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Abstract

During animal cell division, the cleavage furrow is positioned by microtubules that signal to the
actin cortex at the cell midplane. We developed a cell-free system to recapitulate cytokinesis
signaling using cytoplasmic extract from Xenopus eggs. Microtubules grew out as asters from
artificial centrosomes and met to organize antiparallel overlap zones. These zones blocked
interpenetration of neighboring asters and recruited cytokinesis midzone proteins including the
Chromosomal Passenger Complex (CPC) and Centralspindlin. The CPC was transported to
overlap zones, which required two motor proteins, Kif4A and a Kif20A paralog. Using supported
lipid bilayers to mimic the plasma membrane, we observed recruitment of cleavage furrow
markers, including a RhoA-GTP reporter, at microtubule overlaps. This system opens further
approaches to understanding the biophysics of cytokinesis signaling.

Actomyosin-based cleavage furrows in animal cells are positioned by signals emanating
from microtubule assemblies formed shortly after anaphase onset (1). In typical somatic
cells, the signaling complexes Centralspindlin and CPC (Chromosomal Passenger Complex)
accumulate at the center of the midzone (or central spindle), which forms in the space
previously occupied by the mitotic spindle (2). It is unclear how the microtubules that
position furrows are organized in much larger egg cells, and how they signal to the cortex.
We addressed these questions by developing a cell-free system to reconstitute the spatial
signaling characteristic of cytokinesis in a large egg cell.

To reconstitute cytokinesis events, undiluted egg cytoplasm with intact actin (3), containing
fluorescent probes and AurkA-based artificial centrosome beads (4), was treated with Ca2*
to mimic fertilization and immediately spread between two coverslips for imaging (fig.
S1A). As the cell cycle progressed from metaphase to interphase (5), large microtubule
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asters grew out rapidly from each AurkA bead. Where the expanding edges of two
neighboring asters met, antiparallel microtubule bundles formed in a boundary zone that we
term the aster-aster interaction zone (AAIZ) (Fig. 1, A to C, fig. S1, and movie S1). In
somatic cells, the CPC and Centralspindlin complexes are recruited to the midplane in
anaphase where they specify the division plane by activating the small GTPase RhoA (2).
We imaged endogenous complexes by adding labeled antibodies, and for the CPC confirmed
localization with a GFP tagged DasraA subunit (5). CPC and the Kif23 subunit of
Centralspindlin were recruited to the AAIZ in a 5-15 um wide line bisecting the line
between two AurkA beads (Fig. 1, B and C, fig. S1). The AAIZ was wider than a somatic
cell midzone, and hundreds of microns long. To evaluate its physiological relevance, we
imaged the same proteins in Xenopus zygotes fixed between mitosis and cytokinesis, which
takes place at interphase in early embryonic cells (Fig. 1D) (6). The morphology of the
midplane in zygotes, as defined by microtubule morphology and CPC/Centralspindlin
localization, was strikingly similar to the AAIZ in extracts (Fig. 1, A to C).

To measure microtubule orientation at the AAIZ we tracked GFP-tagged EB1, which binds
to growing microtubule plus ends (Fig. 1E, fig. S2, movie S2) (7). Microtubules grew
outward radially within each aster. At the AAIZ, EB1 comets from both directions entered
antiparallel bundles, where they usually disappeared (Fig. 1E). We quantified the degree of
interpenetration by categorizing EB1 comets based on their direction (fig. S3) (5). The
AAIZ was characterized by a sharp change in directionality over ~20 um, indicating a
localized block to interpenetration between the asters (Fig. 1F).

Kinase activity of the Aurora B (AurkB) subunit of the CPC is required to establish midzone
morphology and for furrow ingression (8). We confirmed this in Xenopus eggs (fig. S4) (5).
AurkB inhibition blocked recruitment of the CPC in our cell free system (Fig. 1E), and
caused much deeper interpenetration of microtubules (Fig. 1, E and F, and movie S3). Thus,
AurkB activity was required to create a sharp boundary between asters.

CPC is proposed to be transported to the center of midzones along microtubules by a kinesin
molecular motor (9), but transport has not been observed directly. Five plus-end directed
kinesins involved in cell division are candidates for CPC transport (10): Kif4A, Kif10 (also
called CenpE), Kifl1l (Eg5), Kif20A (Mklp2/Rabkinesin-6) and Kif23 (Mklp1, a subunit of
Centralspindlin). Xenopus eggs also contain an unusual kinesin 41% identical to Kif20A by
sequence (11). This is likely to be an embryo-specific paralog, and we propose the name
KIF20Aembryonic, abbreviated KIF20AE. Small molecule inhibition of Kif10 and Kifl1,
and depletion of somatic Kif20A and Kif23, had no effect on antiparallel microtubule
bundling in the AAIZ or on CPC localization (Fig. 2, A and B, figs. S5 and S6). Depletion
of Kif4A did not block CPC accumulation or assembly of antiparallel bundles, but increased
the width of the CPC-positive zone; adding back recombinant Kif4A rescued this phenotype
(Fig. 2A, fig. S6). Depletion of Kif20AE completely blocked CPC accumulation and
disorganized the AAIZ (Fig. 2A). Thus Kif20AE is absolutely required for CPC recruitment
in eggs, presumably mirroring the Kif20A requirement in somatic cells (9), and Kif4A plays
some role in focusing it.
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Microtubule bundles in the AAIZ localized Kif20AE (Fig. 2C), Kif4A (Fig. 2D), and an
embryonic paralog of PRC1 (PRCL1E, an antiparallel microtubule crosslinker; fig. S1D), all
of which have been shown to bind the CPC in pull-down experiments (9, 12-14). Time-
lapse imaging showed that CPC clusters moved to the center of the overlap zone at a rate of
10-25 um/min, slowing as they reached the center (Fig. 2, E and F, fig. S7, movie S4).
Tubulin speckle imaging showed sliding of microtubules away from the overlap center at <5
pum/min (fig. S8, movies S6 to S8). Thus the observed CPC movement represents transport
towards plus ends. The maximal transport rate was close to that of Kif4A in an isolated aster
not part of an AAIZ (Fig. 2F, green line, fig. S9) (5). Kif4A depletion blocked CPC
movement, and addback of recombinant Kif4A rescued it (Fig. 2, E and F, figs. S10, movie
S5). Moving CPC and Kif4A partially co-localized by live imaging (fig. S11). Thus, the
CPC is targeted to the AAIZ and transported to a narrow band by the combined action of
Kif20AE and Kif4A. Transport probably slows as CPC engages binding sites in the AAIZ

).

To test if AAIZs in the cell-free system can signal to the cortex, we prepared supported lipid
bilayers on glass coverslips using lipids characteristic of the inner leaflet of animal cell
plasma membranes, including phosphatidylinositol (Pl) and phosphatidylinositol 4,5-
bisphosphate [P1(4,5)P,] (5, 15). Protein recruitment was imaged using total internal
reflection fluorescence (TIRF) microscopy (Fig. 3A). The small GTPase RhoA is thought to
be the master organizer of the furrow (16). To localize active, GTP-bound RhoA we added
an mCherry-tagged RhoA binding fragment of Rhotekin (mCherry-rGBD) (16). Using PEG-
passivated coverslips, we saw no recruitment of RhoA-GTP. Using lipid bilayers, the RhoA-
GTP reporter was enriched at the bilayer under AAIZs that recruited CPC and
Centralspindlin (Fig. 3B, fig. S12). Inhibition of AurkB or depletion of Kif20AE completely
blocked AAIZ assembly and CPC localization as expected (8, 9), and also blocked localized
RhoA-GTP enrichment (Fig. 3, B and C). Kif4A depletion resulted in broadening of both
CPC and RhoA-GTP zones (Fig. 3C). Depletion of Kif23, a subunit of the Centralspindlin
complex, did not block AAIZ assembly or RhoA-GTP recruitment (Fig. 3C).
Centralspindlin plays a central role in midzone assembly and signaling in many biological
systems (2). Its dispensability in our system likely reflects functional redundancy among
midzone factors and is consistent with its dispensability in Xenopus blastomere cytokinesis
(17). We conclude that a CPC-positive AAIZ can locally activate RhoA in our system,
although we cannot distinguish whether localized AurkB phosphorylation of cytokinetic
factors or some specific organization of microtubules at the AAIZ is required for furrow
signaling.

To probe cortical organization in our system we visualized F-actin using Lifeact-GFP (Fig.
4) (18). F-actin was enriched at the lipid bilayer under AAIZs (Fig. 4, A and B). Above the
cortical layer, F-actin organized into branched networks that showed only partial alignment
with the microtubules (Fig. 4C). At the cortical layer, F-actin organized into long, uniformly
spaced cables that aligned radially with microtubules (Fig. 4D, left and middle, movie S9).
The spacing between actin cables was 1.3+£0.5 um (SD; N=140), comparable to actin-
containing contractile bands on the cortex of live frog eggs (19). This organization was
microtubule dependent (Fig. 4D, right); we suspect it represents a configuration of actin
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bundles that normally precedes furrow ingression, since it has been noted in early anaphase
in several systems (5). The furrow-selective actin bundling protein Anillin (20) co-localized
with F-actin cables throughout the cortex, and was enriched under AAIZs along with its
binding partner septin complex (Fig. 4E, movie S10).

Summarizing, we have developed a cell-free system that recapitulates the hallmarks of
spatially organized signaling characteristic of egg cytokinesis. Midzone proteins were
recruited to the overlap zone between microtubule asters in egg extract, where they signaled
to a nearby lipid bilayer to locally activate the RhoA pathway. Our system confirmed known
mechanisms of spatially organized signaling, for example the Aurora B kinase activity
requirement for cleavage furrow induction, and revealed new mechanistic aspects that were
difficult to observe in living cells, notably transport of the CPC along microtubules towards
the midzone in a process requiring two kinesins. Our data favor a model in which Kif4A is a
transport motor for the CPC, and Kif20AE is required for it to bind microtubules, though not
necessarily as a transporter. Future pure protein reconstitution experiments are required to
conclusively determine the mechanism of CPC transport and the exact roles of these two
kinesins.

Two factors facilitated imaging approaches in the cell-free system: the large spatial scale of
the AAIZ (~20um) and its long time duration (>20 minutes). Both reflect the pre-cytokinesis
organization of the large egg cell. By comparison, the microtubule overlap in somatic cell
midzones is ~2—-3um wide and lasts only ~3 minutes before being compressed by the furrow
(21). Future studies will take advantage of these features and the experimental flexibility of
an extract system to probe biophysical mechanisms involved in cytokinesis.
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Fig. 1. Aster outgrowth and interaction in Xenopus egg cytoplasm
(A) Experimental setup. See (5) for methods and probes. (B) Widefield time-lapse showing

recruitment of AurkB (red) to an AAIZ. (C) AAIZ at 30 min (widefield) showing
recruitment of AurkB (CPC subunit, red) and Kif23 (Centralspindlin subunit, cyan). (D)
Localization of MTs (green), AurkB (red) and Kif23 (cyan) in Xenopus zygotes fixed at
consecutive stages of the first cell division (Z1-23) imaged by laser scanning confocal
microscopy (5). (E) Quantification of microtubule orientation using EB1 tracking. Left:
Spinning disc confocal images of control (top) and AurkB inhibited (bottom) AAIZs.
Middle: Map of EB1-GFP trajectories. Right: 4X zoom-up of square in middle panel with
maximum intensity projection (MIP) of EB1 tracks (over 15 sec). (F) Spatial distribution of
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EB1 tracks at AAIZs classified by direction (shading indicates standard deviations
determined from N=5 zones). (See fig. S2, S3, and (5) for data analysis.)
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Fig 2. Kinesin-dependent recruitment and motility of the CPC
(A) Representative spinning disc confocal images of MTs and AurkB at AAIZs following

kinesin immunodepletions as labeled above. (B) Summary of kinesin perturbations using
drug inhibition (inh) or immunodepletion (dep) (5). (C,D) Localization of Kif20AE and
Kif4A at AAIZs (5). (E) Kymographs of CPC dynamics on individual microtubule bundles
in AAIZs. (F) CPC velocity as a function of distance from the center of the AAIZ (error bars
are standard deviations determined from N=>3 microtubule bundles (5)).
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Fig. 3. Spatially localized recruitment of GTP-bound RhoA on model plasma membranes
(A) Drawing of experimental setup. See (5) for methods and probes. (B,C) Localization of a

probe for RhoA-GTP (mCherry-rGBD) (16) at lipid bilayers proximal to AAIZs. TIRF
images from 3x3 to 5x5 adjacent fields were corrected for uneven illumination and stitched
(5). (B) Representative control and AurkB inhibition. (C) IgG control, Kif20AE, Kif4A, and
Kif23 depletions. Bar, 200 um.
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Fig. 4. Recruitment and organization of cortical cleavage furrow proteins
Experimental setup as per Fig. 3A. (A) F-actin (TIRF). Note enrichment proximal to CPC at

AAIZs. (B) Intensity line-scans across AAIZ (boxed in A) shows enrichment of AurkB and
F-actin. (C) XZ slices of 3D reconstructions using spinning disc confocal microscopy
showing organization of MTs, F-actin, and Anillin (left). XY slices of MTs and F-actin at
plane marked by arrow (right). (D) TIRF images of microtubules and F-actin at aster center
(left) and an AAIZ (middle). Right shows a nocodazole treated sample. (E) Anillin and
septin on bilayer (TIRF) co-localize with CPC at AAIZ.
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