fused
protein tended to aggregate and showed no localization at the cleavage furrow. We then fused
GFP to the C-terminus of dlp4. This DIpA-GFP began to accumulate at the equator at late
anaphase and localized along the contractile ring during cytokinesis, similar to the pattern

observed by immunostaining (Fig. 3A and B). Expression of DIpA-GFP in dipA null cells
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rescued multinucleation (data not shown). These results indicate that DIpA and DymA localize

at the furrow and contribute to cytokinesis.

Dynamin knockout induces aberrant localization of myosin II at the furrow

Our observation that knockout of dynamin genes or application of the dynamin inhibitor
reduced cell growth only in suspension culture was reminiscent of myosin II null cells. Myosin
II null cells cannot grow in suspension and become multinucleated due to defects in the
constriction of the contractile ring, although they can still divide on surfaces using traction force
(cytokinesis B) (Nagasaki et al., 2002; Zang et al., 1997). The defects of dynamin knockout
cells may therefore be related to myosin II activity. We examined myosin II localization in
dividing mutant cells by immunofluorescence. As we previously showed (Yumura et al., 1984),
myosin II localized to the cleavage furrow in dividing wild-type cells (Fig. 4A and B).

In dipA null cells, 26% (7/27) of examined cells were indistinguishable from wild-type cells
in terms of cell morphology and localization of myosin II at the furrow. However, 41% (11/27)
of the mutant cells showed normal morphology but punctate or patchy myosin localization (Fig.
4C and D). Finally, 33% (9/27) of the mutant cells had a swelling or bulge-like structure at the
furrow region and showed punctate or patchy myosin localization (Fig. 4E and F).

Regarding dymA null cells, 18% (6/34) of examined cells were indistinguishable from wild-
type cells in terms of morphology and localization of myosin II at the furrow. However, 15%
(5/34) of the mutant cells showed normal morphology but punctate or patchy myosin localization
(Fig. 4G and H), and 67% (23/34) of the mutant cells had a swelling or bulge-like structure at the

furrow region and punctate or patchy myosin localization (Fig. 41 and J).
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When wild-type cells were treated with Dynole, most (25/27) developed a swelling or bulge-
like structure at the furrow region and presented punctate or patchy myosin localization (Fig. 4K
and L).

The fluorescence level of myosin II at the furrow was quantitatively examined in these cells
(Fig. 4M). The relative fluorescence intensity at the furrow was indistinguishable between wild-
type and dlpA4 null cells. However, dymA null cells showed slightly but significantly lower
accumulation of myosin II at the furrow, and Dynole-treated cells exhibited significantly lower
myosin II levels than wild-type cells.

These observations suggest that defects in dynamin activity result in aberrant localization of

myosin II at the furrow, which may cause failure of cytokinesis.

Localization of dynamin is independent of myosin 11

As described above, dynamin contributes to the proper localization of myosin Il at the furrow
region. To determine whether myosin Il also regulates dynamin localization, we evaluated
dynamin localization in myosin II null cells. Dividing myosin II null cells (HS1) were
immunostained with anti-DymA and DIpA antibodies. Both DymA and DIpA were properly
localized at the cleavage furrow (Fig. 2I-P). Therefore, DymA and DIpA localization at the

furrow is independent of the presence of myosin II.

Actin filaments are disorganized in dividing dynamin mutant cells
Actin filaments also accumulate at the furrow region in dividing cells. To evaluate actin
filament organization in the absence of dynamin, mutant cells were fixed and stained with

TRITC-phalloidin and then observed under total internal reflection fluorescence (TIRF)
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microscopy. Actin filaments were well organized at the furrow region in dividing wild-type cells,
but in dymA and dipA null cells, actin filaments were shortened or fragmented and disorganized
at the furrow (Fig. 5A).

We previously reported mitosis-specific dynamic actin structures (MiDASes) in myosin II
null cells (Itoh & Yumura, 2007), which appear beneath the nuclei during mitosis as sites of
adhesion to the substratum. MiDASes provide a strong scaffold and mechanical force against
the substratum for cytokinesis B. Interestingly, MiDASes were found in 70% (21/30) of dipA
null cells growing on a surface (arrows in Fig. 5SA). MiDASes were also found in dymA (10-
20%) and dipB (10-20%) null cells. That MiDASes were found in both myosin II null and
dynamin null cells suggests that dynamin is required for the appropriate activity or organization
of myosin II. Dynamin null cells may therefore divide on surfaces predominantly via cytokinesis

B rather than cytokinesis A.

Dynamin is associated with actin filaments at the furrow

The observed colocalization of actin and dynamin at the cleavage furrow indicates that these
proteins may associate with each other. To further examine this possibility, cells were extracted
with a buffer containing Triton X-100 to remove soluble proteins. After extraction, DIpA was
still present and remained colocalized with the residual actin cytoskeleton (Fig. 5B). However,
relatively weak localization was observed for DymA after extraction. We also performed
immunoblotting on Triton X-100-extracted cells. Approximately 87% of DIpA and 41% of
DymA remained associated with the cytoskeleton after extraction with Triton X-100,

respectively (Fig. 5C).
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We next measured the effect of latrunculin B, an actin-depolymerizing agent, on dividing
cells expressing DIpA-GFP or GFP-ABD 120K. GFP-ABD 120K (GFP-actin-binding domain of
Dictyostelium ABP120K) was used as a marker to visualize actin filaments (Pang et al., 1998).
During cell division, both GFP proteins localized to the furrow. When the cells were exposed to
latrunculin B, DIpA-GFP and GFP-ABD 120K delocalized from the furrow in a similar manner,
and the furrows themselves eventually loosened (Fig. 6A and B).

These observations indicate that DIpA is associated with actin filaments at the cleavage

furrow.

Dynamin stabilizes actin filaments at the furrow

To further investigate the apparent fragmentation of actin filaments at the furrow of dividing
mutant cells, we performed TRITC-DNase I staining. DNase [ binds to the pointed ends of actin
filaments as well as subdomains Il and IV of monomeric actin (Podolski & Steck, 1988; Kabsch
et al., 1990). If actin filaments are fragmented at the furrow, we predicted that there would be
more free ends of actin filaments available for binding TRITC-DNase I. After extracting the
cells with Triton X-100 in an actin-stabilizing solution, the residual cytoskeleton was
simultaneously stained with TRITC-DNase [ and FITC-phalloidin. Monomeric actin was
substantially extracted under these conditions. Interestingly, furrow regions were mainly stained
with TRITC-DNase I, whereas FITC-phalloidin stained both polar pseudopods and the furrow
(Fig. 7A). A quantitative analysis of the fluorescence of bound FITC-phalloidin revealed no
significant differences in the amount of actin filaments at the furrow region between wild-type
and mutant cells. However, the relative fluorescence intensity of bound TRITC-DNase I at the

furrow was much higher in both dym4 and dilpA mutant cells than in wild-type cells (Fig. 7B).
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These results suggest that the number of shorter actin filaments is increased at the furrow region
of mutant cells.

To further confirm the fragmentation of actin filaments in mutant cells, fluorescence
recovery after photobleaching (FRAP) experiments were performed at the furrow of dipA null
cells expressing GFP-ABD120K. If increased numbers of shorter actin filaments with free
terminal ends are present at the furrow of mutant cells, filament turnover should occur more
rapidly in mutant relative to wild-type cells. Previously we used GFP-ABD120K for the
estimation of the turnover of actin filaments and proved that the turnover of GFP-ABD120K
reflects the turnover of actin filaments (Yumura ef al., 2013). In the case of dividing dlpA4 null
cells, the half-time of fluorescence recovery was 0.88+0.17 seconds (n=15), whereas it was
1.1+0.23 seconds (n=18) in wild-type cells (Fig. 7 C-F). Actin turnover was therefore
significantly faster (p<0.001) in dlpA null compared with wild-type cells.

Taken together, actin filaments were significantly fragmented and turned over more rapidly
in dynamin mutants relative to wild-type cells. Dynamin thus functions to stabilize actin
filaments in the contractile ring by suppressing the extent of filament fragmentation and

maintaining the proper organization of myosin Il in the furrow.
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Discussion

In the present study, we found that most dynamin null cells showed some defects of
cytokinesis in suspension, as did wild-type cells treated with a dynamin inhibitor in suspension.
DIpA and DymA clearly localized to the furrow region. These results all indicate that these
dynamins are crucial for cytokinesis A in Dictyostelium cells. dlpB null cells also showed
defects of cytokinesis and its localization remained to be studied in future. DIpC and DymB did
not show defects of cytokinesis. They may play other roles such as maintenance of membranous
organelles (Rai et al., 2011).

Individual disruptions of dymA, dipA, and dipB genes all resulted in severe defects in
cytokinesis in suspension. This is somewhat puzzling and two different explanations seem
possible; one is that DymA, DIpA and DIpB contribute to efficient cytokinesis through separate
mechanisms that are all needed for efficient cytokinesis, and the other is that all three dynamins
are involved in one common mechanism and loss of any one of them inhibits the mechanism to a
similar extent. The former explanation seems inconsistent with the observation that the loss of
any one of them resulted in multinucleation to the extent similar to that achieved by the dynamin
GTPase inhibitor Dynole. The latter explanation is compatible with the fact that dynamins
function as polymers. Whether different dynamins can form a copolymer has to be examined in
future.

Previous studies in a variety of organisms have shown that dynamin plays an important role
in cytokinesis (Konopka et al., 2006). Drosophila carrying mutations in the dynamin homolog,
shibire, cannot complete cytokinesis (Pelissier et al., 2003). Temperature-sensitive (ts) mutants
for the C. elegans dynamin homolog, dyn-1-ts, present a failure of late cytokinesis (Clark ef al.,

1997). In Arabidopsis, drpla/ drple double knockout embryos display defects in cytokinesis
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(Kang et al., 2003). These studies primarily focused on dynamin’s role in membrane trafficking.
However, dynamin is not only localized to the membrane interface but is also present in actin-
rich structures, such as lamellipodia, membrane ruftles, podosomes and invadopodia (Orth &
McNiven, 2003).

In the present work, DIpA and DymA colocalized with actin filaments at the furrow, and a
major fraction of dynamin remained associated with the Triton X-100-insoluble cytoskeleton. In
addition, live imaging showed that the dynamins delocalized from the furrow region upon
treatment of cells with latrunculin B, in accordance with the delocalization of actin filaments.
These results indicate that dynamin is directly or indirectly associated with actin filaments at the
furrow. Recent in vitro and in vivo studies have shown that dynamin can indirectly bind to actin
filaments and modulate their assembly. Dynamin 2 interacts with actin filaments indirectly by
binding to several actin-binding proteins, such as cortactin, the Arp2/3 complex (Krueger et al.,
2003; Mooren et al., 2009), intersectin-1, Tuba (Hussain ef al., 1999; Salazar et al., 2003), BAR,
and F-Bar proteins (Rao e al., 2010). Dynamin 1 also binds to profilin (Witke ez al., 1998),
which is essential for actin assembly. The interaction between dynamin and these actin-
modulating proteins is mediated by the PRD domain of dynamin (Anggono et al., 2006; Shpetner
etal., 1996). Recently, Gu et al. (2010) identified a highly conserved site in the middle domain
(399-444) of dynamin 2 that directly binds to actin filaments and aligns them into bundles. The
authors reported that short actin filaments stimulate dynamin to self-assemble into oligomerized
ring structures, which, in turn, efficiently release the actin-capping protein gelsolin from barbed
ends in vitro, allowing elongation of actin filaments. Although these observations indicate the

possibility that dynamin may function in the organization of actin structures independently of its
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role in membrane remodeling, membrane remodeling also seems to be linked to the cytoskeleton,
as described below.

Endocytosis has been implicated in and linked to cytokinesis. The continuance of
endocytosis is crucial for cytokinesis of zebrafish blastomeres because endocytosis inhibitors
block the separation of daughter cells (Feng ef al., 2002). Clathrin was the first trafficking
protein shown to be essential for cytokinesis in Dictyostelium (Gerald et al., 2001). In
suspension culture, clathrin null cells developed irregular double furrows with a bulge at the
equator and eventually failed to divide, similar to the phenomenon observed in dynamin null
cells in the present study. Clathrin null cells also showed defects in myosin organization (Gerald
etal.,2001). Dictyostelium LvsA, a novel protein which is related to the membrane trafficking,
is required for cytokinesis (Kwak ez al., 1999). These observations collectively suggest that
LvsA, clathrin and dynamin may participate in a common pathway required for cytokinesis.
Mutations in clathrin and dynamin also lead to cytokinesis failure in other organisms, such as C.
elegans, Drosophila, and mammalian cells (Konopka et al., 2006).

In the present study, TRITC-DNase I primarily stained the furrow region but not the polar
pseudopods of dividing cells, although actin filaments were present in both regions, as revealed
by staining with FITC-phalloidin. DNase I preferentially binds to the pointed ends of actin
filaments (Podolski & Steck, 1988). The pointed ends of actin filaments in pseudopods are
commonly bound to Arp2/3 complexes and are thus not free, which may explain why DNase |
did not stain actin filaments in the pseudopods. Conversely, the pointed ends of actin filaments
at the furrow must be free.

Actin turnover in the contractile ring of Dictyostelium cells was examined for the first time in

the present study. The half-time of recovery was approximately 1 sec, which is very fast
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compared with that at contractile rings in yeast (>30 sec) (Pelham & Chang, 2002) and cultured
animal cells (26-58 sec) (Kondo et al., 201 1; Murthy & Wadsworth, 2005). In Dictyostelium
cells, the turnover of myosin Il in the contractile ring is much slower (half-time of approximately
7 sec) than that of actin and is regulated by the phosphorylation of myosin heavy chains,
independently of actin turnover (Yumura et al., 2008; Yumura, 2001). This rapid turnover of
actin and myosin II must be required for the maintenance of the contractile ring. Actin filaments
at the furrow are most likely present in a relatively short form with free pointed ends, which
results in rapid turnover. Actin-binding proteins that sever actin filaments, such as severin and
ADF-cofillin (Chen & Pollard, 2011), are possible candidates responsible for the shorter actin
filaments at the furrow. The fact that DymA and DIpA null cells showed faster turnover of actin
than wild-type cells indicates that these dynamins are likely responsible for antagonizing
filament severing activities, thereby helping to stabilize actin filaments in the contractile ring.
Alternatively, dynamin may promote actin polymerization as described above (Gu et al., 2010)
and maintain a constant length of actin filaments in the contractile ring. At present, it is unclear
whether DIpA and DymA bind to actin filaments directly. Homology search indicates that
DymA has 51% homology to the conserved actin-binding domain in the middle domain of
dynamin 2 (Gu et al., 2010), but DIpA and DIpB have no such region. The domains of these
proteins responsible for binding to actin filaments and localization at the furrow remain to be
elucidated.

Myosin II can also fragment actin filaments (Haviv ez al., 2008), which may contribute to the
observed rapid turnover of actin in the contractile ring (Yumura et al., 2008). Our preliminary
experiments suggested that actin filament turnover was decreased at the furrow of myosin II null

cells. The significantly fragmented actin filaments present in dynamin null cells may lead to
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irrelevant and local contractions of actomyosin, which could cause aberrant and patchy
localization of myosin II at the furrow (Fig. 2), finally resulting in the failure of cytokinesis A
(Fig. 8).

In the present study, dynamin null cells divided on surfaces at almost a normal rate.
Dictyostelium cells possess the alternative division mechanism of cytokinesis B, which has also
been reported in animal cells (Kanada ez al., 2005; Uyeda et al., 2000). Deficiency of
cytokinesis A may activate cytokinesis B under these conditions because MiDASes were
frequently observed in myosin Il null and dynamin null cells. However, the molecular
mechanism underlying the switch from cytokinesis A to cytokinesis B remains unclear, as does
the mechanism by which cells sense whether they are capable of undergoing cytokinesis A.

In summary, the Dictyostelium dynamin-like proteins DymA and DIpA localize to the
cleavage furrow and associate with actin filaments, helping to maintain filaments of the
appropriate length. These dynamins also contribute to the stabilization of actin filaments in the
furrow, which, in turn, maintains proper myosin Il organization. Deficiency of these dynamins
disturbs actomyosin organization and disables cytokinesis A, resulting in the induction of

MiDASes and promotion of cytokinesis B.
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Fig. 1. Dynamin null cells failed to complete cytokinesis in suspension culture. (A) Growth
curves of five dynamin null cell lines growing in suspension. (B) Growth curves of five
dynamin null cell lines on a surface. Dynole, a dynamin GTPase inhibitor, was applied at a
concentration of 4 pM. (C) DAPI staining of wild-type cells and five dynamin null mutant lines
after 3 days of culture on a surface or in suspension. The bottom images show DAPI staining of
wild-type cells grown in the presence of Dynole for 3 days. (D) Comparison of the percentage of
multinucleation among dynamin null cells and AX2 wild-type cells on surface and suspension
conditions. The number of nuclei of more than 200 cells was examined for each case.
Multinucleation in dynamin null cells was observed more frequently in suspension than on a
surface. (E) A dose-response curve for Dynole-induced multinucleation. (F) Two examples of
sequential images show that dymA null cells failed to divide in low melting temperature agarose,
which mimics suspension conditions. White arrows indicate a double furrow (right panel). See

also Fig. 4. Bars, 10 pm.
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Fig. 2. Dynamins localized to the cleavage furrow in dividing wild-type and myosin II null
cells. (A-H) Cells were fixed and immunostained with antibodies against dynamins. DIpA (A
and B) and DymA (C-F) primarily localized to the cleavage furrow until separation of the
daughter cells, but DymB (G and H) was diffusely distributed in the cytoplasm. (I-P) Myosin II
null cells (HS1) were fixed and immunostained. DIpA (I-L) and DymA (M-P) mainly localized
to the cleavage furrow, indicating that localization of dynamins is independent of the presence of

myosin II. Bars, 10 pm.
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Fig. 3. DIpA localized to the cleavage furrow in living cells. (A) A typical sequence of cell
division in AX2 cells expressing DIpA-GFP. Note that DIpA-GFP began to accumulate at the
equator from late anaphase and remained at the end of cytokinesis. (B) Temporal kinetics of
average fluorescence intensity in the brightest area (1 um in diameter) at the equatorial region of
the cell shown in panel A. Fluorescence intensity increased in accordance with the ingression of

the furrow. Bar, 10 pum.
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Fig. 4. Myosin II could not localize properly at the furrow region in dynamin null cells.
Dynamin null and AX2 wild-type cells were fixed and immunostained with anti-Dictyostelium
myosin II antibodies. (A-B) In wild-type cells, myosin I was strongly concentrated at the
cleavage furrow. (C-F) Localization of myosin Il in dipA4 null cells. Twenty-six percent (7/27)
of the examined cells were indistinguishable from wild-type cells in terms of cell morphology
and localization of myosin II at the furrow. However, 41% (11/27) of the mutant cells exhibited
almost normal morphology but punctate or patchy myosin localization (C and D). Thirty-three
percent (9/27) of the mutant cells presented a swelling or bulge-like structure at the furrow
region as well as punctate or patchy myosin localization (E and F). (G-J) Localization of
myosin Il in dymA null cells. Eighteen percent (6/34) of the examined cells were
indistinguishable from wild-type cells in terms of morphology and localization of myosin II at
the furrow. However, 15% (5/34) of the mutant cells showed normal morphology but punctate
or patchy myosin localization (G and H). Sixty-seven percent (23/34) of the mutant cells had a
swelling or bulge-like structure at the furrow region and showed punctate or patchy myosin
localization (I and J). (K and L) Localization of myosin Il in cells treated with 5 uM Dynole.
Most of the cells (25/27) exhibited a swelling or bulge-like structure at the furrow region and
punctate or patchy myosin localization (K and L). Bar, 10 um. (M) Relative fluorescence
intensity at the furrow region. The average fluorescence intensity at the furrow region was
normalized to that of the cytoplasm (mean £ SD). * p<0.05, ** p<0.005 when compared with

AX2.
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Fig. 5. Disorganized actin filaments at the furrow of dividing dynamin null cells.

(A) Dividing wild-type and dynamin null cells were fixed and stained with TRITC-phalloidin,
and actin filaments were observed under TIRF microscopy. Compared to wild-type cells,
disorganized and fragmented actin filaments (arrowheads) were observed in dynamin null cells.
White arrows indicate MiDASes. (B) Cells were extracted with an actin-stabilizing buffer
containing Triton X-100, and the residual cytoskeletons were stained with antibodies against
dynamins and TRITC-phalloidin. DIpA and DymA persisted and colocalized with actin
filaments at the cleavage furrow. (C) Western blot detection with anti-DIpA or anti-DymA
antibodies: whole cell lysate of wild-type cells (left columns), cell lysate after extraction with
Triton X-100 (middle). The loaded number of Triton-treated wild-type cells was 1.5 times of
that of whole cell for anti-DIpA blotting and 3 times for anti-DymA blotting, respectively. The
right columns shows the absence of DIpA and DymA in whole cell lysate of dlpA and dymA null

cells, respectively. Bars, 10 um.
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Fig. 6. DIpA and actin filaments delocalized from the furrow in a similar manner when
dividing cells were exposed to latrunculin B. Under confocal microscopy, latrunculin B was
applied to dividing cells expressing DIpA-GFP (A) or GFP-ABD 120K (B) at 0 sec. GFP-ABD
120K was used to visualize actin filaments. DIpA-GFP delocalized from the cleavage furrow in

a similar manner as GFP-ABD 120 K, and the furrows simultaneously loosened. Bars, 10 pm.
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Fig. 7. Fragmentation of actin filaments at the furrow. (A) Cells were extracted with a buffer
containing Triton X-100 and then simultaneously stained with TRITC-DNase I and FITC-
phalloidin. Note that the fluorescence intensity of TRITC-DNase I at the furrow of AX2 wild-
type cells was significantly lower than that of dynamin null cells, although FITC-phalloidin
staining was indistinguishable between the mutant and wild-type cells. (B) Quantitative analysis
of the average fluorescence intensity of TRITC-DNase I and FITC-phalloidin at the furrows of
wild-type and dynamin null cells. (*p <0.001). (C) Fluorescence at the furrows of d/pA null and
AX2 wild-type cells expressing GFP-ABD 120K was bleached under confocal microscopy. The
two panels show fluorescence images taken before and after photobleaching at the furrow.

FRAP experiments were performed by focusing specifically on the furrow cortex (optical section
of 0.9 um). The white circle shows the bleached area. (D and E) Representative curves of
relative fluorescence recovery of GFP-ABD120K at the furrow in wild-type (D) and dipA null
cells (E). (F) Actin filaments turned over significantly more rapidly in dlp4 null cells than in

wild-type cells (*p <0.001). Bars, 10 um.
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Fig. 8. Schematic model of actomyosin organization at the furrow. In wild-type cells,
dynamin associates with actin filaments to stabilize them at the cleavage furrow (left).
Interactions between actin and myosin II filaments cause the contractile ring to constrict and
divide the two daughter cells. In dynamin null cells, actin and myosin II are recruited at the
contractile ring, but the actin filaments are much shorter in the absence of dynamin. This
disparity induces local contraction of the ring, which, in turn, results in patchy localization of

myosin II and finally causes the failure of cytokinesis A.
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