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ARF6 GTPase protects the post-mitotic midbody
from 14-3-3-mediated disintegration
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In cytokinesis, there is a lengthy interval between clea-
vage furrow ingression and abscission, during which the
midbody microtubule bundle provides both structural
support for a narrow intercellular bridge and a platform
that orchestrates the biochemical preparations for abscis-
sion. It is currently unclear how the midbody structure
is stably maintained during this period. Here, we report
a novel role for the ADP-ribosylation factor 6 (ARF6)
GTPase in the post-mitotic stabilisation of midbody.
Centralspindlin kinesin-6/RhoGAP complex, a midbody
component critical for both the formation and function of
the midbody, assembles in a sharp band at the centre of
the structure in a manner antagonised by 14-3-3 protein.
We show that ARF6 competes with 14-3-3 for binding to
centralspindlin such that midbodies formed by central-
spindlin mutants that can bind 14-3-3 but not ARF6
frequently collapse before abscission. These data indicate
a novel mechanism for the regulation of midbody
dynamics in which ARF6 protects the compacted central-
spindlin assembly from dissipation by 14-3-3.
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Introduction

At anaphase onset, a microtubule-based structure, the central
spindle, is formed between segregating chromosomes (Barr
and Gruneberg, 2007; Glotzer, 2009; Douglas and Mishima,
2010). This structure, which consists of the two sets of
parallel microtubule bundles with plus-ends overlapped in
an interdigitating manner at the centre, is compacted by
ingressing cleavage furrow and matures into the midbody.
In the zone of overlap (the Flemming body; Zeitlin and
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Sullivan, 2001; Mollinari et al, 2002), microtubules are
embedded in a dense matrix substance, which glues together
the two sets of microtubule. After the exit from mitosis, the two
daughter cells are kept connected via the midbody until the
final separation (abscission). In HeLa cells, the microtubules
outside of the Flemming body and the continuity of the
daughter cytoplasms are lost about 1h after the midbody
formation (Steigemann et al, 2009; Guizetti et al, 2011) and
the dissolution of the intercellular bridge follows these events
immediately or after a while, up to several hours (Piel et al,
2001). The midbody is important both as a scaffold for the
narrow intercellular bridge and as a platform for biochemical
events in preparation for abscission (Otegui et al, 2005; Guizetti
and Gerlich, 2010). Failure of cytokinesis by disintegration of
the midbody before abscission produces a tetraploid cell that
can be the origin of aneuploidy, which is often associated with
cancer. Thus, the integrity of the midbody has to be properly
preserved until abscission. However, it has been unclear how
the post-mitotic midbody is stably maintained for a long time
since its assembly.

Centralspindlin is a key factor for the formation and main-
tenance of the central spindle and the midbody. It is an
evolutionarily conserved, stable heterotetramer consisted of
MKLP1 kinesin-6 and CYK4 RhoGAP (Mishima et al, 2002;
Somers and Saint, 2003). It bundles microtubules both in vitro
and in vivo and sharply accumulates to the Flemming body as a
component of the midbody matrix depending on its motor
activity (Matuliene and Kuriyama, 2002). Centralspindlin
recruits various downstream membrane trafficking proteins
(Tomas et al, 2004; Gromley et al, 2005; Zhao et al, 2006;
Simon et al, 2008) to the centre of the midbody. We
have recently discovered that higher-order clustering of
centralspindlin is critical for its processive movement along
microtubules and efficient microtubule bundling as well as
rapid and stable accumulation to the Flemming body (Hutterer
et al, 2009). Interestingly, this clustering is inhibited by 14-3-3
protein, which binds to MKLP1 when the second serine residue
(S710 of human MKLP1) in the conserved RRSRS motif in the tail
domain of MKLP1 is monophosphorylated (Douglas et al, 2010).
14-3-3 sequesters centralspindlin into an inactive, unclustered
form. Phosphorylation of the first serine residue (S708 of human
MKLP1) by Aurora B kinase (Guse et al, 2005) inhibits 14-3-3
binding and thus releases centralspindlin from the sequestration
(Douglas et al, 2010). As Aurora B activity peaks between
segregating chromosomes during anaphase (Fuller et al, 2008),
regulation of centralspindlin by 14-3-3 and Aurora B kinase
provides a mechanism that ensures spatial coupling between
chromosome segregation and cytokinesis. However, it has been
unclear whether the same mechanism also contributes to the
post-mitotic stable maintenance of the midbody.

An endosomal GTPase ADP-ribosylation factor 6 (ARF6),
which is a member of the ARF family (Donaldson and
Jackson, 2011; Schweitzer et al, 2011), localises to the
cleavage furrow and midbody (Schweitzer and D’Souza-
Schorey, 2002; Takahashi et al, 2011). Depletion of ARF6 in
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mammalian cells (Schweitzer and D’Souza-Schorey, 2005)
and null mutations in Drosophila (Dyer et al, 2007) cause
cytokinesis defects. Interestingly, ARF6, as well as all the
other ARF family GTPases examined, binds MKLP1 in a GTP-
specific manner at a binding site in the C-terminal tail
(Boman et al, 1999; Dyer et al, 2007) that appears to
overlap with that for 14-3-3 protein. However, it has
remained unclear whether ARF6 colocalises with
centralspindlin at the midbody (Fielding et al, 2005) and,
more importantly, whether the ARF6-MKLP1 interaction
plays an important role in cytokinesis.

In this report, we show that ARF6 competes with 14-3-3 for
binding to MKLP1 and thus, when colocalised with central-
spindlin at the Flemming body, protects centralspindlin from
dissipation by 14-3-3. This provides a novel mechanism for
the long-term preservation of the post-mitotic midbody,
which is critical for high-fidelity completion of cytokinesis
and the maintenance of genome stability.

Results

Centralspindlin is stably maintained at the midbody
even after the level of Aurora B kinase declines
Cytoplasmic Aurora B kinase activity declines after anaphase
onset such that it is undetectable 30 min after sister chroma-
tid separation (Fuller et al, 2008). An active form of Aurora B
is detected on the midbody but not on the midbody remnant
(Steigemann et al, 2009). Signal of GFP-tagged Aurora B
kinase at the midbody peaked at midbody formation but
continued to decline and almost disappeared within an
hour (Figure 1A and B). Consistently with these observations,
during mitotic exit, Aurora B-phosphorylated forms (S708-
monophosphorylated or S708/S710 double phosphorylated
forms) of MKLP1 decrease, while S710-monophosphorylated
MKLP1, which can be bound by 14-3-3 protein, increases and
appears on the late midbody (Douglas et al, 2010). Although
S710-monophosphorylated MKLP1 was not barely detectable
right after the completion of the cleavage furrow ingression
and the formation of the midbody, it gradually increased
concurrently with the decrease of the microtubule signals
flanking the Flemming body, which led to the complete
disassembly around 70min after the midbody formation
(Supplementary Figures S1 and S2). Nonetheless, steep accu-
mulation of centralspindlin at the Flemming body is stably
maintained for a prolonged period (Figure 1A and B) until
abscission, which occurs up to a few hours after the furrow
completion (Piel et al, 2001), or even after abscission as the
midbody remnant (Mishima et al, 2002). This implies that an
unknown mechanism protects S710-monophosphorylated
centralspindlin from rebinding to 14-3-3 protein, gradually
taking over the role of Aurora B during late telophase.

ARFB6 colocalises with centralspindlin at the late
midbody and competes with 14-3-3 for centralspindlin
binding

Molecules that colocalise with centralspindlin at the late
midbody are potential candidates to be involved in long-
term maintenance of stable midbody. One such molecule is
the endosomal GTPase ARF6. To examine the colocalisation
of centralspindlin and ARF6 at the late midbody, dual-colour
time-lapse imaging of cells expressing MKLP1 N-terminally
tagged with green fluorescent protein (GFP-MKLP1) and
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ARF6 internally tagged (Hall et al, 2008) with a red
fluorescent protein (mCherry-ARF6) (Supplementary Figure
S3A) was performed (Figure 1C). In early telophase, when
MKLP1 accumulated into a distinct focus at the midbody
(t=0 min), ARF6 was localised on vesicular compartments
that were arranged into four characteristic clusters similar to
‘Golgi twins’ (Gaietta et al, 2006). At this stage, no clear
colocalisation of MKLP1 and ARF6 was observed. Inner pairs
of ARF6-positive vesicular clusters gradually dispersed.
Approximately 1h after midbody formation, ARF6 began to
show colocalisation with MKLP1 at the Flemming body,
which gradually increased to a plateau in the subsequent
1-2h. This colocalisation is not an artefact due to bleed-
through of GFP-MKLP1 signal to the mCherry channel since
the Flemming body localisation of mCherry-ARF6 was
observed even in the absence of GFP-MKLP1 (Supplementary
Figure S3B). In contrast, another endosomal GTPase Rablla
(Yu et al, 2007) did not show such colocalisation (Supple-
mentary Figure S3B and C). This ARF6-MKLP1 colocalisation
persisted for long periods, even after abscission.

We then examined whether ARF6 can interfere with
binding of 14-3-3 to S710-monophosphorylated MKLPI.
Endogenous centralspindlin was pulled down by 14-3-3 pro-
tein from crude cell extract prepared from mitotic HeLa cells
treated with Aurora kinase inhibitor (Douglas et al, 2010).
Interestingly, including the GTP-form, but not the GDP-form,
of recombinant ARF6 in the assay greatly reduced binding of
14-3-3 to centralspindlin (Figure 2A). In a reciprocal experi-
ment, ARF6 pulled down the centralspindlin holocomplex
from the mitotic extract, indicating that ARF6 does not affect
the formation of this complex (Figure 2B). Addition of excess
14-3-3 greatly reduced the amount of centralspindlin pulled
down, especially when the MKLP1-14-3-3 interaction was
enhanced by Aurora inhibitor treatment (Figure 2B). These
data indicate that ARF6 and 14-3-3 are mutually exclusive for
their interaction with MKLP1. Thus, ARF6 that is locally
accumulated to the Flemming body and colocalised with
centralspindlin can potentially prevent access of 14-3-3 to
centralspindlin.

Separation-of-function mutations in MKLP1 specifically
disrupt the interaction with ARF6
To test whether ARF6 localisation at the Flemming body is
dependent on its interaction with MKLP1 and whether this
interaction plays a role in stable maintenance of the midbody,
we sought to design a separation-of-function mutation of
MKLP1 that specifically disrupts the interaction with ARF6
without directly affecting other functions such as 14-3-3
binding. Yeast two-hybrid (Y2H) and in-vitro pull-down ana-
lyses with various fragments of MKLP1 identified amino acid
690-802 (CF9 fragment) as the minimum ARF6-binding
domain (Figure 3A and B; Supplementary Figure S4A). This
region is equivalent to the ARF6-interacting domain on the
Drosophila MKLP1 orthologue Pavarotti (Dyer et al, 2007),
indicating the evolutionary conservation of this interaction.
Interestingly, the minimal ARF6-binding fragment (CF9)
contained the AuroraB/14-3-3 regulatory motif in its
N-terminal region although this region is dispensable for
ARF6-binding in in-vitro pull-down assay (Figure 3B, CF3
fragment).

To find ARF6-binding defective point mutations on MKLP1
that do not interfere with 14-3-3 binding, evolutionarily
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Figure 1 ARF6 localises to the midbody following the disappearance of Aurora B. (A) Time-lapse observation of HeLa cells stably expressing
GFP-tagged MKLP1 or Aurora B during late cytokinesis. (B) Quantification of midbody localisation of MKLP1, Aurora B and ARF6. For MKLP1
(green) and Aurora B (blue), average normalised intensities were plotted. For colocalisation between ARF6 and MKLP1, the local Pearson’s
correlation coefficient between mCherry-ARF6 and GFP-MKLP1 (0 for random and 1 for perfect colocalisation) in the 9 x 9 pixel area covering
the midbody was plotted (magenta). Error bars indicate the standard deviation. (C) Stills from time-lapse observation of HeLa cells that were
cotransfected with GFP-MKLP1 and mCherry-ARF6. Arrowheads indicate their colocalisation at the Flemming body. Bar, 10 pm.

conserved residues in the C-terminal half of ARF6-binding
domain (Figure 3A) were scanned by alanine substitution.
Mutations on most of the conserved residues affected the
interaction with ARF6 as shown by in-vitro pull-down assay
(Figure 3C). Similar results were also obtained by Y2H
analysis (Supplementary Figure S4B). These mutations did
not affect the MKLP1-MgcRacGAP/HsCYK-4 complex forma-
tion (Supplementary Figure S5). Importantly, these mutations
did not affect binding of MKLP1 to 14-3-3 protein (Figure 3D).
Similarly, mutations in the Aurora B/14-3-3 motif did not
affect binding of MKLP1 to ARF6 (Figure 3E). These results
indicate that ARF6 binding and 14-3-3 binding are primarily
independent functions of MKLP1 although they are mutually
exclusive.

VOL 31 | NO 11 ] 2012

ARF6-centralspindlin interaction plays an important
role in stable maintenance of the midbody during late
cytokinesis

To examine in-vivo function of the MKLP1-ARF6 interaction,
we tested the strongest ARF6-binding mutants of MKLP1
(Y754A, L756A, V786A and F788A) in RNAi-based knock-
down and rescue assays coupled with cell-cycle synchronisa-
tion (Figure 4A). The endogenous MKLP1 was depleted with
an siRNA against the 3’-untranslated region (Figure 4B) (Neef
et al, 2006) and GFP-MKLP1 constructs were transiently
expressed (Figure 4C). Cell division was observed by time-
lapse imaging and cytokinesis failure of the cells expressing
the transgene were scored (Figure 4D). Approximately 50%
of the control cells failed cytokinesis. This defect was rescued
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Figure 2 14-3-3-MKLP1 and ARF6-MKLP1 interactions are
mutually exclusive. (A) Effect of excess ARF6 on the interaction
between MKLP1 and 14-3-3 in the crude extract from mitotic HeLa
cells treated with an Aurora inhibitor ZM447439, which promotes
the MKLP1-14-3-3 interaction. A constitutively active (locked in
GTP-form) ARF6 QG67L, but not a GTP-binding deficient T27N
mutant, interfered with the MKLP1-14-3-3 interaction.
(B) Repression of the ARF6-MKLP1 interaction by excess 14-3-3
in the extracts from mitotic HeLa cells treated with or without
7ZM447439 (+ZM and — ZM, respectively). Inhibition of Aurora
kinase enhanced the interference by 14-3-3.

to below 20% by expression of wild-type GFP-MKLP1. In
contrast, all the ARFG6-binding mutants (Y754A, L756A,
V786A and F788A) showed significantly weaker rescue
(Figure 4E for a table of P-values for multiple comparison),
indicating the importance of the MKLP1-ARF6 interaction for
successful cytokinesis. Cells expressing GFP-MKLP1-V786A
failed cytokinesis almost as frequently as control cells
rescued with GFP alone (P=0.225). Importantly, these cyto-
kinesis defects are not due to differences in the level of
transgene expression (Figure 4C). This result demonstrates
the importance of the MKLP1-ARFG interaction for successful
completion of cytokinesis.

To analyse the details of the cytokinesis defects caused by
lack of interaction between MKLP1 and ARF6, we cotrans-
fected mCherry-ARF6 in the MKLP1 knockdown and rescue
assay and performed dual-colour time-lapse observation
(Figure 5). To examine whether the Flemming body localisa-
tion of ARF6 is actually dependent on its interaction with
MKLP1, GFP-MKLP1 and mCherry-ARF6 double-positive
cells that formed the GFP-MKLP1-positive midbody were
analysed. ARF6 localisation to the ‘Golgi twins’-like vesicle
compartments was normal in all the cells expressing
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MKLP1-V786A (Figure 5C and D, Omin). This is consistent
with the lack of colocalisation of MKLP1 and ARF6 during
this stage and suggests that their interaction is not essential
for the localisation of ARF6 to these vesicles. In contrast, the
ARF6 recruitment to the Flemming bodies was often unde-
tectable in the cells expressing MKLP1-V786A (Figure 5C and
D, arrows). This provides evidence for the in-vivo interaction
between MKLP1 and ARF6 through the C-terminal domain of
MKLP1 and indicates the significance of this interaction for
the recruitment of ARF6 to the Flemming body in the late
midbody stage.

Importantly, in 50% of the cells that failed to recruit ARF6
to the Flemming body, centralspindlin accumulation at the
Flemming body was destabilised and lost in later stages,
leading to regression of cleavage furrow (Figure 5C and E).
This is not due to photo-bleaching since it was not observed
with wild-type MKLP1 under the same illumination condition
(Figure 5A, B and E). A similar phenotype was also observed
in the knockdown and rescue assay without mCherry-ARF6
(data not shown). This supports the hypothesis that the
MKLP1-ARF6 interaction might play an important role in
the stable maintenance of centralspindlin at the Flemming
body. It seems unlikely that the destabilisation of central-
spindlin accumulation is the primary cause of the failure of
ARF6 recruitment to the Flemming body because ARF6 failed
to colocalise with MKLP1 even in some of the cells that could
maintain centralspindlin accumulation for up to several
hours (Figure 5D and E). Interestingly, these cells showed a
significant delay of abscission, indicating that ARFG6 at the
Flemming body might also play a role in abscission although
our method of abscission detection has a limitation that it
cannot discriminate between the cells before abscission and
the cells after abscission but with the midbody remnant
staying at the border of the daughter cells and thus can
only set an upper limit on the timing of abscission.

As centralspindlin is essential for the midbody formation,
the destabilisation of centralspindlin accumulation at the
Flemming body might cause the disintegration of the whole
midbody. To test this possibility, we examined the effect of
the MKLP1-ARF6 binding defect on the behaviour of other
midbody components. When MKLP1-V786A mutant became
destabilised earlier than the normal timing of microtubule
disassembly, premature disassembly of midbody microtu-
bules associated with the furrow regression was also
observed (Figure 6A). In the cells rescued with wild-type
MKLP1, a distinct and stable tubulin signal on the Flemming
body before abscission or on the midbody remnant after
abscission was detected (Figure 6B arrowhead, 9/9 midbody
remnants detected by MKLP1). When the MKLP1-V786A
signal at the Flemming body was lost, such a distinct tubulin
signal became undetectable (Figure 6B arrow, 8/8 cells with
decayed MKLP1 signal). CEPSS is a late midbody protein and
plays an important role in recruiting ESCRT proteins to the
site of abscission (Carlton and Martin-Serrano, 2007; Bastos
and Barr, 2010). Similarly to tubulin, when MKLP1-V786A
was lost from the midbody, CEPS5 signal at the midbody was
lost as well (not shown). We also observed fragmentation of
CEP55 accumulation at the midbody into multiple smaller
pieces in an almost identical manner to that observed for the
mutant MKLP1 (Figure 6C, 30/30 midbodies whose fragmen-
tation was detected by MKLP1 signal), which also resulted in
the furrow regression. These observations indicate that
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Figure 3 ARF6 and 14-3-3 interact with MKLP1 through overlapping, but not identical, regions in the MKLP1 C-terminal tail. (A) Schematic
representation of MKLP1 fragments examined for the interaction with ARF6 by Y2H and in-vitro pull-down assays. (B) In-vitro pull-down assay
to test ARF6-binding by MKLP1 fragments. GST-ARF6 Q67L (GTP), T27N (GDP) or GST alone (GST) was pulled down by the MKLP1 fragments
(CF2, CF3, CF9 or CF15) tagged with maltose-binding protein (MBP) immobilised on amylose beads (New England Biolabs). (C) Alanine
substitutions at the conserved residues in the C-terminal half of the minimum ARF6-binding domain and their effects on the MKLP1-ARF6
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mutations. (D, E) Y2H assays to test the effects of the MKLP1 mutations in the ARF6-binding domain on the interaction with 14-3-3 (D) and of
the mutations in the Aurora B/14-3-3 motif on the interaction with ARF6 (E). Growth on medium lacking histidine and supplemented with
3-aminotriazol (3AT) indicates an interaction between proteins fused to the activation domain (AD) and DNA-binding domain (DB). The
mutations at Y754, L756, V786 and F788 specifically disrupt the MKLP1-ARF6 interaction without affecting the MKLP1-14-3-3 interaction
while S708 and S710 mutations do not interfere with the MKLP1-ARF6 interaction.
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Figure 4 Defects in the MKLP1-ARFG6 interaction cause cytokinesis
failure. (A) Schematic of the protocol for knockdown and rescue
experiments. (B) Cells were synchronised and transfected with
MKLP1 or control siRNA and lysed directly into SDS-loading buffer.
Samples were separated using SDS-PAGE and probed for MKLP1
with anti-MKLP1 antibody by western blotting. (C) Cells were
transiently transfected with GFP-MKLP1 variants as indicated.
Whole cell lysate was probed for GFP-MKLP1 with anti-GFP anti-
body. (D) Quantitation of cytokinesis failures from live cell record-
ings of HeLa cells treated with MKLP1 siRNA and transfected with
GFP vector or the MKLP1 variants as indicated. The graph shows
the percentage of cells that failed cytokinesis averaged from three
independent experiments in which at least 100 GFP-MKLP1 or GFP
expressing cells were analysed. Error bars indicate the standard
deviation. (E) The data of the cytokinesis failure were analysed by
generalised linear model for binomial data and P-values after the
Tukey correction for multiple comparison are shown.

disappearance of the MKLP1 mutant from the midbody
reflects the disintegration of the whole of the Flemming
body or the midbody remnant and ARF6-MKLP1 interaction
plays an important role in the stable maintenance of the
integrity of the midbody.

Inhibition of the 14-3-3-centralspindlin interaction
suppresses the midbody instability caused by the lack
of ARF6-centralspindlin interaction

Considering the appearance of MKLP1 S710-monophosphor-
ylation at the Flemming body (Douglas et al, 2010),
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disintegration of the midbody in V786A mutant cells might
be caused by dispersion of centralspindlin by 14-3-3 protein,
which targets and solubilises the S710-monophosphorylated
form of centralspindlin (Douglas et al, 2010). If this is the
case, mutation of S710 to alanine, which prevents 14-3-3
binding, should suppress the midbody destabilisation
caused by the mutation of V786 to alanine. As expected,
the majority of the cells expressing the S710A and V786A
double-mutant MKLP1 did not restore the recruitment of
ARF6 to the Flemming body (Figure 7A, arrows). However,
the frequency of midbody disintegration was greatly reduced
in the cells expressing S710A and V786A double mutant
(Figure 7A and B), indicating that, in the absence of the
interaction with 14-3-3, the interaction between MKLP1 and
ARF®6 is not essential for the stability of the Flemming body.
This is consistent with the observation that deletion of a
region encompassing both the Aurora B/14-3-3 motif and the
ARF6-binding domain showed only a relatively mild cytokin-
esis defect in a knockdown and rescue assay (Matuliene and
Kuriyama, 2004). The requirement of this interaction for
abscission seems to be rather limited as a majority (83%)
of these cells could complete cytokinesis without ARF6-
MKLP1 colocalisation at the Flemming body in the absence
of the MKLP1-14-3-3 interaction.

For further quantitative analysis of the stability (Figure 7C
and D), the Flemming bodies formed in the cells expressing
the GFP-MKLP1 mutants were objectively classified into
groups with or without colocalisation of mCherry-ARF6
based on the local Pearson’s correlation coefficient
(Figure 1B). Decay of GFP-MKLP1 signal at the ARF6-nega-
tive Flemming bodies caused by V786A mutation was sup-
pressed by the additional mutation of S710 to alanine
(Figure 7C). The life time of Flemming bodies that failed to
recruit ARF6 due to V786A mutation was about half of the
wild-type (Figure 7D). This was significantly prolonged by
additional S710A mutation (Figure 7D, P=0.024 by Wilcoxon
rank sum test). Suppression of V786A-induced midbody
disintegration by disrupting the interaction with 14-3-3
indicates that the MKLP1-ARF6 interaction is required to
oppose the action of 14-3-3 protein, that is, to protect
centralspindlin accumulated at the Flemming body from
dissipation by 14-3-3.

Discussion

ARF6 at the post-mitotic midbody protects
centralspindlin from dissipation by 14-3-3

Here, we have revealed that the midbody is potentially a
dynamic structure and that a post-mitotic cell stably main-
tains it by a different strategy from that for the earlier stage
of cytokinesis (Figure 8). Centralspindlin has to form
clusters for productive interaction with microtubules and
to steeply and stably accumulate to the centre of the midbody
(Hutterer et al, 2009). 14-3-3 sequesters centralspindlin as
an unclustered, inactive form (Douglas et al, 2010). During
the process of midbody formation in anaphase and early
telophase, when Aurora B activity is still present and forms a
local peak at the spindle midzone, Aurora B releases
centralspindlin from sequestration by 14-3-3 protein
(Douglas et al, 2010), spatially coupling chromosome
segregation and cytokinesis (Figure 8A). In late telophase,
when Aurora B activity becomes weaker, ARF6 recruited to
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respectively.

the Flemming body gradually takes over the centralspindlin-
stabilising role of Aurora B and protects centralspindlin from
14-3-3 protein (Figure 8B). Competition by a small GTPase
provides a novel scheme of modulation of 14-3-3 activity
that might be applicable to a broad range of 14-3-3-target
interactions.

ARF6 is a member of the ARF family, whose closely related
members have distinct yet overlapping functions in multiple
aspects of cellular activity. Although localisation to the mid-
body has not been reported so far for other ARF GTPases,
considering the lack of the specificity in MKLP1 binding
among ARF family proteins (Boman et al, 1999), other
ARFs might also be able to protect centralspindlin from
14-3-3 especially in the absence of ARF6. This would explain
the relatively mild phenotypes observed in the early embryonic
development of ARF6-knockout mice and in the cultured cells
depleted of ARF6 (Schweitzer and D’Souza-Schorey, 2005;
Suzuki et al, 2006). To test the role of MKLP1-ARF6 interaction
at the post-mitotic midbody from the side of ARF6, novel
experimental tools are required that would enable us to shut
down the activities of ARF proteins individually and in combi-
nation in a temporally controlled manner.

Our finding does not exclude other potential functions of
ARFG at the midbody. It will be interesting to investigate how
this distinct role of ARF6 at the Flemming body is coordinated
with its other functions such as the regulation of endosomal
trafficking (Fielding et al, 2005; Montagnac et al, 2009),
which plays critical roles in abscission (Carlton and Martin-
Serrano, 2007; Morita et al, 2007; Sagona et al, 2010; Guizetti
et al, 2011), in cooperation with other centralspindlin-
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interacting proteins (Tomas et al, 2004; Fabbro et al, 2005;
Zhao et al, 2006; Simon et al, 2008; Bastos and Barr, 2010;
Montembault et al, 2010). It has been reported that
autophagy-mediated lysosomal degradation contributes to
the elimination of midbody remnants after abscission (Pohl
and Jentsch, 2009). We speculate that dispersion of
centralspindlin by 14-3-3, which can potentially be
triggered by activation of ARF6 GTPase, might provide an
additional mechanism for this process.

Materials and methods

Antibody reagents

Antibodies against MKLP1 C-terminal peptide, MgcRacGAP/HsCYK-
4 and S710-monophosphorylated MKLP1 were described previously
(Mishima et al, 2002; Douglas et al, 2010). Commercial antibodies
used were: JL-8 mouse monoclonal to GFP (Clontech); DMla
mouse monoclonal to a-tubulin (Sigma); N19 rabbit polyclonal to
human MKLP1 (Santa Cruz).

Protein purification

Recombinant human ARF6 and its variants (cDNA provided by
H McMahon, MRC Laboratory of Molecular Biology, Cambridge UK)
tagged with GST was affinity purified from bacteria using
glutathione-Sepharose beads (GE Healthcare) in 10mM HEPES
(pH 7.5), 1mM EGTA, 1mM MgCly, 0.1% (v/v) Triton X-100,
1mM dithiothreitol (DTT), 10 pg/ml leupeptin, 10 ug/ml pepstatin,
1mM phenylmethanesulfonyl fluoride and 100 mM NaCl. When
required, the bound protein was eluted using the same buffer
containing 10 mM reduced r-glutathione (Sigma) or by thrombin
digestion to remove GST (Thrombin cleavage-capture kit, Merck
Biosciences). Recombinant human 14-3-3( tagged with GST was
similarly purified using the above buffer containing 250 mM NacCl
and the tag cleaved by thrombin digestion. MKLP1 fragments
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Figure 6 Defects in the MKLP1-ARF6 interaction disintegrate the midbody. (A) Stills from the knockdown and rescue experiments with the
GFP-MKLP1-V786A mutant performed in the HeLa cells expressing mCherry-tubulin. (B, C) Stills from the knockdown and rescue
experiments with the mCherry-MKLP1-V786A mutant performed in the HeLa cells expressing GFP-tubulin and GFP-CENP-A (B) or GFP-
CEPS5 (C). Arrowheads in (B) indicate the intact midbody remnant with distinct signal for both MKLP1 and tubulin. Arrows indicate the
residual MKLP1 signal in the regressing cell lacking a distinct tubulin signal. Arrowheads in (C) indicate the fragments from the disintegrating

Flemming body. Bar, 5pm.

tagged with maltose-binding protein were purified from bacteria
using amylose beads (New England Biolabs) in the same buffer as
described above.

Cell culture, transfection and RNA interference

HeLa cells were cultured in DMEM (Invitrogen) with 10% fetal
bovine serum (FBS) (Invitrogen). HeLa cells stably expressing GFP-
tagged MKLP1, Aurora B and CEP55 from their own promoters were
previously described (Poser et al, 2008; Hutterer et al, 2009). HeLa
cells stably expressing mCherry-tubulin (Kaseda et al, 2012) and
both GFP-tubulin and GFP-CENP-A were provided by Dr Andrew
McAinsh and Dr Patrick Meraldi, respectively. Cells for time-lapse

©2012 European Molecular Biology Organization

microscopy were grown on Delta T culture dish (Bioptechs) or
Fluorodish (World Precision Instruments). MKLP1 (N-terminal
EGFP or mCherry) (Douglas et al, 2010), RABlla (N-terminal
EGFP or mCherry (GenBank: ACF75945.1)), cloned from HeLa
cell cDNA library by PCR) and ARF6 (internal mCherry,
constructed by replacing CyPET in pEF4-CyPET-ARF6 (Hall et al,
2008) (Addgene) with mCherry) mammalian expression constructs
were transfected using Lipofectamine 2000 (Invitrogen) in DMEM
containing 5% FBS without antibiotics and the complex was
washed off from cells after 3h. For knockdown and rescue
experiments, HeLa cells in Opti-MEM (Invitrogen) were treated
with siRNA (100 nM final concentration) targeted to the 3’-UTR of
MKLP1 with the sequence 5'-AAGCAGUCUUCCAGGUCAUCUUU-3’
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(Neef et al, 2006) using Oligofectamine (Invitrogen). After 4 h, cells
were supplemented with 10% FBS and arrested for 18h with
2.5mM thymidine. One hour after release from the thymidine
arrest, cells were transfected with DNA. The second thymidine
arrest (18h) was started 8h after the first release. Release from
metaphase arrest was performed as described (Petronczki et al,
2007).

Microscopy

Live cell imaging was performed from 8 h after the final release for
15h at 37°C on a DeltaVision system (Applied Precision) equipped
with a x 40 UPlanFLN objective (Olympus) and a Cascade II 512B
EM-CCD camera (Photometrics). Z-stacks of 1.5um x 10 were
recorded at 30 locations every 7 min. For dual-colour observation
of ARF6 and Rablla (Supplementary Figure S3B), 1um x 15
z-stacks were recorded with a x 60 PlanApoN objective (Olympus).
The time-lapse images were analysed using OMERO (Swedlow et al,
2009) (http://www.openmicroscopy.org/) and ImageJ (Rasband
WS, ImageJ, US National Institutes of Health, Bethesda,
Maryland, USA; http://imagej.nih.gov/ij/, 1997-2011) software.
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For presentation of fluorescence image, three (GFP-MKLP1) or
five (mCherry-ARF6) z-sections around the focal plane at the
centre of the midbody were maximum projected. For
quantification of the fluorescence intensity at the midbody, the
mean intensity inside a circle of a radius of 2 (MKLP1) or 3
(Aurora B) pixels (1 pixel=0.411 pm) centred at the peak was
subtracted by a local background value, that is, the mean
intensity in a surrounding ring-like area of an inner radius of 3
(MKLP1) or 4 (Aurora B) pixels and an outer radius of 5 (MKLP1) or
6 (Aurora B) pixels.

Binding experiments

HeLa cells arrested with nocodazole (40ng/ml) and treated with
2 uM ZM447439 (Tocris Bioscience) were lysed in buffer containing
20mM PIPES (pH 7), 2 mM EGTA, 2 mM MgCl,, 0.1% (v/v) Triton
X-100, 1mM DTT, 10pg/ml leupeptin, 10pg/ml pepstatin, 1 mM
phenylmethanesulfonyl fluoride, 20 mM NaF, 5 pM microcystin and
150mM NaCl and clarified by centrifugation. The crude extract
(Img/ml total protein) was mixed with glutathione-Sepharose
beads (GE Healthcare) coated with GST-ARF6 or GST-14-3-3( for
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Figure 8 ARFG protects the post-mitotic midbody from disintegra-
tion by 14-3-3. Clustering of centralspindlin, which is antagonised
by 14-3-3, is essential for its rapid and sharp accumulation to the
central microtubule overlap zone of the central spindle and the
midbody. (A) While Aurora B kinase activity is high during ana-
phase and early telophase, phosphorylation of MKLP1 by Aurora B
prevents 14-3-3 from sequestering centralspindlin. (B) When
Aurora B activity has post-mitotically declined, MKLP1-ARF6 inter-
action provides another mechanism to protect centralspindlin
clusters from dispersion by 14-3-3.

2 h with rotation at 4°C. Beads were washed three times with lysis
buffer, and bound proteins were resolved by SDS-PAGE and
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