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A contractile nuclear actin network drives
chromosome congression in oocytes

Péter Lénart't, Christian P. Bacher?, Nathalie Daigle', Arthur R. Hand®, Roland Eils®, Mark Terasaki®”

& Jan Ellenberg'

Chromosome capture by microtubules is widely accepted as the universal mechanism of spindle assembly in dividing
cells. However, the observed length of spindle microtubules and computer simulations of spindle assembly predict that
chromosome capture is efficient in small cells, but may fail in cells with large nuclear volumes such as animal oocytes.
Here we investigate chromosome congression during the first meiotic division in starfish oocytes. We show that
microtubules are not sufficient for capturing chromosomes. Instead, chromosome congression requires actin
polymerization. After nuclear envelope breakdown, we observe the formation of a filamentous actin mesh in the nuclear
region, and find that contraction of this network delivers chromosomes to the microtubule spindle. We show that this
mechanism is essential for preventing chromosome loss and aneuploidy of the egg—a leading cause of pregnancy loss

and birth defects in humans.

In dividing eukaryotic cells, microtubules are believed to be involved
in all aspects of spindle assembly'. In prophase, long interphase
microtubules depolymerize>® and centrosomes nucleate M-phase
asters of short and dynamic microtubules. After nuclear envelope
breakdown (NEBD), astral microtubules invade the nuclear region,
‘search and capture’ chromosomes and then align them on the
spindle*”. Rapid turnover of microtubules is essential for spindle
assembly™®, but limits their maximal length to about 20 pm (refs 7, 8).
Consequently, chromosome capture is inefficient at distances greater
than 40 pm away from the centrosomes’. Chromosomes are not
completely passive during this process but may facilitate capture by
generating a high local concentration of RanGTP'’ and/or by directly
nucleating microtubules on their surface''. Computer simulations
have shown that with such bias towards chromosomes, ‘search and
capture’ can indeed function in somatic cells at experimentally
observed timescales'”. However, the model also predicts microtubule
capture to be inefficient in cells with nuclei larger than 30 pm in
diameter'?.

Animal oocytes store large amounts of nuclear proteins and RNA
for early embryonic divisions, and thus have much larger nuclei.
Starfish oocytes are a typical example and are excellent specimens for
live-cell confocal microscopy owing to their transparency and fast,
reliable maturation. OQocytes arrested at meiotic prophase I are
170 pm in diameter and contain a large, 80-um nucleus at the
animal pole of the cell. Typically for oocytes, condensed chromo-
somes (1-2 um in size) are randomly scattered across the nucleo-
plasm. The two centrosomes are located at the animal pole,
sandwiched between the cell cortex and the nuclear envelope'.
After addition of the maturation hormone 1-methyladenine, oocytes
re-enter meiosis, leading to NEBD in 20 min (ref. 14). After NEBD,
chromosomes move towards the centrosomes and form the first
meiotic spindle under the cell cortex, 40 min after hormone addition.
Extrusion of the first polar body 1h after hormone treatment then
completes meiosis I'°.

During meiosis I, chromosomes in the oocytes of starfish and
many other animals have to travel much longer distances to the
spindle than in somatic cells. Consequently, microtubule ‘search and
capture’ is likely to be inefficient. Here we show that in starfish
oocytes, chromosome congression is driven by a contractile actin
network. This network forms and fills the nuclear region after NEBD,
and by its contraction delivers the embedded chromosomes to within
the ~30-pm capture range of microtubule asters. We show that this
mechanism is essential, because actin-depolymerizing or stabilizing
drugs cause chromosome loss and lead to the formation of aneuploid

eggs.

Asters are too short to capture chromosomes

First, we analysed meiotic chromosome movement by imaging
microtubules and chromosomes in live as well as in fixed oocytes
during maturation, when chromosomes travel up to 80 pm to reach
the meiotic spindle. Before NEBD, we visualized a large array of
cytoplasmic microtubules anchoring the nucleus to the animal pole'
(Fig. 1a, time —3:24 and Supplementary Video S1). These micro-
tubules rapidly depolymerized at NEBD and centrosomes started to
nucleate short M-phase asters (Fig. la, b) with a maximal length of
15-20 pm (Fig. 1c). Nevertheless, all chromosomes, including those
more than 40 pm away from the closest microtubule end, moved
towards the animal pole immediately after NEBD (Fig. 1c and
Supplementary Video S1). This movement occurred 5—-10 min before
microtubules contacted those distal chromosomes, as visualized in
live cells or by immunofluorescence (Fig. la—c), suggesting that a
mechanism other than microtubule capture is responsible for
chromosome congression in meiosis I. To test this directly, we
depolymerized microtubules using nocodazole (Supplementary
Fig. Sla). We found that chromosome congression proceeded almost
normally in the absence of microtubules. All chromosomes gathered
in a compact group under the cell cortex at the animal pole, as for
untreated cells (Fig. 2a, b).
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Figure 1| Chromosomes congress without attachment to meiotic asters.
a, 3D time-lapse (4D) imaging of a maturing oocyte expressing ensconsin—
3EGFP (microtubules, red) and injected with Alexa-568-Ran
(chromosomes, green) (20 sections every 4 um, stacks of images taken every
68 s). Images show Z-projections of selected time points; a full series is
shown in Supplementary Video S1. Time shown in minutes and seconds.
Scale bar, 20 pm. b, Immunofluorescence of oocytes. Z-projections (top
row) and isosurface reconstructions (bottom row). Microtubules shown in
red, DNA in green. Scale bar, 20 pm. Residual interphase microtubules not
connected to centrosomes, and nucleoli were removed in isosurface
reconstructions. ¢, Quantification of data in a, showing the maximal
distance of chromosomes from the midpoint between centrosomes (green
crosses) and the maximal length of astral microtubules (red circles) over
time. In fixed oocytes, microtubules 5-10 pm longer were occasionally
found. Lines show running average fits.
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Chromosome congression is actin-dependent

As microtubules were not required for long-range directional
chromosome movement, we tested other cytoskeletal components
for their involvement. Strikingly, when the actin cytoskeleton was
disrupted during maturation by latrunculin B (Supplementary
Fig. S1b), congression failed in 75% of the cells (Fig. 2a, b). It
seems that only chromosomes close enough to centrosomes were
captured by microtubules, while more distal chromosomes were lost
(Fig. 2a). As chromosomes are positioned randomly in the nucleus,
chromosomes in the remaining 25% of the cells were probably
already in close proximity to the centrosomes before NEBD, and
thus could all be captured by microtubules. To exclude the possibility
that chromosomes in these oocytes congressed independently of both
actin and microtubules, we also treated cells with a combination of
nocodazole and latrunculin B. This caused complete failure of
chromosome congression, and chromosomes remained scattered in
the nuclear region in 100% of the cells (Fig. 2a, b).

To characterize congression defects caused by latrunculin B
treatment, we quantified chromosome movement in live oocytes
expressing histone H2B fused to a red fluorescent protein (H2B—
diHcRed'®). In three-dimensional time-lapse (4-dimensional) data
sets, chromosomes were reconstructed by isosurface rendering and
tracked (Fig. 2¢, see Supplementary Videos S2-S5 for videos and
reconstructions). In untreated cells, tracking revealed two distinct
phases of movement. At NEBD, chromosomes started to move
synchronously with a speed of ~3 pm min~ ' in the general direction
of the animal pole, as if connected to each other (Fig. 2d, ). Between
5 and 15 minutes after NEBD, when chromosomes entered the range
of short astral microtubules 20-40 pm away from the animal pole,
they individually switched to a faster speed (>12pmmin '),
changed direction and moved straight towards the centrosomes
(arrows in Fig. 2d, e; Supplementary Video S2). Nocodazole com-
pletely prevented this second fast movement (Fig. 2d, e), which thus
corresponds to chromosome capture by microtubules. In the absence
of microtubules, chromosomes nevertheless continued to move at
the slow speed, eventually reaching the animal pole (Fig. 2d, e and
Supplementary Video S3), confirming our observations in fixed cells
(Fig. 2a, b).

The initial slower phase of microtubule-independent chromo-
some movement was markedly affected by depolymerizing actin with
latrunculin B. Long incubation periods with low doses (120 nM,
which is still compatible with cell integrity) greatly decreased the
initial movement (Supplementary Fig. S2). However, the residual
motion was often sufficient to move chromosomes within 40 pm of
the centrosomes and microtubules were still able to capture many
chromosomes (Supplementary Video S9). Higher concentrations
of latrunculin B (2pM), which completely prevent actin poly-
merization, could be used if added just a few minutes before
NEBD. This completely abolished movement of distal chromosomes
(asterisks in Fig. 2d, e), which did not reach the animal pole even by
the time the few proximal chromosomes that had been captured by
microtubules entered anaphase (Supplementary Video S4). Despite
chromosome loss, anaphase initiated without delay, indicating that
the spindle checkpoint is easily bypassed or might not be active in
meiosis I of starfish oocytes. Failure of the actin-dependent phase of
chromosome congression thus led to formation of an aneuploid egg.

Treating oocytes with the combination of nocodazole and latrun-
culin B prevented any directional movement of chromosomes
(Fig. 2d, e and Supplementary Video S5), demonstrating that
microtubules and actin account for all chromosome dynamics
observed in untreated cells. Results similar to those with latrunculin
B were also obtained with 1 pM cytochalasin D (refs 17, 18 and data
not shown).

NEBD triggers nuclear actin polymerization
We have shown that an actin-dependent mechanism is necessary for
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delivering distal chromosomes to within the capture distance of
centrosomal microtubules to prevent chromosome loss. To visualize
the structures responsible for this actin-dependent congression
in live oocytes we injected them with fluorescently labelled actin.
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Before NEBD, a significant fraction of fluorescent actin was localized
to the nucleus, but we did not detect any nuclear actin structures
(Fig. 3a) or observe staining of polymerized actin by phalloidin in
nuclei of fixed cells (not shown). Additionally, before NEBD, actin
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Figure 2 | Chromosome congression is independent of microtubules but
relies on actin polymerization. a, Immunofluorescence of oocytes matured
without treatment or in 3.3 pM nocodazole (Noc), 250 nM latrunculin B
(LAB) or a combination of both. Z-projections of oocytes fixed 30 min after
NEBD. Microtubules shown in red, DNA in green. Scale bar, 20 pm.

b, Batches of oocytes were fixed 30 min after NEBD, stained for DNA and
scored for the presence of all chromosomes at the animal pole. Averages and
standard deviations from four independent experiments are shown (n = 50
each). Asterisks mark significant differences from control oocytes (P < 0.05,
Student’s -test). Variations originate mainly as a result of differences in the
ages of animals. ¢, 4D imaging of chromosomes in live oocytes (20 slices
every 3 pm, image stacks taken every 40 s), showing Z-projections of selected
time points. Solid line, cortex; dashed line, nucleus; n, nucleolus
(disassembling shortly after NEBD). Red arrowheads show examples of lost
chromosomes. Oocytes treated with nocodazole were pre-incubated for 1 h
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and matured in 3.3 pM nocodazole. For oocytes treated with latrunculin B,
2 uM latrunculin B was added 10 min before NEBD. For treatment with both
nocodazole and latrunculin B, oocytes were matured in 3.3 .M nocodazole
and 250 nM latrunculin B. Chromosomes were labelled by expressing
H2B-diHcRed (which also labels the nucleolus) or by injecting
Alexa-568-Ran (nocodazole + latrunculin B). Time shown in minutes and
seconds. Scale bar, 20 pm. Full videos, reconstructions and tracking are
available in Supplementary Videos S2-S5. d, 3D chromosome tracks for the
data sets shown in c. e, Distances of chromosomes from the animal pole over
time, calculated from d. Corrected for translational movement of the oocyte.
Arrows in d and e highlight coinciding changes in speed and direction; lost
chromosomes are labelled with asterisks. A high dose (2 pM) of latrunculin
B caused rotation of the cell cortex at late times, distorting tracks of
chromosomes close to the cell surface (for example, red, yellow and pale
green tracks).

© 2005 Nature Publishing Group



NATURE|Vol 43611 August 2005

polymerization could not be induced by perforating the nucleus with
a microneedle, by injecting phalloidin into oocyte nuclei or by
overexpressing green fluorescent protein (GFP)-labelled actin artifi-
cially targeted to the nucleus by a nuclear localization signal (not
shown), indicating that M-phase progression is required for actin
polymerization in the nuclear region.

In contrast, exactly correlated in space and time with NEBD, we
observed massive actin polymerization at the nuclear rim, which
electron microscopy revealed to be directly underneath the nuclear
envelope (Fig. 3¢, d). The polymerization wave initiated 30-60s
before the fragmentation of nuclear membranes (visualized by the
entry of a 160-kDa fluorescent dextran'!) and also depleted the
soluble nuclear actin pool (Fig. 3a, b). At this stage, nuclear pore
complexes are largely disassembled and the nuclear envelope is
permeable to smaller dextrans similar in size to actin as well as
proteins up to several hundred kDa (Fig. 3a, b and ref. 14). We
therefore conclude that after M-phase progression has been initiated,
it is simply the mixing of nuclear and cytoplasmic compartments
caused by NEBD that induces actin polymerization. That actin
polymerization is a consequence, rather than a cause of NEBD, is
also indicated by the fact that latrunculin B treatment did not affect
NEBD (not shown).
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Figure 3 | Actin polymerization initiates at NEBD. a, Oocytes injected with
Alexa-488-actin and 160 or 25 kDa TRITC-labelled dextran. Shown are
single optical sections along the equator of the nucleus. Sequences were
aligned to the initiation of the actin wave. The actin channel is omitted for
the 25kDa data set. Arrowheads denote region of initial actin
polymerization or dextran entry. Time shown in minutes and seconds. Scale
bar, 20 pm. b, Quantification of a, showing entry kinetics of actin and
dextran as mean fluorescence intensities in the nuclear region (for actin
average and standard deviation of the 160 and 25 kDa experiments). The
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An F-actin network moves chromosomes

The initial actin polymerization at the site of nuclear envelope
disruption rapidly extended to a shell engulfing the entire nucleus
(Figs 3a and 4a). The actin shell then depolymerized again within
1-2min except for dense actin patches around chromosomes
(Fig. 4a, b). We could observe filaments connecting these patches,
but the contrast was low owing to the large soluble pool of fluorescent
G-actin. To specifically detect polymerized actin we expressed an
enhanced (E)GFP-tagged F-actin-binding domain of the actin-bind-
ing protein ABP-120 (EGFP—ABD, ref. 19). This enabled us to clearly
visualize a network of actin filaments in the nucleoplasmic region
connecting the patches around chromosomes (Fig. 4b, ¢ and Sup-
plementary Videos S6, S7). We confirmed identical structures by
staining with phalloidin in fixed oocytes (Fig. 4e and also seen in
part earlier, ref. 20) or by microinjecting phalloidin into live oocytes
(Fig. 4f). High resolution time-lapse imaging of EGFP—ABD showed
that contraction of the actin network delivered embedded chromo-
somes to the animal pole (Supplementary Videos S6, S7). The actin
patches persisted around chromosomes during the low speed motion
(Fig. 4d), and disappearance of the patch was shortly followed by fast
microtubule capture (Fig. 4d and Supplementary Video S6). This
provides a direct explanation for the actin-dependent phase of

nuclear rim was also quantified for actin polymerization. Data were
normalized from minimum to maximum values. Arrows mark time points
shown in a. ¢, d, Electron micrographs of immunogold labelling with an
anti-actin antibody on a thin section fixed before (c) or at the time of (d)
NEBD. Double arrowheads mark the nuclear envelope; cp, cytoplasm; ne,
nuclear envelope; nu, nucleus. Scale bar, 1 pm. Schematics show gold
particles and an outline of the nuclear envelope. Single arrowheads in d mark
nuclear envelope fragments after fenestration of the nuclear envelope'*.
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chromosome congression. Furthermore, beads coated with plasmid
DNA injected into oocyte nuclei triggered the formation of actin
patches similar to chromosomes but empty beads had no effect,
indicating a chromatin-specific mechanism of actin nucleation
(Fig. 4g, Supplementary Fig. S3 and Supplementary Videos S10, S11).

Depolymerization is required for contraction

Using any of the methods of visualization, the F-actin network
collapsed towards the animal pole over time, suggesting that either
bundling of filaments or depolymerization could drive its contrac-
tion. To test the latter hypothesis, we examined the effect of two drugs
(phalloidin and jasplakinolide) that stabilize actin filaments®'. Cells
treated with either of the compounds showed severe chromosome
loss, similar to latrunculin B (Fig. 5a, b). Importantly, both phallo-
idin and jasplakinolide were also effective if applied after NEBD,
indicating that stabilization of actin filaments can prevent contrac-
tion of the already formed network (Fig. 5a, b). In control cells, the
network completely depolymerized in less than 10 min (Fig. 4b and
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Figure 4 | Actin polymerizes into a contractile network in the nuclear region
that moves chromosomes to the animal pole. a, 4D imaging of a maturing
oocyte injected with Alexa-488-actin (15 sections every 2.75 pm, image
stacks taken every 60 s), showing Z-projections of selected time points. b, 4D
imaging of an oocyte expressing EGFP-ABD (F-actin, grey) injected with
Alexa-568-Ran (chromosomes, red) (3 sections every 3.8 pm, image stacks
every 22 s). Images show single confocal sections at selected time points. See
Supplementary Video S6 for a full video. ¢, Enlarged region of an oocyte
nucleus expressing EGFP-ABD, showing details of the actin network.
Images show single confocal sections. See Supplementary Video S7 for a full
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Supplementary Videos S6, S7). In contrast, in cells injected with
rhodamine-phalloidin, the network was still largely intact even
20 min after NEBD (Fig. 5b and Supplementary Video S8). Thus,
actin depolymerization is required for contraction of the network.
Moreover, time-lapse imaging of the filament network (Supplemen-
tary Video S7) revealed streaming of thin filaments towards the
animal pole. We therefore propose that the directionality of the
contraction could be due to a local depolymerization of actin around
the centrosomes and/or anchoring of the nuclear actin network to the
cell cortex at the animal pole”. This would result in a ‘fishnet’ like
mechanism, in which the three-dimensional actin net is ‘pulled in’
from the animal pole, carrying with it the attached chromosomes.
Although we could not observe filament thickening by live
imaging of the actin network (Supplementary Video S7), we
cannot rule out that myosin II-driven bundling contributes to the
contraction, as it has been reported in morphologically similar actin
filament networks in Xenopus egg extracts”. In such a model, the
nucleoplasm of starfish oocytes could behave in a manner similar to

video. d, Quantification of the chromosome circled in blue in b. Distance
from animal pole (blue line) and mean EGFP-ABD fluorescence intensity
(grey shading) over time. e, Z-projection of an oocyte fixed 5 min after
NEBD, showing F-actin (TMR-phalloidin) staining in red and DNA in green.
f, Single confocal section showing TMR-phalloidin injected into a live oocyte
5min after NEBD. g, DNA-coated beads (green) were microinjected into
the nucleus and the oocyte was imaged during maturation. Actin
(Alexa-488-actin, red) forms patches around beads similar to chromosomes.
Arrowhead shows an actin patch around a chromosome. Time shown in
minutes and seconds (a—d). Scale bar, 20 pm.
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in vitro-formed contractile actomyosin gels***>. If such a gel were
anchored to the animal pole, myosin-driven contraction could also
provide the observed directionality. We attempted to test a role for
myosin II by treating oocytes with blebbistatin, a specific inhibitor of
myosin I or the Rho-associated protein kinase inhibitor Y-27632.
Although neither compound affected chromosome congression, they
failed to block myosin II-dependent polar body extrusion (not
shown), making these experiments inconclusive.

Actin dependence in oocytes of other species

In summary, we have shown that in starfish oocytes, microtubules
alone are unable to capture chromosomes more than 40 pm away
from centrosomes. Instead, an actin ‘fishnet’ is essential for delivering
chromosomes within the capture distance of microtubule asters. A
similar architectural problem exists in many animal species, as
oocytes have large nuclei for storing nuclear proteins and RNA.
For example, Xenopus oocytes are morphologically similar to those of
starfish and contain a microtubule array of 50—-80-p.m radius that has
to capture chromosomes in a 500-pm diameter nucleus®®. Consistent
with our observations, disrupting the actin cytoskeleton with cyto-
chalasin B has been reported to cause defects in spindle formation in
Xenopus oocytes””**. Moreover, in meiosis [ of mouse oocytes,
chromosomes are known to move to the cell cortex in an actin-
dependent manner, even in the absence of microtubules®~". This
strongly suggests that actin nucleation on M-phase chromatin, which
we directly visualized for the first time in starfish oocytes, is an
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Figure 5 | F-actin-stabilizing drugs prevent chromosome movement and
contraction of the actin network. a, Oocytes were matured in 0.1% DMSO
or 1 pM jasplakinolide (JAS+0.01% DMSO), or 10 uM JAS (+0.1% DMSO)
was added 2 min after NEBD. Oocytes were fixed 30 min after NEBD, stained
for DNA and scored for the presence of all chromosomes at the animal pole.
Data show average = s.d. from two independent experiments (n = 50
each). Asterisks mark significant differences from control oocytes (P < 0.05,
Student’s t-test). b, 4D imaging of an oocyte expressing H2B—EGFP (green)
and injected with TMR-phalloidin (red) approximately 3 min after NEBD
(25 sections every 2.75 pm, image stacks taken every 45 s). Single confocal
sections of selected time points are shown; see Supplementary Video S8 for a
full video. Arrowhead indicates a lost chromosome. Time shown in minutes
and seconds. Scale bar, 20 pm (a, b).
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evolutionarily conserved mechanism that is also functional in verte-
brates and mammals. In starfish oocytes, failure of actin-dependent
chromosome congression did not delay anaphase and consequently
led to chromosome loss and aneuploidy. Such failure should have
similar deleterious effects in Xenopus oocytes, because the spindle
checkpoint is inactive in meiosis I (ref. 32), and although the
checkpoint is active in mouse, oocytes escape checkpoint arrest
after few hours™. At least 5% of human oocytes are aneuploid, and
aneuploidy is the leading cause of pregnancy loss and birth defects™.
It will therefore be important to test whether a similar actin-
dependent mechanism is also involved in chromosome congression
in humans.

METHODS

Oocyte injection, maturation and drug treatments. Starfish (Asterina miniata)
were obtained from Marinus Scientific and maintained as described in ref. 14.
Oocytes were isolated and injected with mercury-filled needles using methods
described elsewhere (ref. 14; see also http://155.37.3.143/panda/injection/
index.html). Injection and microscopy were done at 20 °C. mRNA-injected
oocytes were incubated overnight at 16 °C, or in the case of H2B-DiHcRed-
expressing oocytes, for 36 h to allow incorporation of core histones. Maturation
was triggered by the addition of 1-10 uM 1-methyladenine (Sigma). NEBD
typically started 20 min after hormone addition, and only oocytes starting NEBD
between 15 and 35 min were analysed.

For drug treatments, oocytes were matured in 3.3 pM nocodazole or 250 nM

latrunculin B (both from EMD Biosciences, diluted from 1 mg ml ™! stocks),
which efficiently depolymerized microtubules and actin filaments, respectively
(Supplementary Fig. S1). In some cases, oocytes were also preincubated with the
drugs for 30 min before maturation, which gave identical results. In live-cell
imaging experiments, latrunculin B was added at 100-2,000 nM concentrations
10 min after hormone addition to prevent shape changes of oocytes caused by
disruption of cortical actin. Jasplakinolide (Molecular Probes) was dissolved at
0.7mgml ™" in dimethylsulphoxide (DMSO) and used at a final concentration
of 1 or 10 pM.
GFP constructs and fluorescent markers. H2B—DiHcRed'®, ensconsin—3EGFP
(3EGFP-EMTB)* and EGFP-ABD' were transferred from constructs for
mammalian expression to pPGEMHE for in vitro transcription as described in
ref. 14. Capped mRNA was synthesized from linearized templates using
the mMessage mMachine kit (Ambion), dissolved in 10 ul water (typically
1-2pgpl™ ") and injected to 1-5% oocyte volume.

Alexa-488-labelled rabbit muscle actin (Molecular Probes; 11 mgml ™~ ') was
diluted 1:4 in G-buffer (2mM Tris pH 8.0, 0.1 mM ATP, 0.1 mM dithiothreitol,
0.1 mM CaCl,) and injected to 5% oocyte volume. In some experiments,
Alexa-488- or Alexa-568-labelled Ran was used to label chromosomes™. From
the concentrated stocks (50 and 60 p.M, respectively), amounts corresponding to
0.5-1% of the egg volume (2-5% of the endogenous Ran protein level®) were
injected. To inject rhodamine-phalloidin (Molecular Probes), 50 pl of methanol
stock was dried, dissolved in 1 pl water and injected into oocytes.

DNA-coated beads were prepared as previously published”, except that DNA
was fluorescently labelled by incorporating Cy3-dUTP (Amersham) and 1-pm
diameter beads (Dynabeads MyOne Streptavidin, Dynal Biotech) were used.
Immunofluorescence. We have used the methods developed in ref. 38, with
minor modifications. Briefly, oocytes were fixed in buffer containing 100 mM
HEPES buffer, 50 mM EGTA, 10 mM MgSOy,, 2-500 mM maltose, 2% formal-
dehyde, 0.2% glutaraldehyde and 0.2% Triton-X100 for 2h at 20 °C. Oocytes
were extracted overnight in 0.2% Triton-X100 in PBS, blocked with PBS + 5%
BSA and incubated with a monoclonal anti-a-tubulin antibody (DM 1A, Sigma)
and Alexa-488-labelled secondary antibody (Molecular Probes). Rhodamine-
phalloidin was from Molecular Probes, the methanol stock was dried then
dissolved in PBS, and oocytes were stained for 1 h at 20 °C. DNA was stained by
incubating oocytes for 1h with 5pgml™ ' Hoechst 33342 (Molecular Probes).
Confocal microscopy and image quantification. Microscopy was done either
with a customized Zeiss LSM510 Axiovert confocal microscope as described',
using an X40 C-Apochromat 1.2 NA water immersion objective lens (Zeiss)
(Figs 1b, 2a, 3a, 4a, e-g, 5b); a Nikon C1 E-800 confocal microscope with a X20
SuperFluar 0.7 NA dry lens (Fig. 2c—e) or a Leica TCS SP2 confocal microscope
equipped with an HCX Plan Apochromat ABlue 1.2 NA X 63 water immersion
objective lens (Figs 1a and 4b, c).

Time series were analysed using LSM510 software (Zeiss) and Image]J (http://
rsb.info.nih.gov/ij/). Figures were assembled using Adobe Photoshop and
Mlustrator. A gaussian blur filter (0.3—1 pixel) was generally applied to reduce
shot noise. Three-dimensional (3D) reconstructions and tracking were done
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with in-house developed software, Tikal’”. Images were filtered using an

anisotropic diffusion filter and thresholded. Binary images were reconstructed
in three dimensions by isosurface rendering, and chromosomes were tracked
manually. Tracks were analysed using the graphing software Excel (Microsoft)
and Graphis (Kylebank Software). For rendering Fig. 1b, Amira 2.3 (TGS) was
used.

Electron microscopy. Oocytes were fixed in 2% formaldehyde plus 0.2-0.5%
glutaraldehyde in sea water for 2 h, then stored at 4 °C in 1% formaldehyde in sea
water. After embedding in agarose, oocytes were dehydrated in cold methanol
and embedded in LR Gold resin (Polysciences) at —20°C. The LR Gold was
polymerized under ultraviolet light at — 20 °C. Thin sections were collected on
Formvar-coated nickel grids and immunolabelled as previously described®’. A
mouse monoclonal antibody against actin (clone C4, Boehringer Mannheim)
was used at a dilution of 1:10 or 1:20. Goat anti-mouse IgG labelled with 10 nm
gold was obtained from Amersham Biosciences and used at a dilution of 1:20.
After labelling, the sections were stained and examined under a transmission
electron microscope (CM-10, Philips).
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