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Abstract It has long been known that the interphase
microtubule (MT) array is a key cellular scaffold that
provides structural support and directs organelle trafficking
in eukaryotic cells. Although in animal cells, a combination
of centrosome nucleating properties and polymer dynamics
at the distal microtubule ends is generally sufficient to
establish a radial, polar array of MTs, little is known about
how effector proteins (motors and crosslinkers) are coor-
dinated to produce the diversity of interphase MT array
morphologies found in nature. This diversity is particularly
important in multinucleated environments where multiple
MT arrays must coexist and function. We initiate here a
study to address the higher ordered coordination of multi-
ple, independent MT arrays in a common cytoplasm.
Deletion of a MT crosslinker of the MAP65/Asel/PRC1
family disrupts the spatial integrity of multiple arrays in
Dictyostelium discoideum, reducing the distance between
centrosomes and increasing the intermingling of MTs with
opposite polarity. This result, coupled with previous dynein
disruptions suggest a robust mechanism by which inter-
phase MT arrays can utilize motors and crosslinkers to
sense their position and minimize overlap in a common
cytoplasm.
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Introduction

The centrosome is a landmark organelle found in nearly all
eukaryotic animal cells [1]. Its primary function is to
organize the assembly of polar MT arrays, which in turn,
contribute to cell structure, division, and endomembrane
distribution. During interphase, this aptly named “central
body” is typically located near the cell center, a position
largely due to a balance of forces acting on the MT array. It
is well known that assembly/disassembly reactions at the
MT distal ends create pushing and pulling forces that are
sufficient to “self-center” the array, an action that can be
recapitulated in synthetic environments and understood
through modeling efforts [2, 3].

However, there are numerous examples of centrosome
displacement or movements that indicate a higher ordered
level to positioning in cells. Cortical pulling forces can act
on astral MTs during division to displace the spindle and
create asymmetric sized cells [4]; centrosomes can be
drawn up near the cell periphery where they serve to
nucleate axonemal structures [5]; centrosomes also
orchestrate nuclear migration during cell growth by cou-
pling distal forces to nuclei [6]. All of these activities
involve molecular motors (e.g. dynein, kinesin) that push
or pull against MTs and effect centrosome position (e.g.
[7]). Yet despite a growing list of the molecular partici-
pants, including contributions from the actin-myosin
machinery, our understanding is limited as to how motile
MT events are locally controlled or coordinated.

In addition, there is an even larger scale of centrosome/
MT organization that is understudied in animal cells. Many
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organisms exist or contain cells as syncytia, a common
cytoplasm with multiple nuclei, centrosomes, and MT
arrays. In many cases, syncytial nuclei appear evenly dis-
tributed throughout the cytoplasm, along with associated
MT arrays. While one could attribute this distribution to
simple properties of cytoplasm, we argue that this level of
organization is also carefully orchestrated and important
for cell survival. In some cases, MT arrays maintain their
independence in a common cytoplasm, a feature that
establishes cytoplasmic territories that may be useful in
locally managing organelle traffic and polarity [8], as well
as coordinate cell movement and growth.

In this paper we examine MT organization at this larger
scale and reveal a new role for MT crosslinkers of the
MAP65/Asel/PRC1 family [9-12]. In the absence of
AselA in D. discoideum, MT arrays no longer maintain
spatial separation in a multinucleated environment. In
addition to its well-known activity during mitosis, this MT
crosslinker appears to play a role during interphase to
exclude or minimize interdigitating MTs of opposite
polarity. Our results emphasize that a multilevel coordi-
nation of motors and polymer dynamics is necessary to
organize multiple MT arrays in a common cytosol.

Results

In multinucleated cells of the model organism, D. dis-
coideum, each nucleus is tightly associated with a
centrosome and corresponding MT array; these arrays
generally remain distinct from each other and appear to
maintain mutually exclusive territories during interphase
(Fig. 1) [13-17]. MT plus ends minimally grow and shrink
in D. discoideum, and thus conventional tip-based assem-
bly dynamics do not significantly contribute to centrosome
position [18]. Instead, microtubules undergo substantial

lateral bending and sweeping motions, demonstrating there
are robust pushing and pulling forces from motor
machinery in the cytoplasm or at the cell cortex that
influence centrosome position [17, 19-21]. Treatment of
cells with 2.5 pg/ml nocodazole shrinks the distances
between centrosomes, further indicating a MT-based
component in their spacing (Fig.2). To address how
multiple arrays minimize their spatial overlap in a common
cytoplasm, we focused attention on components that
engage interdigitating MTs of opposite polarity and thus
targeted the MAP65/Asel/PRCI1 protein family.

The D. discoideum genome contains two isoforms of
Asel (Fig. 3) [22], which we term A and B. The two
sequences share a central core of approximately 219 resi-
dues that are 23 % identical and 47 % similar. This region
corresponds to the spectrin-like microtubule binding
domains representative of the gene family. As in other
Asel isoforms, both polypeptides have extensive amino
terminal regions predicted to form coiled-coil secondary
structure. The two sequences are otherwise divergent in
their similarity to reference human PRC1 and fungal Asel
sequences of this family (Fig. 3). AselA most closely
resembles the human and fungal isoforms, sharing mod-
erate similarity (43-46 %) in the amino-terminal two-
thirds of the coding sequence. Also similar to PRCI1 [11],
AselA contains two classical nuclear localization motifs,
PIEKLKK beginning at residues;;, and PNNKKKI at
residueg;,. AselB is less related to PRCI1 than is AselA,
with sequence homology only in the carboxy-terminal one-
third of the coding region, and absent any canonical
nuclear localization motifs. As in PRC1 [23], AselB does
contain two closely spaced consensus sequences for CDK
phosphorylation (TPSK at residuess;; 732); these motifs are
not found in the AselA isoform. AselA and B were tar-
geted for disruption by homologous recombination, via the
strategy outlined in supplemental Fig. 1. Knockout strains

Fig. 1 MT arrays maintain distinct territories in multinucleated D.
discoideum cells. a Typical WT mononucleated cell, MTs are in
green, nuclei in blue. b, ¢ Binucleate examples of WT (b) and a kif9~
kinesin cell (¢). In b and ¢, the MT arrays are largely separate from
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one another, with minimal overlap in the cytoplasm. Deletion of the
kif9 kinesin detaches centrosomes from nuclei [54] and indicates here
that centrosome position is independent of forces acting directly on
nuclei. Bar 10 pm
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Fig. 2 Intercentrosome distance in multinucleates is dependent on
MT length. Left panel shows two tetranucleated WT cells £2.5 pg/ml
nocodazole treatment. MTs are in green, nuclei in blue, actin cortex is
in red. Arrowheads mark centrosome positions. Right panel quanti-
tates distance between all centrosome pairs in tri-, tetra- and penta-
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Fig. 3 D. discoideum contains two isoforms of Asel. a Domain
organization based on sequence homologies, including position of the
MT-binding domain (green), coiled-coil motifs (CC), nuclear local-
ization signals (yellow), and CDK phosphorylation motifs (red). b—
d Display sequence similarity between the two isoforms and Human
PRCI1 and S. pombe Asel proteins. The orange regions in b highlight

of either gene are viable; cells accumulate in suspension
cultures at rates similar to wild type (WT) growth (Sup.
Fig. 1) and both produce viable spores when challenged to
undergo a developmental cycle. However, disruptions of
the two isoforms produce distinctly different phenotypes.
Deletion of AselA impacts known mitotic functions and
has a novel defect in organizing multiple MT arrays during

the central core that is 23 % identical, 47 % similar between the two
D. discoideum isoforms. ¢ The relationship of isoform A with human
PRCI and S. pombe Asel proteins. The regions marked in blue are
similar. d Same comparison but with the B isoform; similarity is
shown in red. Percentage indicates degree of similarity to the D.
discoideum isoform within the colored regions

interphase. AselB disruption only appears to affect MT
bundling during interphase.

Previous work in other animal systems predicts that
disruption of Asel/PRC1 homologs will impact mitotic
spindle assembly and cytokinesis [10-12]. In agreement
with these studies, the central spindle that normally forms
between separating spindle poles appears to either be
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Fig. 4 AselA™ cells fail to form a proper midzone during mitosis.
a The left column shows frames from a WT mitotic cell labeled with
GFP-a-tubulin. Note the band of interdigitating MTs that connect the
two spindle poles. The right column shows similar staged frames of
an AselA™ cell. Although there is a fluorescent MT bridge visible in
the first two panels, this structure breaks early during the centrosome

substantially reduced or missing altogether in AselA™ cells
(Fig. 4). Quantitative analysis of spindle pole separation
(Fig. 4) reveals two deviations from normal mitosis. In
74 % of the null cells tracked (28/38), centrosomes bolt
apart just after their initial separation, at a burst rate close
to 7 um/min. GFP-labeled centromeres demonstrate simi-
lar timing (Sup. Fig. 2), indicating that chromosomes are
connected to the daughter centrosomes early during divi-
sion, and do not absolutely require a traditional metaphase
stage for mitotic progression. In the remaining 26 % of
AselA™ cells (10/38), the duplicated poles stay adjacent to
each other, largely failing to separate or complete
karyokinesis over the observed time frame. We further
noticed an increase in multinucleation of the Asel A™ cells.
Under current growth conditions, only 12.4 % of WT cells
had more than 1 nucleus (44/354). In the absence of
AselA, 31.0 % of cells were multinucleated (113/364),
suggesting defective cytokinetic processes. These results
indicate that the AselA protein functions during mitosis in
D. discoideum in a fashion similar to other organisms.

In addition, the disruption of AselA produced a sig-
nificant change in the interphase MT architecture of
multinucleated cells (Fig. 5). Adjacent arrays visually
appear to merge into each other, the radial character of MT
patterns is diminished, and MTs appear tangled. Even in
some mononucleated cells, the arrays appear less radial and
more tangled. To quantitate centrosome convergence, we
measured distances between centrosomes in WT and
mutant binucleate cells. Under these conditions, the dis-
tance in WT cells averaged 6.7 & 3.6 um (n = 101); in
AselA™ cells, the distance decreased to 3.6 £+ 1.3 pm
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separation process. b Plots centrosome distance as a function of time
during AselA™ cell division. Blue and orange lines plot AselA™ cell
averages; green line traces the WT cell average [47]. ¢ The
momentous velocity of centrosome separation for the three classes
of movement

(n = 98) (Fig. 5). This difference is statistically signifi-
cant, with a p value <107>. We further examined the
dynamics of centrosomes over time (Fig. 6). Kymographs
demonstrate oscillations in distance between centrosome
pairs, but the WT organelles generally maintain a constant
spacing. In contrast, there was greater positional variation
and periodic convergence of centrosomes in AselA™ cells.
Finer analysis suggests there may be greater distance
covered per transit in WT cells, but overall the frequency
of movements were the same between WT and AselA™
centrosome pairs (Sup. Fig. 3). These results indicate that
in the absence of AselA, cells lose the ability to maintain
spacing between multiple MT arrays.

To examine the cellular distribution of AselA, we iso-
lated a full-length coding sequence, developed an amino-
terminus GFP tagged construct, and imaged its expression
in wild type and in Asel™ cells (Fig. 7). Despite screening
numerous transformants, we were only able to isolate
clones where a fraction of cells were visibly expressing
GFP at any one time (e.g. 99/252 cells, 39 %). On a pop-
ulation level, the full-length GFP-AselA polypeptide at
least partially restores the centrosome distancing of WT
binucleate cells (Fig. 5); individually, the construct
expression does reestablish the spindle overlap region in
dividing cells. Imaging during interphase reveals primarily
an intranuclear distribution of AselA that appears restric-
ted to the nucleolus (Fig. 7). Upon mitotic entry, the GFP-
AselA protein redistributes throughout the nucleus and
then concentrates onto the spindle region where MTs of
opposite polarity interdigitate (Fig. 8). These results are
consistent with previous studies in animal cells.
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Fig. 5 Deletion of AselA disrupts MT network integrity in multi-
nucleates. a MT arrays in binucleate WT (left) and AselA™ cells
(right). While the two arrays are clearly distinguished in WT,
centrosomes appear merged and MTs intertangled in AselA™ cells.
Bar 10 um. b Centrosomes imaged with y-tubulin-GFP (green), and

Using conventional widefield imaging followed by
deconvolution and maximum intensity projection (Fig. 7),
we are as yet unable to detect AselA in the cytoplasm of
interphase cells, particularly in the regions where MTs of
opposite polarity would be expected to overlap. This result
contrasts with similar imaging in yeast where the Aselp is
readily detectable in the interphase cytosol, bound to MTs
[10, 24]. Immunoblot analysis does indicate a trace amount
of GFP-AselA in the cytosolic fraction (Sup. Fig. 4), but
we are as yet unable to determine its localization.

Disruption of the AselB isoform produces a phenotype
that is markedly different than the AselA™ (Fig.9).
Microtubule patterns in most fixed AselB™ cells are
indistinguishable from WT. These patterns include mono
and multinucleated cells, as well as spindles in dividing
cells. However, a minority of cells (~ 10 %) shows striking
cell branching and protrusions that are rarely seen in WT.
These hyperpolarized extensions contain MTs that extend
out to the cell tips and often appear to be bundled. We
interpret this result to indicate that the two Asel proteins
participate in functionally independent activities.

Discussion

Our goal in this study is to understand how multiple MT
arrays are organized in the common cytoplasm of syncytial
animal cells. D. discoideum represents an attractive model
to examine this process, for two reasons. First, the MT
array is subject to very robust pushing and pulling forces
that effect its position. Cytoplasmic dynein is an integral
component of these forces, as disruptions to this motor
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¢ quantification of distance between binucleate centrosome pairs,
displayed as box plots. The average distance between binucleate
centrosomes in WT is 6.7 & 3.6 um; in the knockout, average
distance is 3.6 & 1.3 um. In Asel A~ cells rescued with full-length
AselA, the average distance is 5.4 £ 1.7 pm

result in the wide scale circulatory movement of the cen-
trosome and entire MT network [20, 21, 25, 26]. Second,
and despite these forces, multiple MT arrays are able to
establish and maintain largely independent territories in a
common cytoplasm. This effect is seen in WT cells that
spontaneously fail cytokinesis, including those that accu-
mulate large numbers of nuclei [13], and in mutants that
impact cytokinesis machinery or centrosome replication
(e.g. [14-17]). These observations raise the interesting
question of how the cell is able to balance robust forces yet
sense position to maintain radial, independent MT arrays.

Because of their known activities to engage MTs of
opposite polarity, we focused attention on the MAP65/
Asel/PRCI1 family of MT crosslinkers. The D. discoideum
genome contains two isoforms of this family. Outside of
the central MT-binding region, the two sequences are lar-
gely divergent and our results indicate that the polypeptides
participate in distinct functional activities. Disruption of
AselA, the isoform most closely related to the canonical
PRC1/Asel proteins in animal cells, produces two defects,
the expected disruption to the spindle midzone during
division, and a novel disruption to the interphase MT
network.

PRCI1/Asel disruptions in human cells, yeasts, worm,
and fly are well known to produce spindle midzone
abnormalities [9-12, 27-29], and the AselA isoform in D.
discoideum clearly functions in this capacity. Live cell
imaging of AselA™ cells demonstrates that despite
improper spindle assembly, chromosomes distribute to the
daughter centrosomes, and these structures separate to
facilitate karyokinesis. These results highlight a long-
standing contrast between force production mechanisms in
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Fig. 6 Centrosome position is dynamic in Asel™ cells. a Individual
frames from live cell recording of a binucleate AselA™ cell labeled
with GFP-o-tubulin. Note the variable distance between the two
centrosomes. b, ¢ Kymograms of such movies where we fixed the
position of one centrosome (lower tracing in each panel) to show
distance variability between the two over time. b Displays a WT cell
and c displays an AselA™ cell. d Overlays the two tracings (WT in
green, AselA™ in red). Time in min:s

anaphase B type movements, addressing to what extent the
central spindle pushes poles apart vs. pole separation by
astral MT mediated pulling mechanisms (e.g. [30-32]).
Our results indicate that the astral MTs in D. discoideum
play a major role in transducing a pulling force for pole
separation during division. In the absence of a mature
central spindle, the majority of daughter centrosomes
separate at a significantly faster rate than in WT, suggest-
ing that one function of the central spindle here is to
moderate pole separation, perhaps to coordinate timing of
the cytokinetic machinery. The minority of the cases where
no pole separation is observed likely reflects either a failure
to engage cytosolic force machinery or failure to generate
vectorial forces that pull poles apart.

@ Springer

The second and perhaps more interesting function for
AselA supports the existence of machinery dedicated to
maintaining spatially segregated interphase MT arrays.
Cytoplasmic functions for MAP65/Asel isoforms are pre-
viously known in some organisms to stabilize MT bundles.
For example, in Arabidopsis they play multiple roles in
establishing MT bundle organization in the absence of
dedicated MTOCs [33, 34]. In S. pombe, Aselp crosslinks
cytoplasmic MTs [10, 35] and provides MT rigidity for
dynein-dependent horse tail-like oscillatory movements of
nuclei during meiosis [24]. In Ashbya, Asel crosslinks
opposite polarity MTs, providing a means to space nuclei
apart [36].

In all these cases, the MAPs function to enhance/stabi-
lize MT-MT interactions. The novel component to our
study is that Asel A appears to minimize opposite polarity
MT-MT interactions. A similar scenario is presented in a
recent cell free system constructed from Xenopus egg
extracts [37]. In this case, mitotic MT asters adjacent to
each other establish a midzone that blocks interpenetration
of antiparallel MTs. The authors describe the recruitment
of multiple midzone proteins to this aster interaction zone,
including the kinesin Kif4A and an embryonic version of
PRCI. Depletion of the Kif4A as well as another kinesin,
Kif20AE resulted in widening or disorganization of the
interaction zone suggesting that these motors play an active
role in reducing antiparallel MT penetration, e.g. Fig. 2a in
[37].

A related action may be at play in D. discoideum, but in
an interphase environment with far fewer MT-MT
engagements. One possible scenario is that AselA senses/
identifies interphase MTs of opposite polarity and targets
effector molecules to reduce this overlap. Two obvious
effectors could be Kinesin-4 (Dd Kif8) and/or Kinesin-8
(Dd Kif10). Both of these motors have previously been
implicated in opposing dynein-driven MT rotations in D.
discoideum [38] and thus work synergistically with dynein
to organize the MT array. Both motors are also known to
participate in antiparallel MT-MT interactions [39-42].
Kinesin-8 has MT sliding and depolymerizing activities
and has recently been modeled into a nuclear centering
mechanism relevant to interphase [43]. Kinesin-4 is further
known to interact directly with human PRC1 [39, 42, 44]
where it also functions to regulate MT length during
mitosis.

We have previously shown that depletion of the Dd
Kinesin-4 isoform (Kif8), results in interphase MT disor-
ganization similar to the AselA disruption (e.g. Sup Fig. 5)
and reduces the whole-scale MT movements that occur in
the absence of dynein function [38]. Kif4A disruption in
the Xenopus egg extract system (Fig. 2a in [37]), results in
a similar wavy, tangled MT appearance in the increased
zone of interdigitation. Thus it is tempting to postulate that
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Fig. 7 GFP-Asel A localization in wild type (a, b) and AselA™ cells
(c, d). a Phase contrast, GFP-Asel A fluorescence, and merged panels,
revealing not just nuclear localization of the AselA protein, but
restriction to the phase dense nucleolar structures (arrowheads in left
frame). b Maximum intensity projections of four nuclei following

deconvolution. GFP-AselA is in green; DNA is in blue. c,
d Maximum intensity projections of a bi-, and a tri-nucleate cell
that show MTs (in green), GFP-AselA (in red), and nuclear (blue)
distributions. While nucleolar patches are readily apparent, cytoplas-
mic distribution of AselA is not seen in these cells. Bar 5 pm

Fig. 8 GFP-AselA labeling during mitosis in a wild type cell. Panel
shows fluorescent AselA live cell images on fop row, and
corresponding phase contrast frames on botfom row. Time 0 captures
nucleolar localization prior to mitosis; 12 min panel shows redistri-
bution of this label as the cell enters division. Note the bright label of

a combination of AselA and Kinesin-4 acts as part of a
surveillance system to recognize and reduce MT interdig-
itation in multinucleated D. discoideum cells. Such a
mechanism might include AselA marking overlapping
MTs and recruiting Kinesin-4 or -8 to either to drive MTs
apart or effect their depolymerization. In support of this
idea, we can find examples where MTs from nearby cen-
trosomes appear to snap together and then break apart
(Fig. 10), providing at least proof in principle that MT
trimming could occur. These actions, a surveillance
mechanism that pushes or trims MTs, coupled with robust
dynein driven cortical pulling represent two opposing for-
ces that could orchestrate the arrangement of multiple MT
networks in complex environments. How the two

the spindle midzone in frames 16 and 21 min. Even the spindle poles
show some staining (arrowheads). As the cell begins to cleave (frame
27), most of the spindle label is concentrated in the midbody. Time in
min; bar 5 pm

machineries coordinate their actions is certainly an inter-
esting next step question in understanding how animal cells
organize their cytoplasm.

Materials and methods
Molecular genetics

Sequences of the Asel genes (DDB_G0280249,
DDB_G0284219) were identified through comparative
BLAST searches on NCBI (http://www.ncbi.nlm.nih.gov/)
and obtained using the bioinformatic tools at dictyBase
(http://dictybase.org/) [22]. Gene fragments used for
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Fig. 9 Deletion of AselB enhances cell branching and polarization.
a Binucleate AselB™ cell with normal spacing between centrosomes.
b, ¢ Two mitotic cells demonstrating normal spindle assembly. d—
f Examples of hyperpolarized cells. While cell elongation/polarization

is typical in chemotactic cells migrating in cAMP gradients, this
degree of branching and extension is not usually seen in vegetative
growth conditions. MTs are in green, nuclei in blue. Bar 5 pm

Fig. 10 Antiparallel MT interactions. In this sequence, two GFP-MTs (arrows), one from each pole in a WT binucleate interphase cell appear to
snap together in the middle panel, then fragment into shorter lengths in the right panel. Time in s; bar 5 pm

disruption constructs and the full-length version of AselA
were amplified from genomic D. discoideum AX-2 cell
DNA using primer constructs outlined in Supplemental
Fig. 1; specific primer details are available on request. All
PCR products used for cloning were verified by sequenc-
ing. For gene knockouts, restriction enzyme sites were
engineered into the ends of each primer (BamHI/Xbal and
HindIIl/BamHI) for cloning and to accommodate a blasti-
cidin S resistance cassette (Bsr’) for isolating
transformants.

For homologous recombination, we used the calcium
phosphate method to transform AX-2 cells, as described
[38, 45], and selected transformants in 10 pg/ml blasticidin
S (MP Biomedicals). For AselA, 124 clones were screened
by PCR using sets of upstream primers in the Bsr” cassette
and downstream primers beyond the targeted insertion
sites, each designed to amplify ~1 kb fragment if the
insertion was properly targeted. Nine transformants
showed evidence of marker insertion at the desired site.
Four of the nine transformants were recloned; three showed
the anticipated gene disruption via Southern blot and a lack
of mRNA production by RT-PCR (Sup Fig. 1) using Qia-
gen RNeasy and One-Step RT-PCR kits according to the
manufacturers instructions. For AselB, we screened 128
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transformants, identifying four initial candidates. Three of
these transformants were subcloned and similarly showed
an absence of detectable mRNA by RT-PCR.

For cell growth measurements, triplicate room temper-
ature shaking cultures were counted at 24 h intervals;
Growth curves were calculated and displayed with
Microsoft Excel.

Light microscopy

WT AX-2 and Asel™ cells were grown and processed for
immunofluorescence following methods described in [38,
46, 47]. The o-tubulin antibody has been previously
described [46], DNA was labeled with Hoechst 33342, and
the GFP-y-tubulin construct is described in [48]. The full-
length AselA polypeptide was imaged by appending GFP
in frame between the dynein heavy chain promoter [49]
and the amino-terminus of the AselA coding region, on a
plasmid containing a G418 selectable marker (e.g. [50]).
Cells were transformed as above and selected using G418
and GFP expression criteria. 3-D image stacks were col-
lected on a DeltaVision microscope workstation with an
Olympus UPlan 100X 1.35 N.A. objective lens. For anal-
ysis and presentation, raw stacks were deconvolved with a
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lens-specific point-spread function using softWoRx 2.5
(Applied Precision). Maximum intensity projections were
prepared in Fiji (http://fiji.sc/Fiji), figures were assembled
in Adobe Photoshop. Live cell recordings were obtained
for WT and AselA™ cells that had been transformed with a
GFP-o-tubulin expression plasmid [17], GFP-DdCenH3
[51], or GFP-AselA. For imaging, cells were washed in
phosphate buffer (20 mM KCl, 2.5 mM Na,HPOy, 2.5 mM
Na,HPO,, 0.24 MgCl,, pH 6.4) and placed under agarose
in humidified Rose chambers [18]. Time-lapse images were
collected at specified intervals in DIC and fluorescence on
a Nikon TE2000 microscope, using a PlanApo 100X
1.4 N.A. objective lens and an Orca-R2 camera (Hama-
matsu) controlled by IP Lab software (BD Biosciences).
Centrosomes were tracked manually with the standard
plugins in FIJT and the resultant coordinates imported into
MS Excel or MATLAB for calculations and statistical
analysis. To ensure that kymograms (Fig. 6) accurately
reflect changes in distances between the centrosomes, time-
lapse series were rotationally and translationally aligned at
individual time points to make one of the centrosomes
stationary and restrict the movements of the second cen-
trosome to only one axis [52]. Maximal intensity
projections were then generated for each time point.

Biochemistry

Nuclei were isolated by detergent extraction, filtration
through a 5 pm mesh polycarbonate filter (Whatman, GE
Healthcare), and sedimentation through a sucrose cushion,
as described in [53]. Aliquots of the supernatant (cytosol)
and pellet (nuclei) resuspended in the same volume as
original lysate were loaded on a 7.5 % polyacrylamide gel,
electrophoretically separated, and transferred to nitrocel-
lulose as described [46]. Blots were probed with a
polyclonal antibody to GFP (Abcam) and imaged in a
BioRad Gel Doc system using chemiluminescent chemistry
(Amersham, GE Healthcare).
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