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Summary
Cytokinesis in animal cells requires the central spindle and midbody which contain prominent
microtubule bundles [1]. Centralspindlin, a heterotetrameric complex consisting of Kinesin-6 and
RhoGAP (Rho-family GTPase-activating protein) subunits, is essential for the formation of these
structures [2]. Centralspindlin becomes precisely localized to the central spindle where it promotes
the equatorial recruitment of important cytokinetic regulators. These include ECT2, the activator
of the small GTPase RhoA, which controls cleavage furrow formation and ingression [3-6].
Centralspindlin’s own RhoGAP domain also contributes to furrow ingression [7-10]. Finally,
centralspindlin facilitates recruitment of the chromosome passenger complex [7, 8] and factors
that control abscission [11, 12]. Despite the importance of localized accumulation of
centralspindlin, the mechanism by which this motor protein complex suddenly concentrates to the
centre of interpolar microtubule bundles during anaphase is unclear. Here, we show that
centralspindlin travels along central spindle microtubules as higher-order clusters. Clustering of
centralspindlin is critical for microtubule bundling and motility along microtubules in vitro, and
for midbody formation in vivo. These data support a positive feedback loop of centralspindlin
clustering and microtubule organization that may underlie its distinctive localization during
cytokinesis.

Results and Discussion
Centralspindlin moves along microtubules as clusters and stably accumulates at the
midzone

Centralspindlin is a stable tetramer formed by a dimer of a RhoGAP HsCYK-4 (aka
RACGAP1/HsMgcRacGAP, C. elegans CYK-4, Drosophila RacGAP50C/Tumbleweed) and
a Kinesin-6 dimer MKLP1 (aka KIF23, C. elegans ZEN-4, Drosophila Pavarotti). Although
the motor activity of MKLP1 is essential for accumulation of centralspindlin to the centre of
the midbody [13], the mechanism for its specific accumulation is unknown. To gain insight
into this process, we observed GFP-tagged HsCYK-4 [14], expressed in HeLa cells by total
internal reflection fluorescence (TIRF) microscopy. The central spindle was brought within
reach of TIRF illumination by overlaying the cells with an agarose slab (Figure. 1A). This
enabled us to observe particles of HsCYK-4-GFP moving along tracks that are likely to be
spindle midzone microtubules (Figure 1B and Supplementary Movie 1). In six early
anaphase cells, 74 tracks were detected on which 120 centralspindlin particles were
observed to move for longer than 1 s with an average velocity of 312 +/− 22 nm/s. Examples
of moving particles are shown in the kymographs in Figure 1C. The signal of most moving
particles exhibited gradual rather than stepwise decay (Figure 1D), indicating that each
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particle contains multiple GFP moieties and therefore likely reflects multiple centralspindlin
molecules in a cluster.

We next assessed whether centralspindlin, once concentrated, is stable at the central spindle
or whether it exhibits dynamic exchange by fluorescence recovery after photobleaching
(FRAP). During metaphase, when centralspindlin is diffuse throughout the cytoplasm,
recovery of bleached HsCYK-4-GFP was rapid and complete with a half-time of less than 5
s (Figure 1E). However, during anaphase, the recovery of midzone-localized HsCYK-4-GFP
was very limited (less than 10% in 2 min) (Figure 1E). The stable accumulation of
centralspindlin to anaphase microtubules is in stark contrast to the rapid recovery exhibited
by other microtubulelocalized motor proteins: Kinesin-5 localized at the spindle midzone
turns over with a half-time of less than 30 s [15, 16] and microtubule bound Kinesin-1 at the
periphery of interphase cells turns over with a half-time of 16 s [17]. Simple motor-
microtubule interactions are therefore insufficient to explain how centralspindlin stably
associates with the spindle midzone.

The stable accumulation of centralspindlin at the spindle midzone and its tendency to
assemble into motile clusters is consistent with previously characterised biochemical
properties of centralspindlin. Neither centralspindlin in C. elegans embryonic lysates nor
recombinant C. elegans centralspindlin expressed in insect cells is fully soluble in low ionic
strength solutions [2]. Likewise, centralspindlin in HeLa cell lysates also becomes less
soluble during cytokinesis (Figure 1F) and purified human centralspindlin can be partially
sedimented by centrifugation (Figure 1G). In a buffer with physiological salt concentrations,
the soluble pool of ZEN-4 (C. elegans Kinesin-6) plateaus at ~15 μg/ml (Figure 2A, B
1-775), which is comparable to its concentration in embryos (Figure S2). This indicates that
the clustering could occur under physiological conditions, which would be further enhanced
by concentration at sites such as the spindle midzone. Importantly, this effect is reversible
(Figure 2C) and therefore cannot be due to irreversible aggregation. While protein
insolubility could be caused by incomplete folding or absence of a critical binding partner,
there are precedents for physiological clustering of proteins. Myosin-II, another essential
cytokinesis motor protein, shows similar salt-sensitive insolubility, reflecting its ability to
form a large assembly that is critical for its function [18, 19]. We hypothesised that the low
solubility of centralspindlin in vitro might reflect its in vivo ability to assemble into
multimeric clusters that travel along the midzone microtubules. Clustering of centralspindlin
could contribute to its stable accumulation to the spindle midzone because the increased
avidity induced by clustering would stabilize the association with microtubules.

A short element in Kinesin-6 is specifically required for clustering
To test this hypothesis, we sought to identify a separation-of-function mutation. A derivative
of centralspindlin that is clustering defective but retains all other activities would enable us
to assess the significance of clustering for its in vitro and in vivo functions. For these
studies, we focused on C. elegans centralspindlin, so that we could combine in vitro
biochemical and biophysical analyses with in vivo genetic studies. To assay for a mutant
defective for clustering, we used the sedimentation assay. ZEN-4 exhibits low solubility in
the presence or absence of CYK-4 [2]. Deletions from the C-terminus of ZEN-4 revealed
that the C-terminal domain of ZEN-4 is dispensable for clustering (Figure 2C, ZEN-4
(1-601) (Z601)). Remarkably, removal of 16 additional amino acids rendered ZEN-4
completely soluble even under low salt concentrations (Figure 2D and S3A, ZEN-4 (1-585)
(Z585)), indicating that the region between residues 586-601 of ZEN-4 is critical for
clustering. Deletion of this ‘clustering element’, in an otherwise full-length ZEN-4 construct
greatly increased its solubility (Figure 2A and B). Deletion of this region did not affect the
other known activities of ZEN-4, binding to CYK-4 (Figures 2E and S3B) and homo-
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dimerization [20] (Figure S3C). These results indicate that the clustering of centralspindlin
is separable from other functional domains of ZEN-4 (Figure 2F and S3D).

Clustering of centralspindlin is essential for productive interactions with microtubules
microtubulesTo address how clustering contributes to centralspindlin function, we compared
the behaviour of ZEN-4 derivatives with or without the clustering element in in vitro and in
vivo assays. Firstly, we examined their microtubule-bundling activities. A complex of
clustering competent Z601 and CYK-4 (1-232) showed strong microtubule bundling activity
(Figure 2G) [20]. In contrast, a complex of the clustering defective Z585 and CYK-4
(1-232) exhibited significantly reduced microtubule-bundling activity as revealed by the
presence of many unbundled microtubules (Figure 2G). This suggests that clustering
contributes to efficient microtubule bundling.

Secondly, to examine whether clustering affects the function of ZEN-4 as a microtubule
motor protein, we observed the motility of GFP-tagged ZEN-4 proteins along surface-
immobilized microtubules by TIRF microscopy. As plus-end directed motors [21], both
Z585 and Z601 tagged with GFP (Z585GFP and Z601GFP, respectively) support gliding of
microtubules when immobilized on coverglass surface (data not shown). Like the untagged
proteins, both of them are dimers in the presence of high salt (Figure S3E) and Z601GFP
assembles into large clusters under low salt conditions while Z585GFP fails to do so (Figure
S3F). At near-physiological concentration of the motors (9 μg/ml), too high for observation
of single molecules, both proteins associated with the entire length of microtubules (Figure
3A). Z601GFP, but not Z585GFP, showed prominent accumulation at one of the two ends of
the microtubules, which was identified as the plus-end with polarity-marked microtubules
(Figure S4A). This suggests that clustering promotes accumulation of ZEN-4 at microtubule
plus ends.

When the motors were further diluted (135 ng/ml), continuous movement of individual
Z601GFP particles along microtubules became visible (for up to 10 s) (Figure 3B and C,
Supplementary Video 2). A subset of the particles travelled to the end of the microtubule
and remained associated with the plus end (Figure 3C arrow head, Figure S4B). In contrast,
the majority of Z585GFP particles attached briefly to microtubules and did not move
continuously, but rather diffused on the microtubule before dissociating (Figure 3F, G, H,
Supplementary Video 3). Although the majority of particles disappeared in a single step
either by detachment from microtubules or by photobleaching, some Z601GFP particles
photobleached in two-, three-, four- or even more steps of roughly equal heights, indicating
that these particles contained multiple ZEN-4-GFP polypeptides (Figure 3D).

To understand the effect of clustering on the motile behaviour, we estimated the number of
ZEN-4 dimers in each particle that moves along a microtubule. We used the initial intensity
of each particle as an estimate of its degree of clustering since the number of photobleaching
steps can not be counted for particles with short association times. Analysis of dimeric
constructs (Z585GFP and a Kinesin-1 dimer (K432GFP)) revealed that 40 to 50% of GFP
moieties are fluorescently active in our samples (Figure 3 F-H and L-N, Figure S5A).
Therefore, the fluorescence intensity (as well as photobleaching step numbers) is not directly
proportional to the number of GFP-fused polypeptides in a particle but would rather follow
broad probabilistic distributions (Figure 3P). For example, Z601GFP particles whose
intensity (I) is 2-fold higher than that of a single GFP (IGFP), would include not only dimers
but also some larger oligomers with only two fluorescently active GFP moieties. At the
concentration required for visualizing individual particles, the majority of Z601GFP clusters
dissociated into dim particles (I/IGFP < 2.5) (Figure 3E), reflecting the reversibility of
clustering (Figure 2C). However, some Z601GFP particles remained as brighter clusters and
these particles moved continuously along a microtubule for longer periods (correlation
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coefficient = 0.59 for particles with association time longer than 2 s) (Figure 3E). The effect
of clustering on the processivity of motility was striking. Oligomeric clusters of Z601GFP, I/
IGFP ≥ 2.5, moved continuously along microtubules for longer than 4 s while Z585 dimers, I/
IGFP < 2.5, detached from microtubules in 0.3 s (Figures 3O and S6G). The short association
time of Z585GFP is not due to rapid bleaching as it is ~15 times shorter than the average
bleaching time for GFP (Figure S5B). Although clustering caused a moderate reduction in
the velocity, it increased run length significantly (> 5-fold) (Figure 3O). Thus, clustering
dramatically increases overall transport efficiency along microtubules.

To confirm that clustering of ZEN-4 is sufficient for continuous motility, we tested whether
artificial oligomerization of Z585GFP can restore its stable motility (Figure 3I-K). We used
avidin-mediated cross-linking through a 15 amino acid C-terminal tag that is biotinylated in
E. coli [22]. Remarkably, avidin-induced oligomeric clusters containing multiple dimers that
exhibited continuous movement along microtubules (Figure 3K, Supplementary Video 4).
Similar to Z601GFP, Z585GFP clustered by avidin also accumulated at microtubule plus
ends (Figure 3I arrow head), indicating that clustering is both necessary and sufficient for
highly stable motility of ZEN-4, which facilitates its accumulation to microtubule plus ends.

Clustering of centralspindlin is essential for its accumulation to the midbody and
completion of cytokinesis

Finally, to determine whether clustering is important for the in vivo function of
centralspindlin, we compared the ability of a wild-type zen-4 transgene and a mutant
transgene defective for clustering to rescue the recessive lethality caused by a null allele of
zen-4(w35) [23]. For this purpose, we generated multiple, independent lines that harbour
zen-4::GFP or zen-4Δ586-603::GFP as stably integrated, low copy transgenes [24]. All
zen-4::GFP transgenic lines efficiently rescued zen-4 null homozygous animals (30 to 85%)
(Figure 4A). Rescued animals were fertile and could be stably maintained. In clear contrast,
the zen-4Δ586-603::GFP transgenes failed to efficiently rescue the zen-4 null allele (no
rescue in 3 lines and 12% in one line). Moreover, none of the animals rescued by the mutant
transgene could produce viable progeny. Thus the clustering element is essential for the in
vivo function of centralspindlin.

We were able to obtain embryos from homozygous zen-4 null hermaphrodites rescued by
both types of transgenes with which we could assay the behaviour of the ZEN-4::GFP fusion
proteins in the absence of endogenous wild-type ZEN-4 protein. As expected from the high
level of rescue efficiency, most embryos expressing ZEN-4 WT::GFP successfully
completed cytokinesis (8/10). As previously reported, ZEN-4 WT::GFP began to
accumulate on the central spindle in anaphase and strongly concentrated at the midbody
(Figure 4B). It remained highly concentrated in the midbody for at least 20 minutes after the
completion of furrowing. In contrast, ZEN-4Δ586-603::GFP did not strongly accumulate to
the central spindle and midbody. We detected weak and transient signals of the mutant
ZEN-4 at the central spindle in most embryos (10/15 embryos, Figure 4B arrow). However,
these signals dispersed within 1-2 minutes and stable accumulation to the midbody was not
observed. As a consequence, all embryos expressing mutant ZEN-4 failed to complete
cytokinesis (15/15). The ability of the clustering element to promote both microtubule
association and continuous motility (Figure 3) provides a simple explanation for this
phenotype. Centralspindlin clustering appears crucial for its discrete and stable accumulation
to the central spindle and the midbody.
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A positive feedback loop of centralspindlin clustering and microtubule bundling could
drive centralspindlin accumulation

This study demonstrates the importance of the higher-order clustering of a kinesin
superfamily molecule in its cellular functions. It extends previous theoretical predictions and
in vitro observations that clustering of low-processivity motors increases their run lengths
[25-29]. There are notable similarities between the assembly properties of ZEN-4 and the
actin based motor myosin II, suggesting that oligomerization may contribute to motility in
diverse motors and biological contexts. Motility as clusters leads to the accumulation of
centralspindlin to the microtubule plus ends (Figure 5A). This could explain the recently
reported accumulation of centralspindlin to the plus-ends of equatorial astral microtubules
[30, 31]. Clustering of centralspindlin also facilitates microtubule bundling. Both plus-end
accumulation and microtubule-bundling would increase the local concentration of
centralspindlin, which in turn would enhance cluster formation and promote interactions
with microtubules, thereby closing a positive feedback loop (Figure 5B).

This model has important implications for the mechanism of rapid and intense accumulation
of centralspindlin during cytokinesis since positive feedback in general can accelerate the
response to a regulatory switch and amplify spatial differences. Activation of centralspindlin
at anaphase onset might trigger the start of this feedback loop by increasing centralspindlin’s
affinity for microtubules [32, 33]. This feedback loop is predicted to be sensitive to the
organization as well as the stability of microtubule arrays. An astral array of microtubules
with minus-ends at the centre as found in mitotic asters would not take full advantage of this
positive feedback loop since the outward movement of centralspindlin along microtubules
would result in a decrease in its local concentration. In an anaphase cell, however, this
positive feedback loop would be facilitated in the equatorial region, where two groups of
microtubules with opposite polarities meet (Figure 5C). This would explain how
centralspindlin preferentially accumulates to the spindle midzone as compared to the
surrounding astral microtubules. Selective stabilization of a subset of microtubules by
chromosomes [34] or cortical contractility [35] might provide other means of engaging this
feedback loop.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Centralspindlin accumulates to the centre of the central spindle through clustering. (A-E)
HeLa cells stably expressing functional HsCYK-4-GFP were observed by live imaging. (A)
Schematic of the experimental setup used to observe the movement of HsCYK-4-GFP along
the central spindle. (B) Image of a cell in early anaphase. The area in the left panel indicated
by the yellow dotted square is shown magnified in the right panel. The plasma membrane is
indicated with pink dotted lines. The position of metaphase plate (Figure S1) is indicated by
a red dotted line. The white dotted square was used for background correction for
fluorescence intensity in D. (C) Kymographs along microtubule tracks indicated in B. (D)
Traces of the fluorescent intensity of the particles indicated in C. (E) HsCYK-4-GFP was
photobleached in the areas indicated by dotted blue circles in cells in metaphase and
anaphase. The ratio of the fluorescence signals in the bleached (yellow square) to the
unbleached areas (magenta) was plotted. The time (sec) after photobleaching is shown. (F)
Cell lysates were prepared from HeLa cells arrested at prometaphase (0 min) or 90 min after
release from nocodazole. MKLP1 in total cell lysates (T) and in supernatants (S) following
centrifugation was analysed by Western blotting. (G) Centralspindlin purified from HeLa
cells in the presence of 250 mM NaCl was diluted into buffers containing the indicated
concentration of salt. Proteins in total inputs (T) and supernatants (S) were detected by
Coomassie staining after SDS-PAGE.
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Figure 2.
In vitro characterization of the clustering of C. elegans centralspindlin. (A-D) Bacterially
expressed ZEN-4 proteins were purified in the presence of 250 mM salt and diluted to (A,
B) 150 mM or (C, D) 83 mM. Total input (T) and supernatant (S) after centrifugation were
analysed by SDS-PAGE. For C, after the first supernatant (S1) was removed, the precipitate
(not shown) was resuspended into a high salt buffer and centrifuged to obtain the second
supernatant (S2). (E) CYK-4 binding was assayed by reciprocal pull-down from E. coli
lysates expressing both ZEN-4 fragments tagged with chitin-binding domain (CBD) and
CYK-4 1-120 tagged with glutathione S-transferase (GST). (F) Schematic model of ZEN-4
and deletion constructs used in this study with a summary of their in vitro properties. ZEN-4
is comprised of a motor domain, a neck region containing several helix-breaking proline
residues, a 100 amino acid region that forms a parallel coiled coil [20] and a tail domain. A
small region (‘clustering element’) is required for clustering. (G) Microtubule-bundling
assays with ZEN-4 constructs competent (Z601) or incompetent (Z585) for clustering
complexed with CYK-4 1-232 (C232).
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Figure 3.
Clustering is essential for efficient transport of ZEN-4. (A) Still images from time-lapse
observation of the interaction of Z601GFP or Z585GFP at 9 μg/ml with microtubules
immobilized on a glass surface, showing plus-end accumulation of Z601GFP. (B) Frames
from time-lapse observations showing a particle of Z601GFP (135 ng/ml, green) moving
along a microtubule (red). White dot highlights a particle moving in a continuous manner.
(C, F, I, L) Kymographs depicting the movement of indicated motor constructs along
microtubules. Avidin induces clustering of Z585GFP that has a C-terminal biotin-tag (I). A
dimeric Kinesin-1 construct (K432GFP) was also observed for comparison (L-N). The
arrowhead in C and I indicates accumulation of particles at the plus-end of microtubule. (D,
G, J, M) Traces of photobleaching behaviour of the particles in the corresponding
kymographs. (E, H, K, N) Association time plotted against the initial fluorescence intensity
of each particle. (O) Summary of association time, velocity and run length. (P) Simulation
of distributions of fluorescence intensities of particles containing 2, 4, 8, 12, 16 GFP
moieties, assuming 50% of GFPs are fluorescently active.
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Figure 4.
Clustering of ZEN-4 is essential for cytokinesis. (A) Genetic analysis of the functionality of
GFP-tagged wild-type (wt) and self-assembly incompetent (Δ586-603) zen-4 transgenes.
The mutant defective in clustering could barely rescue zen-4 null animals to viability. (B)
Time-lapse observation of the first cell division of the embryos from zen-4 null
hermaphrodite mothers rescued by wt or mutant transgenes. Wild-type ZEN-4 localizes to
the central spindle and strongly accumulates to the midbodies (arrows). In contrast, the self-
assembly incompetent mutant transiently associates with the central spindle and fails to
accumulate to the midbody. The mutant embryos exhibited partial cleavage furrow
ingression followed by regression (arrowheads), as seen for depletion of ZEN-4 by RNAi
and is a consequence of centralspindlin-independent furrowing. Elapsed time is indicated in
min.

Hutterer et al. Page 11

Curr Biol. Author manuscript; available in PMC 2012 May 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5.
(A) Schematic summarizing the effect of clustering of centralspindlin on its motility along
microtubules. (B) Positive feedback loop model for the interaction between centralspindlin
and microtubules. Red lines and green dots represent microtubules and the centralspindlin
heterotetramers, respectively. (C) Model explaining how centralspindlin accumulates and
bundles microtubules exclusively in the equatorial region of a normally dividing cell.
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