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Introduction

During mitosis, chromosomes must be accurately segre-
gated to opposite sides of the cell by a microtubule (MT)-
based structure known as the mitotic spindle. Additionally, 
an MT-independent structure, the so-called “spindle ma-
trix,” has been proposed to assist mitosis. Originally envi-
sioned as a static scaffold that could act as a tensile element 
that mediates chromosome motion (Pickett-Heaps et al., 
1984) and/or determines spindle length (Mitchison et al., 
2005), more recent findings suggest that the spindle ma-
trix is rather a dynamic assembly of molecules confined to 
the vicinity of the spindle (Lince-Faria et al., 2009; Sch-
weizer et al., 2014). However, the mechanism that under-
lies the MT-independent accumulation of proteins in the 
spindle region remains unknown.

Membranes derived from the nuclear envelope (NE) 
and ER surround the mitotic spindle (Hepler and Wolniak, 
1984), but their role in mitosis remains poorly understood. 
A membranous “lamin B matrix” was proposed to work 
as a scaffold for the recruitment of proteins required for 
mitotic spindle assembly and function (Tsai et al., 2006). 

Importantly, the formation of a lamin B matrix relies on 
cytoplasmic Dynein (Ma et al., 2009), suggesting a depen-
dence on MTs, and has been implicated in force balance 
with Kinesin-like motors to promote efficient spindle as-
sembly (Civelekoglu-Scholey et al., 2010; Goodman et al., 
2010). Supported by mathematical modeling, these findings 
led to the proposal that lamin B and possibly other membra-
nous components surrounding the spindle play a structural 
role in the orchestration of cell division, even in systems 
undergoing open mitosis (Liu and Zheng, 2009; Civele-
koglu-Scholey et al., 2010; Poirier et al., 2010; Zheng, 
2010; Capalbo et al., 2011).

Here, we used Drosophila melanogaster S2 and human 
HeLa cells to dissect the mechanism that drives the MT-in-
dependent accumulation of proteins in the spindle region. 
We show that this process is a consequence of spatial con-
finement by a membranous, organelle-exclusion spindle en-
velope, which is required for normal spindle architecture and 
faithful chromosome segregation.

The mitotic spindle is a microtubular assembly required for chromosome segregation during mitosis. Additionally, a 
spindle matrix has long been proposed to assist this process, but its nature has remained elusive. By combining live-cell 
imaging with laser microsurgery, fluorescence recovery after photobleaching, and fluorescence correlation spectros-
copy in Drosophila melanogaster S2 cells, we uncovered a microtubule-independent mechanism that underlies the 
accumulation of molecules in the spindle region. This mechanism relies on a membranous system surrounding the mi-
totic spindle that defines an organelle-exclusion zone that is conserved in human cells. Supported by mathematical 
modeling, we demonstrate that organelle exclusion by a membrane system causes spatio-temporal differences in mo-
lecular crowding states that are sufficient to drive accumulation of mitotic regulators, such as Mad2 and Megator/Tpr, 
as well as soluble tubulin, in the spindle region. This membranous “spindle envelope” confined spindle assembly, and 
its mechanical disruption compromised faithful chromosome segregation. Thus, cytoplasmic compartmentalization per-
sists during early mitosis to promote spindle assembly and function.
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Results and discussion

Megator and soluble tubulin accumulate in 
the spindle region independently of MTs
A pool of the conserved nucleoporin Megator persists in the 
spindle region of Drosophila S2 cells after MT depolymeriza-
tion (Lince-Faria et al., 2009). To elucidate the MT-independent 
mechanism behind the enrichment of Megator in the spindle 
region, we monitored GFP–α-tubulin and Megator-mCherry in 
Drosophila S2 cells by live-cell imaging, after depolymerizing 
MTs with colchicine before NEB (Fig.  1, A and B). We ob-
served that after NEB (monitored by influx of soluble tubulin), 
Megator remained confined to the spherical “nuclear” space 
for ∼10 min before decreasing exponentially and spreading 
into the cytoplasm (Fig. 1, A and B; and Video 1). As reported 
previously in Caenorhabditis elegans and Drosophila em-
bryos (Hayashi et al., 2012; Yao et al., 2012), soluble tubulin 
also accumulated in the nuclear region after NEB, reaching 
the highest level (∼1.5-fold the levels in the surrounding cyto-
plasm) within a few minutes, upon which it decreased exponen-
tially (Fig. 1, A and B). Notably, soluble tubulin and Megator 
were excluded from chromosomes (Fig. 1, A and B) and were 
also enriched in the “nuclear” region soon after NEB during 

an unperturbed mitosis (Fig.  1  C). Thus, soluble tubulin and 
Megator accumulate in the spindle region during early mitosis 
in an MT-independent manner.

Soluble tubulin passively diffuses into the 
nuclear space at NEB
To analyze the dynamics of soluble tubulin in the nuclear re-
gion during early mitosis, we performed FRAP of GFP–α-tu-
bulin in S2 cells, after MT depolymerization with colchicine 
at NEB. We found that after photobleaching the entire nuclear 
region, GFP–α-tubulin reaccumulated with a half-life of ∼4 s, 
with a percentage of recovery (nuclear/cytoplasmic ratio) close 
to 100% (Fig. 2 A). Thus, most if not all soluble tubulin in the 
nuclear region is mobile, in line with previous reports in sea 
urchin embryos (Salmon et al., 1984), but in contrast to a re-
cently reported RanGTP-dependent immobile fraction in C. el-
egans (Hayashi et al., 2012).

To test whether tubulin passively enters/accumulates in 
the nuclear region, we performed laser microsurgery on the NE 
in interphase cells after MT depolymerization with colchicine. 
This caused immediate influx and accumulation of soluble tu-
bulin in the nucleus, while Megator remained confined in this 
region (Fig. 2 B and Video 2). Occasionally, Megator and tu-

Figure 1.  Megator and soluble tubulin accumulate in the spindle region independently of MTs. (A) S2 cell expressing Megator-mCherry and GFP–α-tubulin 
upon MT depolymerization with colchicine before NEB. (B) Normalized relative fluorescence (nuclear/cytoplasm) of GFP–α-tubulin and Megator-mCherry. 
The relative fluorescence was set to 1 at time 0 (maximal accumulation of soluble tubulin in the nuclear region). Data points represent means obtained from 
seven cells, to which an exponential curve was fit. Error bars represent standard deviations. (C) Accumulation of GFP–α-tubulin and Megator-mCherry in 
the nuclear region after NEB in an unperturbed mitosis. Time is given in hours:minutes:seconds, relative to NEB. Bars, 10 µm.
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bulin showed some leakage in the perforated region, possibly 
due to the formation of a membrane bleb (Tinevez et al., 2009). 
Thus, the influx/accumulation of soluble tubulin in the nuclear 
space is normally prevented until NEB, upon which tubulin pas-
sively diffuses between compartments.

A membranous spindle envelope confines 
Megator and soluble tubulin during 
early mitosis
Drosophila embryos and cells undergo a “semi-open” mitosis 
within a membranous spindle envelope (Stafstrom and Staehe-
lin, 1984; Harel et al., 1989; Debec and Marcaillou, 1997). To 
investigate the distribution of membranes and membranous or-
ganelles during mitosis in living cells, we generated an S2 cell 
line stably expressing mCherry–α-tubulin and added DiOC6(3), 
a lipophilic green-fluorescent vital dye. In parallel, we tran-
siently expressed a membrane-tagged GFP by fusing it with 
the human T cell receptor CD8 (D’Avino et al., 2006) in S2 

cells stably expressing mRFP–α-tubulin and histone H2B-GFP. 
We observed that the spindle region was surrounded by mem-
branes that persisted until anaphase (Fig. 3 A, Fig. S1 A, and 
Video 3). These membranes did not form a diffusion barrier for 
small molecules as they were open near centrosomes, but de-
formed while the spindle changed shape and appeared to keep 
the spindle region clear of large membranous organelles (e.g., 
mitochondria). This organelle-exclusion zone was independent 
of MTs and accumulated soluble tubulin after NEB in colchi-
cine-treated cells (Fig. 3 A). Importantly, the apparent integrity 
of the membranous spindle envelope gradually decreased from 
prophase to anaphase, similar to Lamin B (Fig. S1, A and B; 
and Video 3), which might explain the decrease of Megator and 
soluble tubulin in the nuclear region after NEB.

To directly test whether membranes are necessary to con-
fine Megator and soluble tubulin in the nuclear region during 
early mitosis, we performed laser microsurgery to severely 
disrupt the spindle envelope in mitotic cells (160 consecutive 

Figure 2.  Soluble tubulin passively diffuses into the nuclear space at NEB. (A) FRAP of GFP–α-tubulin in the nuclear region of mitotic S2 cells after MT 
depolymerization with colchicine. Bleaching was conducted at time 00:00 (minutes:seconds). The relative fluorescence (nuclear/cytoplasm) was set to 
1 before bleaching. Data points represent means obtained from 10 cells, error bars represent standard deviations. Soluble tubulin is highly mobile and 
exchanges between compartments (t1/2 = 4.495 s; SD = 1.552 s; recovery = 98.5%; SD = 4.3%; n = 10 cells). (B) Laser microsurgery in an interphase 
S2 cell expressing Megator-mCherry and GFP–α-tubulin after MT depolymerization with colchicine. The arrowhead indicates the cut region. Membrane 
blebbing was occasionally observed in the cut region (arrow). Time is given in minutes:seconds, relative to laser microsurgery. Bars, 10 µm.
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Figure 3.  A membranous spindle envelope confines Megator and soluble tubulin during early mitosis. (A) Live S2 cells expressing mCherry–α-tubulin 
treated with DiO6C(3). (B) Live S2 cell expressing Megator-mCherry and GFP–α-tubulin in which the spindle envelope has been disrupted by laser micro-
surgery (arrowhead) after MT depolymerization with colchicine. (C and D) Live HeLa cells expressing mRFP–α-tubulin and histone H2B-GFP treated with 
DiOC6(3), with/without nocodazole as indicated. (E) Live HeLa cell expressing Tpr-GFP and mCherry–α-tubulin after nocodazole-induced MT depolymer-
ization before NEB. Time is in minutes:seconds, relative to laser microsurgery (B) or NEB (D and E). Bars, 10 µm.
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pulses compared with a single pulse in interphase) stably ex-
pressing Megator-mCherry and GFP–α-tubulin, after MT de-
polymerization with colchicine. We observed an immediate 
decrease in the confinement of Megator and soluble tubulin that 
was faster than in unperturbed cells at NEB (Fig. 3 B; Fig. S2, 
A and B; and Video 4). Thus, a membranous system supports 
elevated concentrations of soluble tubulin and Megator in the 
spindle region during early mitosis in S2 cells.

An MT-independent organelle-exclusion 
system surrounds the spindle region in 
human cells
The spindle region in human cells works as an organelle-ex-
clusion zone (McIntosh and Landis, 1971). Because mitosis in 
human cells is considered to be open, it implies that the mi-
totic spindle itself prevents large organelles from invading the 
region occupied by chromosomes. However, some studies sug-
gest that organelle exclusion is independent of MTs (Wheatley, 
1990). One possibility is that ER membranes that remain as an 
interconnected network around the mitotic spindle (Paweletz, 
1981; Hepler and Wolniak, 1984; Ellenberg et al., 1997) ex-
clude large organelles from this region in human cells. To test 
this, we analyzed membrane distribution in live HeLa cells sta-
bly expressing mRFP–α-tubulin and histone H2B-GFP, after 
addition of DiOC6(3). We observed that, similar to S2 cells, 
the spindle region of HeLa cells is surrounded by membranes 
and free of membranous organelles (Fig. 3 C). Importantly, this 
organelle-exclusion zone persisted after MT depolymerization 
with nocodazole (Fig. 3 D). These data from living cells sup-
port previous ultrastructural studies (Moll and Paweletz, 1980; 
Wheatley, 1990; McCullough and Lucocq, 2005) and indicate 
that a membranous system, not MTs, prevents the invasion of 
the spindle region by large organelles in human cells.

To investigate whether this membranous system accounts 
for protein accumulation in the spindle region in human cells, 
we analyzed mitotic HeLa cells expressing mouse Tpr, the 
mammalian orthologue of Megator (Lince-Faria et al., 2009), 
fused to GFP and mCherry–α-tubulin. To rule out the contribu-
tion from MTs, they were depolymerized with nocodazole be-
fore NEB. We observed that soluble tubulin enriched 1.16-fold 
in the nuclear region (SD = 0.08; n = 10 cells) shortly after NEB 
(Fig.  3  E and Video  5). Tpr also accumulated in the nuclear 
region, while remaining associated with the disassembling NE 
(Fig. 3 E and Video 5). However, the enrichment of soluble tu-
bulin and Tpr in the nuclear region rapidly decreased, indicating 
that, despite the presence of an organelle-exclusion system, the 
MT-independent accumulation of proteins in the spindle region 
is limited to early mitosis in human cells.

Protein accumulation in the nuclear/
spindle region is a consequence of different 
molecular crowding states
To investigate how a fenestrated organelle-exclusion enve-
lope drives protein accumulation in the nuclear/spindle region 
during early mitosis, we characterized the diffusion properties 
of GFP–α-tubulin and Megator-mCherry at a single-molecule 
level using fluorescence correlation spectroscopy (FCS) in S2 
cells. To ensure the independence from MTs, they were depo-
lymerized with colchicine. While soluble tubulin showed sim-
ilar anomalous diffusion inside and outside the nuclear region, 
Megator diffusion was about five times slower in the nuclear 
region when compared with the rest of the cytoplasm (Fig. 4, 

A–E), where Megator diffused more anomalously (i.e., more 
obstructed). These differences might reflect interactions with 
at least two other nuclear-derived proteins: Chromator and 
EAST (Qi et al., 2004, 2005).

In line with the observed increase of fluorescence in the 
nuclear space, the number of mobile tubulin and Megator mol-
ecules was increased ∼1.4-fold in this compartment when com-
pared with the surrounding cytoplasm (Fig.  4  E), suggesting 
that the entire pool of soluble tubulin and Megator is mobile 
within the nuclear region. Importantly, GFP and mCherry sig-
nals did not cross-correlate, indicating that soluble tubulin and 
Megator are not bound to each other.

Because the spindle-assembly checkpoint protein Mad2 
is also confined to the spindle region in an MT-independent 
manner (Lince-Faria et al., 2009), next we used the same ap-
proach in cells expressing mRFP-Mad2 and α-tubulin–GFP. We 
found that Mad2 diffused similarly within the nuclear region 
and the cytoplasm, with mobile Mad2 enriched ∼1.8-fold in 
the nuclear region when compared with the cytoplasm (Fig. 4, 
B–E). Notably, the dwell time of Mad2 within the focus fluctu-
ated significantly, possibly reflecting the existence of different 
soluble pools (Fig. 4 C). Mad2 and tubulin signals also did not 
cross-correlate. Thus, confinement of soluble tubulin, Megator, 
and Mad2 to the spindle region is not caused by binding of these 
proteins to a common stationary substrate.

To test whether a fenestrated organelle-exclusion envelope 
could account for protein accumulation in the spindle region 
during early mitosis, we simulated the influx of soluble tubulin/
efflux of Mad2 into/out of the nuclear space at NEB, using the 
FCS-measured diffusion properties and considering different 
amounts of inaccessible volumes in the cytoplasm due to the 
presence of large membranous organelles that cannot penetrate 
the spindle envelope. To account for this structure, a fenestrated 
barrier around the nuclear region was assigned, allowing protein 
influx/efflux at only 25% of its sites. By blocking 33% and 36% 
of the cytoplasm for soluble tubulin and Mad2, respectively (see 
Materials and methods), simulations yielded the experimentally 
observed fluorescence ratio between the nuclear region and the 
cytoplasm within few seconds (Fig. 4, F and G). These findings 
suggest that a size-exclusion spindle envelope is sufficient to 
drive accumulation of soluble tubulin and Mad2 in the spindle 
region, as a consequence of distinct molecular crowding states.

Artificial disruption of the nuclear/spindle 
envelope in mitosis causes aberrant spindle 
formation and chromosome missegregation
Previous works, supported by mathematical modeling, pro-
posed that a membranous spindle envelope promotes bipolar 
spindle assembly and function (Liu and Zheng, 2009; Civele-
koglu-Scholey et al., 2010; Poirier et al., 2010; Zheng, 2010; 
Capalbo et al., 2011). Here we tested the role of a membranous 
spindle envelope for spindle assembly by means of laser-in-
duced disruption (160 consecutive pulses) of the nuclear/spin-
dle envelope during early mitosis in live S2 cells expressing 
histone H2B-GFP and mRFP–α-tubulin. As a control, we per-
formed laser microsurgery at a random site in the cytoplasm 
shortly after NEB and found that 10 out of 11 cells progressed 
normally through mitosis (Fig. 5 A). In contrast, we observed 
that immediately after cutting the nuclear/spindle envelope, 
acentrosomal MTs nucleated in the proximity of the cut region 
and grew into the cytoplasm and into the nucleus/nuclear region 
(Fig. 5, B–D; and Videos 6 and 7). In line with these findings, 
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Figure 4.  Protein accumulation in the nuclear/spindle region is a consequence of different molecular crowding states. (A) Cells with different diameters 
(λ) and different spatial positions of the FCS measurements were made comparable by expressing measurement positions relative to the cell size (red 
and orange bullets). Dashed circles indicate the nuclear space; gray-shaded objects symbolize condensed chromatin. (B) FCS analysis of GFP–α-tubulin, 
Megator-mCherry, and mRFP-Mad2 during mitosis after MT depolymerization with colchicine. Depicted are the mean or median values of the dwell time 
τD and the anomaly degree (α) of the diffusional motion within the focus in both the nuclear region (N) and cytoplasm (C). ***, P < 0.001. (C–E) FCS 
measurements were performed at 10 loci per cell (tubulin, 11 cells; Megator, 15 cells; Mad2, 15 cells). Position data were rescaled (nuclear region:  
λ = −0.2, . . . , +0.2). The number of fluorescent molecules (N) within the focus was relativized to the maximum number of fluorescent molecules (Nmax) 
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membrane resealing after laser microsurgery could only be ob-
served in 2 out of 6 cells that transiently expressed CD8-GFP 
(Fig. S3). Notably, acentrosomal MT growth occasionally led 
to MT-mediated transport of chromosomes outside the nuclear 
region (5 out of 21 cells; Fig. 5, B and C) and/or resulted in the 
formation of multipolar spindles (6 out of 21 cells; Fig. 5, B and 
C), while markedly increasing the frequency of lagging chro-
mosomes/chromatin bridges during anaphase/telophase (13 out 
of 21 cells; Fig. 5, B and C). Finally, in another independent ex-
periment, we disrupted the NE of one nucleus in a binucleated 
cell. We observed that, immediately after laser microsurgery, 
soluble tubulin entered that nucleus, in which chromosomes 
instantly condensed (Fig. 5 D and Video 8). Spindle assembly 
also started immediately, extending beyond the nuclear space 
(Fig. 5 D and Video 8). NEB of the unperturbed nucleus started 
only several minutes later and spindle assembly was confined 
to the nuclear region (Fig. 5 D and Video 8). These data sup-
port the finding that the spindle envelope confines spindle as-
sembly by constraining MT nucleation and growth to ensure 
proper chromosome segregation.

The role of an organelle-exclusion envelope 
during mitosis
The cytoplasm is more crowded than the nucleoplasm, mean-
ing that there is more “free” space in the nucleus for nano-sized 
particles (Guigas et al., 2007). When proteins like Megator, 
soluble tubulin, or Mad2, which are restricted to the nucleus or 
the cytoplasm during interphase, diffusively equilibrate in all 
available spaces within the cell after NEB, this consequently 
leads to an enrichment of these proteins in the less crowded 
spindle region (Fig.  5  D). While other roles cannot be ex-
cluded, the spindle envelope might act as a selective barrier to 
impede the invasion of the spindle region by large organelles, 
while retaining Megator complexes (Fig. 5 E) that might show 
gel-like properties (Yao et al., 2012). Importantly, cyclin B/
Cdk1 and many other mitotic regulators, such as Polo/Plk1, 
Mad2, and Fizzy/Cdc20, as well as soluble tubulin and chro-
mosomes, accumulate in the spindle region during mitosis 
(Moutinho-Santos et al., 1999; Raff et al., 2002; Lince-Faria 
et al., 2009; Hayashi et al., 2012). This might facilitate interac-
tions between chromosomes and MTs during spindle assembly, 
not only by providing a physical constraint for MT growth and 
chromosome distribution, but also by creating a biochemical 
milieu that favors spindle assembly (Fig. 5 E). Importantly, an 
MT-independent organelle-exclusion system is conserved in 
human cells and might therefore represent a common strategy 
to control mitosis in space and time.

Materials and methods

Cell culture
Drosophila S2 cells were cultured in Schneider’s insect medium 
(Gibco) supplemented with 10% FBS (Invitrogen) in a 25°C incubator. 
Human HeLa cells were cultured in DMEM supplemented with 10% 
FBS (all from Invitrogen) in a 37°C incubator with 5% CO2.

Transgenic cell lines
The S2 cell line stably expressing mCherry–α-tubulin was generated 
by transfecting cells with a pAc-mCherry–α-tubulin plasmid (provided 
by G.  Goshima, Nagoya University, Nagoya, Japan) together with a 
pCo-Blast vector (Invitrogen) using Cellfectin (Invitrogen). Cells were 
selected with blasticidin (Invitrogen) 3 d after transfection. S2 cells 
stably expressing mRFP–α-tubulin and histone H2B-GFP (provided 
by G.  Goshima, University of Cambridge,Cambridge, England, UK) 
were transiently transfected with a pMT-CD8-GFP plasmid (provided 
by P.P. D`Avino) using X-tremeGene (Invitrogen). HeLa cells stably 
expressing Tpr-GFP (MitoCheck) were transiently transfected with 
an mCherry–α-tubulin plasmid using X-tremeGENE (Invitrogen). 
All other cell lines have been described previously (Lince-Faria et al., 
2009; Logarinho et al., 2012).

Drug treatments
Expression from a pMT promoter was induced with 500 µM CuSO4 
for a minimum of 18  h (Megator-mCherry) or 700  µM CuSO4 for 
5–12 h (CD8-GFP). MTs were depolymerized with 100 µM colchicine 
or 3.3 µM nocodazole (both from Sigma-Aldrich). Membranes were 
stained with 1 µM DiOC6(3) (Enzo Life Sciences).

Live-cell imaging
S2 cells were imaged in concanavalin A–coated (0.25 mg/ml; EMD 
Millipore) glass-bottom dishes (Ibidi) at 25°C in Schneider’s in-
sect medium (Gibco) + 10% FBS (Invitrogen) using a 100× 1.4 NA 
Plan-Apochromatic differential interference contrast (DIC) objec-
tive lens (Carl Zeiss) mounted on an inverted microscope (TE2000U; 
Nikon) equipped with a CSU-X1 spinning-disk confocal head (Yo-
kogawa Electric Corporation) and with two laser lines (488 nm and 
561 nm). Images were detected with an iXonEM+ EM-CCD camera 
(Andor Technology), using the NIS-Elements software (Nikon). HeLa 
cells were imaged in the same system at 37°C in L15 medium + 10% 
FBS (Invitrogen). Images were analyzed in ImageJ, processed (contrast 
adjustments) in Photoshop CS4 (Adobe), and represent maximum in-
tensity projections of multiple z stacks (step size: 0.5–1 µm).

Immunofluorescence microscopy
S2 cells transiently expressing CD8-GFP were grown on concanav-
alin A–coated (0.5 mg/ml; EMD Millipore) glass coverslips at 25°C in 
Schneider’s insect medium (Gibco) + 10% FBS (Invitrogen) and fixed 
with 4% paraformaldehyde for 10 min and subsequently extracted 
with 0.1% Triton X-100 for 10 min. After short washes in PBS and 
blocking with 10% FBS, cells were incubated with mouse anti-lamin 
Dm0 (clone ADL67, 1:50; Developmental Studies Hybridoma Bank) 
and rat anti–α-tubulin (YOL1/34, 1:100; Serotec), followed by short 
washes in PBS and incubation with Alexa Fluor 568 and 647 (1:1,000; 
Invitrogen). DNA was counterstained with DAPI (1 µg/ml; Sigma-Al-
drich) before coverslips were mounted in 90% glycerol + 10% Tris, pH 
8.5, + 0.5% N-propylgallate on glass slides. Images were acquired on 
an AxioImager Z1 (100×, Plan Apochromatic oil DIC objective lens, 
1.4 NA; all from Carl Zeiss) equipped with a charge-coupled device 
(CCD) camera (ORCA-R2; Hamamatsu Photonics) using the Zen soft-
ware (Carl Zeiss) and blind deconvolved using Autoquant X (Media 
Cybernetics). Images were processed (contrast adjustments) in Adobe 
Photoshop CS4 (Adobe) and represent either maximum intensity pro-

detected in each cell to account for varying expression levels. (F and G) Modeling of protein diffusion into/out of the nuclear region. Diffusion of soluble 
tubulin (F) into and Mad2 (G) out of the nuclear region progresses within few seconds to a steady state, as indicated by the apparent fluorescence in the 
nuclear region Fn(t) and the cytoplasm Fc(t). Representative fluorescence images of the initial condition, an intermediate state, and the steady state are shown 
in the top panels. Dashed white lines indicate the respective line scans used for quantification of fluorescence (inset graphs).
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Figure 5.  Artificial disruption of the nuclear/spindle envelope in mitosis causes aberrant spindle formation and chromosome missegregation. (A–D) S2 
cells expressing mRFP–α-tubulin and histone H2B-GFP. The nuclear/spindle envelope was consecutively disrupted by laser microsurgery (arrowheads).  
(A) Control cell progressing through mitosis. Laser microsurgery was performed at a random site in the cytoplasm shortly after NEB (arrowhead).  
(B) Disruption of the NE in prophase or the spindle envelope in early prometaphase (C) caused aberrant spindle formation and chromosome missegrega-
tion. (D) Chromosomes of the severed nucleus in a binucleated prophase cell condensed prematurely, and centrosome-nucleated MTs grew in the cytoplasm 
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jections of deconvolved z stacks (step size: 0.22 µm; DAPI; α-tubulin) 
or a single slice (CD8-GFP; lamin Dm0).

FRAP
FRAP of soluble GFP–α-tubulin was performed on an inverted micro-
scope (TE2000U; Nikon; 100× plan-apochromatic DIC objective lens; 
1.4 NA; Carl Zeiss) equipped with an iXonEM+ EM-CCD camera 
(Andor Technology). Bleaching was conducted for 400 ms after acqui-
sition of one prebleach image. Images were acquired every ∼200 ms 
and analyzed in ImageJ. The fluorescence intensity of the bleached area 
was normalized using the intensity of an area in the cytoplasm. Graph-
Pad Prism 5 (GraphPad Software) was used for curve fitting.

FCS
FCS was performed with a confocal laser scanning microscope 
(SP5-TCSPC; Leica) equipped with a water immersion objective lens 
(HCX Plan Apochromat 63× 1.2 W CORR) and an FCS unit (Pico-
quant). Samples were illuminated using the 488-nm line of an Argon 
laser; fluorescence was detected using a band-pass filter (500–530 nm). 
The pinhole was set to one Airy unit. FCS data at each position were 
acquired for 40 s and correlation curves were fitted with a previously 
developed expression (Weiss et al., 2004):

	​ C​​(​​τ​)​​​  =  ​  A _________________  
​​(​​1 + ​​(​​τ / ​τ​ D​​​)​​​​ 

α
​​)​​​​√ 

___________
  1 + ​​(​​τ / ​τ​ D​​​)​​​​ α​ / ​S​​ 2​ ​
 ​​

Here, S denotes the elongation of the confocal volume along the 
optical axis and τD is the mean dwell time of fluorescent particles in 
the confocal volume. The prefactor A includes the inverse number of 
fluorescent particles in the confocal volume and also the photophysics 
of the fluorophore. In each cell, FCS data were acquired at 10 positions 
across the cell diameter. To make data from different cells comparable, 
the distance r of each measurement position from the cell center was 
rescaled with the cell diameter, λ.

Simulations
Diffusion of tubulin and Mad2 into/out of the nuclear region after NEB 
was modeled by Monte Carlo simulations of particles that move on a 
square lattice (lattice constant Δx = 30 nm). In accordance with ex-
perimental observations, we assumed cells and nuclei to be concentric 
circular regions with the nucleus occupying ∼1/3 of the cell’s area. 
Therefore, lattice sites outside the cell’s radius (Rc = 5 µm) were made 
unavailable, and the nuclear radius was set to ​​R​ n​​  =  ​R​ c​​ / ​√ 

__
 3 ​​. We con-

sidered different amounts of occupied volumes that are inaccessible 
for tubulin (33%) or Mad2 (36%) in the cytoplasm, and in the nuclear 
space all sites remained accessible. The difference in occupied volumes 
reflects the different effective sizes of tubulin and Mad2, and the chosen 
values led to the experimentally observed fluorescence ratio between 
the nuclear region and the cytoplasm. With these choices, inaccessible 
volumes in the nuclear region were assumed to be on length scales well 
below 30 nm whereas cytoplasmic obstacles (composed of 2 × 2 lattice 
sites) also took into account somewhat larger entities like organelles. 
To account for the spindle envelope, an annulus around the nuclear re-
gion (thickness: two lattice sites) was assigned to ∼75% of inaccessible 
sites to hinder influx/efflux of proteins. Indeed, this choice was neces-

sary to reach experimentally observed time scales for equilibration of 
tubulin and Mad2, as extrapolating the diffusional data obtained with 
FCS on small spatial scales predicted a roughly tenfold faster equil-
ibration. For the simulations, a total number of n = 5 × 105 particles 
was initially distributed randomly on available lattice sites in the cyto-
plasm (tubulin) or in the nucleus (Mad2). Then, particles were allowed 
to move according to a continuous time random walk: particles were 
assigned individual waiting times drawn from a power-law distribu-
tion, p(T)∼1/Tb, which enforces a subdiffusive movement of particles 
with a tuneable anomaly α = b − 1 (α = 0.8 for tubulin; α = 0.65 for 
Mad2). After its waiting time had elapsed, each particle was allowed to 
move to one of the four next-neighbor lattice sites (randomly chosen) 
unless this site was unavailable (‘blind ant algorithm’). Then, the parti-
cle was again assigned a waiting time. The time step of the simulation 
was determined by demanding the particle’s mean square displacement 
in the simulations to agree with FCS experiments on tubulin or Mad2 
(i.e., not only α = 0.8 or 0.65 but also τD = 1.1 ms or 0.5 ms needed 
to be reproduced, respectively). To allow for a comparison of simula-
tion results with real microscopy images, we visualized the temporally 
changing concentration profiles by blurring the particle occupancy on 
the lattice with a Gaussian filter (radius 250 nm, similar to the diffrac-
tion-limited optics used in experiments).

Laser microsurgery
Laser microsurgery was performed with a doubled-frequency laser 
(FQ-500-532; Elforlight) on an inverted microscope (TE2000U; 
Nikon), using a 100× 1.4 NA plan-apochromatic DIC objective lens 
(Nikon) equipped with an iXonEM+ EM-CCD camera (Andor Tech-
nology). Disruption of the nuclear/spindle envelope was performed 
by 1 pulse (interphase) or 160 consecutive pulses (200 Hz repetition 
rate) (mitosis). The pulse width was 8–10 ns and the pulse energy 
was 1.5–2 μJ. The laser microsurgery setup has been described previ-
ously (Pereira et al., 2009).

Statistical analysis
Normality tests (Shapiro-Wilk) and two-sample t tests were performed 
in Origin Pro 8 (OriginLab).

Online supplemental material
Fig. S1 demonstrates that spindle envelope integrity decreases over 
time. Fig. S2 shows quantifications regarding the effect of laser mi-
crosurgery on protein confinement. Fig. S3 shows membrane dynam-
ics upon laser microsurgery. Video 1 shows that soluble tubulin and 
Megator are spatially confined during mitosis. Video  2 shows that 
soluble tubulin can accumulate in the interphase nucleus. Video  3 
demonstrates that spindle envelope integrity decreases over time. 
Video  4 shows that spindle envelope disruption causes loss of pro-
tein confinement. Video  5 shows that MT-independent accumula-
tion of proteins in the spindle region is conserved in human cells. 
Videos 6, 7, and 8 demonstrate that artificial disruption of the nu-
clear/spindle envelope causes aberrant spindle formation and chro-
mosome missegregation. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201506107/DC1. Addi-
tional data are available in the JCB DataViewer at http://dx.doi.
org/10.1083/jcb.201506107.dv.

toward the cut region. NEB of the unsevered nucleus initiated only several minutes later, and MTs grew predominantly into the nuclear space. Time is given 
in minutes:seconds, relative to laser microsurgery. Bars, 10 µm. (E) Model: a membranous spindle envelope preserves different molecular crowding states 
between the cytoplasm and the spindle region during mitosis. Large assemblies such as membranous organelles are excluded from the spindle region. 
Small molecules like soluble tubulin or Mad2 equilibrate in all available spaces after NEB and accumulate in the less crowded spindle region. Large nuclear 
assemblies, such as Tpr, are retained in the spindle region.
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