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Introduction
Like most fungi, the fission yeast Schizosaccharomyces pombe 
segregates chromosomes within the nucleus in the process known 
as closed mitosis (Zheng et al., 2007; Zhang and Oliferenko, 
2013). As fission yeast cells enter mitosis, the cytoplasmic mi-
crotubules rearrange to form the intranuclear mitotic spindle, 
which is responsible for chromosome segregation. The mitotic 
spindle is assembled from the spindle pole bodies (SPBs), spe-
cialized microtubule-organizing organelles functionally analo-
gous to metazoan centrosomes. Upon mitotic entry, the SPBs 
are inserted into the nuclear envelope to form a bipolar mitotic 
spindle (Ding et al., 1997; Tallada et al., 2009). SPBs eventu-
ally separate and move to opposite sides of the nucleus. During 
anaphase A, each set of sister chromatids segregates toward op-
posite spindle poles, followed by separation of the poles and 
karyokinesis during anaphase B (Hagan, 1998).

By the end of mitosis, the mitotic spindle is disassembled 
and cytokinesis produces two independent cells (Krapp et al., 
2004). Rapid spindle disassembly at the end of mitosis is cru-
cial for cell proliferation (Woodruff et al., 2012). However, 

mechanisms that contribute to spindle microtubule depoly-
merization at the end of mitosis are poorly understood (Sagolla  
et al., 2003).

During anaphase B, the central internuclear region is  
coincident with the central spindle domain, a region where the 
antiparallel interpolar microtubules (ipMTs) interdigitate at 
their plus ends to form the mitotic spindle midzone (Maddox 
et al., 2000). The size and integrity of the mitotic spindle are 
maintained by a vast array of microtubule-binding proteins that 
regulate microtubule dynamics (e.g., XMAP215, CLASP, and 
EB1) or cross-link the antiparallel ipMTs at the midzone (e.g., 
Ase1; Glotzer, 2009). The analysis of mutants defective in spin-
dle disassembly in budding yeast indicates that this process is 
achieved by functionally overlapping subprocesses such as deg-
radation of cross-linking proteins leading to disengagement of 
the spindle halves, arrest of spindle elongation, and initiation of 
ipMT depolymerization. These subprocesses are largely driven 
by the anaphase-promoting complex/cyclosome (APC/C), Au-
rora B kinase, and kinesin-8 (Woodruff et al., 2010). Here, we 
show that nucleocytoplasmic transport in a restricted nuclear 
membrane domain, the midzone membrane domain (MMD), 

During each cell cycle, the mitotic spindle is effi
ciently assembled to achieve chromosome segre
gation and then rapidly disassembled as cells 

enter cytokinesis. Although much has been learned about 
assembly, how spindles disassemble at the end of mitosis 
remains unclear. Here we demonstrate that nucleocyto
plasmic transport at the membrane domain surrounding 
the mitotic spindle midzone, here named the midzone 

membrane domain (MMD), is essential for spindle dis
assembly in Schizosaccharomyces pombe cells. We show 
that, during anaphase B, Imp1mediated transport of the 
AAAATPase Cdc48 protein at the MMD allows this dis
assembly factor to localize at the spindle midzone, thereby 
promoting spindle midzone dissolution. Our findings il
lustrate how a separate membrane compartment supports 
spindle disassembly in the closed mitosis of fission yeast.
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suggesting that spindle disassembly was severely affected in 
these cells. Consistently, we observed that the mitotic spindle 
remained assembled during cytokinesis until it was finally cut 
by the actomyosin contractile ring in 76% (n = 29) of the imp1 
cells, leading to an aberrant disassembly (Fig. 1 B). When we 
blocked actomyosin ring formation, using latrunculin B (Gachet  
et al., 2004), wild-type cells disassembled the spindle at the end 
of mitosis. In imp1 cells, the spindle was still present after  
mitosis until finally breaking, possibly because of bending forces 
(Fig. 1 H). Therefore, the mitotic spindle disassembly fails at 
the end of mitosis in Imp1-depleted cells, suggesting that  
importin- Imp1 is required for this step in fission yeast.

Imp1 is essential for spindle midzone dissolution
To further understand how Imp1 influences mitotic spindle 
disassembly, we analyzed its localization in S. pombe cells 
using the Imp1-GFP–tagged construct (coexpressed with 
Sid2-Tom to visualize SPBs and medial ring in the same cells). 
As shown in Fig. 2 A, Imp1 was found in the cytoplasm and 
the nucleoplasm, but more intensely in the nuclear envelope. 
As cells proceed to anaphase B, the nucleus elongates and 
eventually assumes a dumbbell shape, with the two segregat-
ing nuclei linked by an internuclear bridge late in mitosis. In-
triguingly, Imp1 was transiently found at the central region of 
this mitotic internuclear bridge (Fig. 2 A). A similar local-
ization to Imp1 has been previously described for the other  
S. pombe importin-, Cut15 (Matsusaka et al., 1998). To analyze 
this internuclear localization in greater depth, we visualized 
Imp1 and mitotic spindles in cells simultaneously expressing 
Imp1-GFP and the microtubule marker Tom-Atb2. Interest-
ingly, localization of Imp1 at the central internuclear region 
was coincident with the central spindle domain (Fig. 2 B), a 
region where the antiparallel ipMTs interdigitate at their plus 
ends to form the mitotic spindle midzone (Maddox et al., 
2000). Ase1, a key protein involved in cross-linking antiparallel 
ipMTs at this region, was used as a midzone marker (Loïodice 
et al., 2005; Yamashita et al., 2005; Fu et al., 2009). Live-imaging 
analysis of Imp1-Tom– and Ase1-GFP–expressing cells con-
firmed that Imp1 specifically localized at the spindle midzone 
domain (Fig. 2 C).

In budding yeast, the mitotic spindle disassembles by de-
polymerization of the ipMTs from their plus ends at the mid-
zone, leading to spindle midzone dissolution and separation of 
the spindle halves at the end of mitosis (Maddox et al., 2000). 
Thus, the location of Imp1 at the midzone region is consistent 
with the proposed role for importin- in spindle disassembly in 
fission yeast. To further study a possible role of Imp1 in spindle 
midzone disassembly, we followed fluorescence of the Ase1-
GFP marker in wild-type and imp1 living cells. As shown in 
Fig. 2 D, wild-type cells efficiently dissolved the spindle mid-
zone late in anaphase B. However, in Imp1-depleted cells, the 
midzone Ase1-GFP protein continued to decorate the central 
spindle domain and remained assembled even at the end of  
cytokinesis, after spindle breakage. By using importin- Cut15-
GFP as a central domain marker (and the Sid2-Tom SPBs and 
medial ring marker), we confirmed that Imp1-depleted cells re-
tained assembled midzone fragments after cytokinesis (Fig. 2 E).  

is required for proper spindle disassembly in the fission yeast,  
revealing yet another layer of regulation.

Results
Imp1 depletion leads to hyperextended 
mitotic spindles
The fission yeast importin- Imp1 was identified in a genome-
wide screen for cell cycle regulators (Tallada et al., 2002). 
Importin- plays important roles in nucleocytoplasmic trans-
port, nuclear envelope structure, and mitotic spindle assem-
bly (Clarke and Zhang, 2001; Dasso, 2001; Geles et al., 2002; 
Schatz et al., 2003; Wozniak et al., 2010). To further analyze 
the role of Imp1 in cell cycle regulation, we first character-
ized phenotypic defects of Imp1-depleted cells. Cells lacking 
Imp1 were viable, but we observed that postmitotic nuclei 
were often mispositioned in the daughter cells, remaining at 
the cell tips (Fig. 1 A). Similar results were previously de-
scribed (Umeda et al., 2005). This phenotype is diagnostic of 
possible defects in microtubule dynamics (Daga and Chang, 
2005). To check this possibility, we expressed GFP-Atb2  
(a microtubule marker), Sid2-Tom (a protein kinase located 
at the SPB and the division septum), and Cut11-GFP (a trans-
membrane protein of the nuclear envelope) in wild-type and 
imp1 cells and followed the dynamics of microtubule, SPBs, 
and nuclear membrane by in vivo time-lapse microscopy as 
cells enter mitosis. As shown in Fig. 1 B, in a normal cell 
cycle, the mitotic spindle assembled early in mitosis and elon-
gated during anaphase B until a maximum length. The spindle 
then rapidly disassembled before cytokinesis. Interestingly, 
we found that late anaphase B spindles in Imp1-depleted cells 
were consistently longer relative to those of wild-type cells 
(see Fig.1 B). The mean maximum spindle length in wild-type 
cells was 90% of the total cell length. In the imp1 strain, the 
mitotic spindle reached 115% of the cell length (Fig. 1 C). 
This may explain the abnormal localization of the nuclei at the 
cell tips in Imp1-depleted cells. Time course representation of 
the Sid2-Tom marker (kymograph) showed that in the wild-
type control, the two SPBs (and the attached nuclei) moved 
toward the tips of the cell during mitosis and then relocalized 
to the middle of each daughter cell during cytokinesis. In con-
trast, the SPBs and nuclei remained at the cell tips in imp1 
cells with hyperextended spindles (Fig. 1 D). Hyperextended  
mitotic spindles often appeared fishhook shaped (Fig. 1, B and E), 
a structure which eventually located one of the SPBs (and the 
corresponding nucleus) at the division site (Fig. 1, B and D). 
Therefore, we conclude that the loss of the importin- Imp1 
results in hyperextended mitotic spindles.

Abnormal spindle length may result from unbalanced as-
sembly/disassembly activities. Either an increase in the spindle 
elongation rate or a defect or decrease in the rate of disassembly 
would yield hyperextended spindles. A detailed analysis of the 
mitotic spindle dynamics in the imp1 strain indicated that nei-
ther spindle initiation nor elongation (slightly reduced in imp1 
cells) were significantly affected (Fig. 1, B and F). However, 
mitotic spindles in imp1 cells persisted significantly longer 
into mitosis than those of wild-type cells (Fig. 1, B, C, and G), 
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region of the central spindle domain. The simultaneous ex-
pression of Imp1-Tom and the nucleoporin Nup107-GFP or 
Nup61-GFP, canonical nuclear pore components (Baï et al., 
2004; Chen et al., 2004; Wozniak et al., 2010), showed that 
Imp1 colocalized with nuclear pores at the nuclear envelope 
along the cell cycle and also at the central spindle midzone 
region during anaphase B (Fig. 3 A and Fig. S1 A). During 
the closed mitosis of S. pombe cells, the nuclear membrane 

Therefore, these results indicate that Imp1 is specifically re-
quired for midzone spindle disassembly late in mitosis.

Nucleocytoplasmic transport activity 
controls spindle midzone disassembly
Imp1 is a member of the importin- family, which functions in 
transport through the nuclear pore (Umeda et al., 2005). We won-
dered whether nuclear pores were also found at this internuclei 

Figure 1. Imp1 is required for mitotic spindle disassembly. (A) DAPI and Calcofluor white staining of wild-type and imp1 S. pombe cells. In asynchro-
nous cultures, 21% of imp1 cells show nuclei at the cell tips (arrows), whereas only 9% of these cells are found in the wild-type strain. (B) Time-lapse 
fluorescence images of GFP-Atb2 (spindle), Cut11-GFP (nuclear envelope), and Sid2-Tom (SPBs and medial division ring) in wild-type and imp1 cells. Red 
arrowheads indicate initiation of spindle disassembly as cytokinesis is initiated in wild-type cells (t = 36 min) and spindle breakdown by the constricting 
actomyosin ring in imp1 cells (t = 73 min). (C) Mean maximal spindle length (percentage of the cell length) in wild-type and imp1 cells. (D) Kymographs 
of wild-type (left) and imp1 cells (middle and right) expressing Sid2-Tom. Schematized cells on the left represent cell cycle stages: 1, interphase; 2, early 
anaphase B; 3, late anaphase B; 4, ring contraction and daughter nuclei reposition; 5, end of cytokinesis. Although nuclei are repositioned in wild-type 
cells (left, arrows), in imp1 cells, hyperextended spindles persisted during cytokinesis (middle, arrows) and eventually, a fishhook-shaped spindle localizes 
one SPB and its associated nucleus close to the division site (right, arrowhead). Schematized cells (bottom) represent the structure of the corresponding 
mitotic spindles. (E) Frequency (%) of fishhook-shaped mitotic spindles in wild-type and imp1 cells. (F) Spindle elongation rate in wild-type and imp1 cells. 
(G) Average time of mitotic spindle persistence in wild-type and imp1 cells. (H) Time-lapse fluorescence images of GFP-Atb2 and Sid2-Tom in wild-type 
and imp1 cells in the presence of latrunculin B. Arrows indicate initiation of spindle disassembly as cytokinesis is initiated in wild-type cells, and spindle 
breakdown is caused by bending forces in imp1 cells. Bars, 5 µm. Graphs represent mean and standard deviation. n is the total number of cells scored 
from at least three independent experiments.

http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
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Figure 2. Imp1 regulates spindle disassembly at the midzone. (A) Time-lapse fluorescence images of Imp1-GFP– and Sid2-Tom–expressing cells. During 
anaphase B, Imp1-GFP localizes at the central internuclear bridge (dashed squares at 27 and 30 min). (B) Time-lapse fluorescence images of a represen-
tative cell expressing Imp1-GFP and the microtubule marker Tom-Atb2. Imp1-GFP colocalizes with the spindle midzone, where antiparallel microtubules 
interdigitate (dashed area). (C) Colocalization of Imp1-Tom and the spindle midzone marker Ase1-GFP by time-lapse fluorescence microscopy (merge, 
dashed area). (D) Localization of Ase1-GFP by time-lapse fluorescence in wild-type and imp1 cells. Arrows indicate Ase1-GFP disappearance from spindle 
midzone during normal spindle disassembly in wild-type cells and Ase1-GFP persistence at the midzone domain in imp1 cells. (E) Time-lapse fluorescence 
images of imp1 cells coexpressing Cut15-GFP and Sid2-Tom, showing assembled midzone fragments after mitosis (arrows). Bars, 5 µm.
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nucleocytoplasmic transport activity takes place at this spe-
cific domain.

To study whether this midzone membrane region repre-
sents a functional domain of the nuclear envelope, we followed 

envelops the elongating mitotic spindle as the daughter nuclei 
segregate (Zhang and Oliferenko, 2013). The colocalization of 
nuclear pore complexes and Imp1 at the specific membrane do-
main surrounding the spindle midzone suggests that functional 

Figure 3. The MMD represents a differentiated nuclear envelope region with nucleocytoplasmic transport activity. (A) Colocalization of Imp1-Tom and the 
nuclear pore marker Nup107-GFP by time-lapse fluorescence microscopy. (B) FRAP time-lapse images of Imp1-GFP– and Nup107-GFP–expressing cells.  
Arrowhead indicates image acquired immediately after photobleaching the indicated regions (yellow squares). Time course fluorescence recovery (percent-
age related to initial fluorescence intensity) is represented (right, n = 8). (C) FRAP time-lapse images of a Imp1-GFP–expressing cell. Arrowhead indicates image 
acquired immediately after photobleaching both daughter nuclei (yellow-dashed circles). Fluorescence recovery of imp1-GFP signal measured either at spindle 
midzone (MMD) or at nuclei is shown as a percentage of initial fluorescence (right, n = 5). (D) Photobleaching of nucleoplasmic NLS-GFP (dashed circle) during 
early (1, prebleach; 2, bleach) and late (3, prebleach; 4, bleach) anaphase B in a representative cell from four independent experiments. Graph represents 
fluorescence intensity levels (percentage related to initial values) over time in bleached (red) and nonbleached (blue) regions. (E) Time-lapse fluorescence im-
ages of nup133b cells coexpressing GFP-Atb2 and Imp1-Tom. The red-dashed cell forms a normal MMD region during anaphase B (arrow at 21 min), which 
is followed by mitotic spindle disassembly (arrow at 35 min). The green-dashed cell, however, undergoes mitosis without a detectable MMD region (arrow at 
29 and 35 min), which correlates with persistence of mitotic spindle at late cytokinesis (arrow at 62 min). In this cell, nuclear missegregation is also observed 
(asterisk at 44 min), a feature that may explain the abnormal chromosome segregation previously described in this strain (Baï et al., 2004). Bars, 5 µm.
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nuclear pore–mediated nucleocytoplasmic transport activity at 
the MMD region likely regulates spindle disassembly.

Importin-/–NLS substrate complexes 
mediate conventional nucleocytoplasmic 
transport activity at the MMD
Two nuclear import pathways are well characterized in eukary-
otic cells: (1) the classical pathway, which involves the conven-
tional NLSs and the receptors importin-/karyopherin- and 
importin-/karyopherin-1 and (2) the karyopherin-2 path-
way (Chook and Süel, 2011). In the classical nucleocytoplas-
mic transport mechanism, importin- interacts in the cytoplasm 
with proteins targeted by an NLS, acting as an adaptor to link 
the cargo to importin-. The resulting importin-/–NLS sub-
strate ternary complex migrates into the nucleoplasm through 
the nuclear pore in an importin-–dependent manner. Once 
the importin-/–NLS substrate complex reaches the nucleo-
plasm, importin- interacts directly with Ran-GTP, resulting 
in the release of importin- and the NLS-bearing cargo (Lange 
et al., 2007). Interestingly, it has also been shown that impor-
tin- can migrate into the nucleus in an importin-– and Ran- 
independent manner (Miyamoto et al., 2002). According to this 
importin-–independent transport mechanism, a budding yeast 
importin- mutant that lacks the importin- binding domain 
(IBB) and that cannot bind NLS cargoes (ED domain) localizes 
at the nucleus as does wild-type importin- (Miyamoto et al., 
2002). To examine the possibility that Imp1 could also func-
tion in an importin-–independent pathway in fission yeast, we 
examined the subcellular localization of an Imp1 mutant (GFP 
tagged) that lacks the importin- binding domain and that can-
not bind NLS-tagged proteins (the Imp1--BB-ED mutant; 
Gruss et al., 2001; Sato and Toda, 2007). Results shown in  
Fig. 4 A reveal that Imp1-IBB-ED-GFP is efficiently localized 
at the nucleus, indicating that in S. pombe cells there is also an  
importin-–independent mechanism for nuclear import of  
importin- (Sato and Toda, 2007). However, to our surprise, Imp1-
IBB-ED-GFP was not localized at the MMD region. Identical 
results were obtained when expressing the Imp1-IBB-GFP 
mutant version, lacking only the importin- binding domain 
(Fig. 4 B), showing that importin- drives MMD localization 
of Imp1 and its associated cargoes. Remarkably, we found that 
in this strain, cells exhibited hyperextended mitotic spindles  
(Fig. 4 B). Kymograph analysis showed that mitotic SPB dy-
namics in Imp1-IBB cells (Fig. 4 C) are identical to those 
found in imp1 cells (Fig. 1 D), indicating that importin- as-
sociation is essential for Imp1 to undergo nucleocytoplasmic 
transport at the MMD region for proper spindle disassembly.

The S. pombe genome contains 12 genes coding for pre-
dicted importin- proteins. We analyzed the cellular location of 
some of these proteins (Kap95, Kap104, Kap109, Kap113, 
Kap114, and Sal3) and found that Kap95 and Kap104 localized 
at the MMD during anaphase B (Fig. 4 D), whereas the remain-
ing importin- proteins analyzed did not (see Fig. 4 E for Sal3). 
Therefore, Imp1 transport of NLS proteins through nuclear 
pores at the MMD region might be dependent on a specific  
importin- subunit, likely Kap95 or Kap104.

the dynamics of nuclear pores and Imp1 at this domain by 
FRAP experiments. Nucleoporins remain integrated at the nu-
clear pore for a long time, but nuclear pore complexes are mo-
bile through the nuclear envelope in yeast (Bucci and Wente, 
1997). Accordingly, we determined that fluorescence did not 
recover (in our experimental time scale) upon photobleaching 
Nup107-GFP in the entire nuclear envelope (Fig. S1 B), but it 
rapidly recovered when bleaching only a nuclear envelope re-
gion flanking the internuclei membrane bridge (Fig. S1 C). 
Thus, as expected, nuclear pores can freely diffuse at the nu-
clear envelope. However, Nup107-GFP fluorescence was not 
recovered after bleaching the medial region (Fig. 3 B), suggest-
ing that diffusional mobility of nuclear pores from the adjacent 
nuclear membranes to this region is highly restricted during 
anaphase B.

In contrast to the nucleoporins, importins are rapidly 
exchanged at the nuclear pores as a result of their transport 
activity (Cardarelli et al., 2009). Accordingly, fluorescence 
rapidly recovered after photobleaching the internuclear mem-
brane region in Imp1-GFP expressing–cells, with a half-time 
equilibration of 10 s (Fig. 3 B). Recovery dynamics in the in-
ternuclear region were similar to those observed in the flank-
ing nuclear envelops in these cells (Fig. 3 C), indicating that 
Imp1 undergoes high nucleocytoplasmic transport activity in 
both the nuclear envelope and the internuclear region. Impor-
tantly, fluorescence in the central membrane domain was not 
altered by bleaching Imp1-GFP fluorescence at the adjacent  
nuclear regions (Fig. 3 C), suggesting that Imp1-GFP dif-
fusion from the internuclear to the flanking nuclear region 
is restricted. Therefore, the membrane region surrounding 
the spindle midzone represents a compartmentalized domain, 
here named the MMD. By using a nuclear localization sig-
nal (NLS)–GFP fusion protein (Shibuya et al., 1999), pho-
tobleaching experiments indicated that this nucleoplasmic 
protein freely diffuses between the segregating nuclei until 
anaphase B, when exchange of nucleoplasmic NLS-GFP was 
extremely reduced by the dumbbell morphology of the divid-
ing nucleus (Fig. 3 D). Thus, midzone localization of proteins 
regulating spindle disassembly in the S. pombe closed mitosis 
likely requires active transport, either through microtubule-
mediated plus-end motors from the nucleoplasm of the flanking 
nuclei and/or by nucleocytoplasmic transport through nuclear 
pores at the MMD.

To determine whether nucleocytoplasmic transport activ-
ity at the MMD controls spindle disassembly, we studied micro-
tubule dynamics and Imp1-GFP localization at the MMD in 
cells lacking the Nup133b nucleoporin. In nup133b mutants, 
proper nuclear pore distribution is impaired (Baï et al., 2004) 
and, occasionally, cells lacking nuclear pores at the MMD were 
produced. By coexpressing Imp1-Tom and GFP-Atb2 in the 
nup133b strain, we observed that cells with a normal MMD 
region (based on Imp1-GFP localization) followed normal mi-
totic spindle assembly and disassembly dynamics (reported by 
the GFP-Atb2 marker). However, cells without nuclear pores at 
the MMD failed to disassemble the spindle at the end of mitosis 
(spindles 115% of the cell length, n = 5; Fig. 3 E). Hence,  
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is severely impaired (Salus et al., 2002). By using an Imp1-GFP 
construct, we first confirmed that inactivation of Pim1 in pim1-d1 
cells compromised Imp1-dependent nucleocytoplasmic trans-
port. Accordingly, Imp1 rapidly accumulated at the nucleus 
upon shift to restrictive temperature in these cells (Fig. 5 A). In-
terestingly, when Pim1 was inactivated during interphase, we 
observed that GFP-Atb2–expressing cells assembled an abnor-
mally short mitotic spindle when they are in mitosis (Fig. 5 B). 
In contrast, in cells that were at anaphase B, Pim1 inactivation 
caused formation of hyperextended, frequently fishhook-shaped 
mitotic spindles, similar to those observed in Imp1-depleted 
cells (Fig. 5, B and C). Short spindles in pim1-d1 cells that en-
tered mitosis during Pim1 inactivation is in agreement with pre-
vious results, where Ran and importin- and - were implicated 
in spindle assembly (Fleig et al., 2000; Dasso, 2001; Schatz  
et al., 2003; Sato and Toda, 2007). In the same way, the exis-
tence of hyperextended mitotic spindles in Pim1-deficient  
anaphase B cells is consistent with the requirement of Ran- 
dependent nucleocytoplasmic transport activity for spindle dis-
assembly. Accordingly, when using single z-section analysis, 
fluorescent signal from Pim1-GFP at the spindle midzone was 
detected (Fig. 5 D).

Ran-dependent nucleocytoplasmic 
transport activity at the MMD
The small GTPase Ran is required for all forms of active import 
and export activities. In the classical import pathway, NLS-
tagged proteins form stable importin-/ complexes in the  
cytoplasm, where the concentration of Ran-GTP is low, but dis-
sociate from their carriers in the nucleus, where the concentra-
tion of Ran-GTP is high. Thereafter, the importin-–Ran-GTP 
complex and importin- bound to its exportin Cse1 and Ran-
GTP are reexported to the cytoplasm for another round of  
import (Lange et al., 2007).

In fission yeast, the nucleotide-bound state of the Ran  
GTPase (Spi1) is regulated by a nuclear guanine nucleotide  
exchange factor, Pim1 (Ran-GEF), and a cytoplasmic GTPase 
activating protein, Rna1 (Ran-GAP; Sazer and Dasso, 2000; Salus 
et al., 2002). To determine whether spindle disassembly driven 
by nucleocytoplasmic transport activity at the MMD is Ran  
dependent, we followed the mitotic spindle dynamics in a com-
promised Ran GTPase system by using the pim1-d1 temperature- 
sensitive mutant.

In the pim1-d1 mutant strain, the nuclear Ran-GEF activ-
ity is defective and, consequently, the nucleocytoplasmic transport 

Figure 4. Imp1-mediated transport in the 
MMD region is importin-–NLS cargo de-
pendent. (A) Time-lapse fluorescence images 
of a cell coexpressing Imp1-Tom and Imp1-
IBB-ED-GFP. Only Imp1-Tom is found at the 
MMD. (B) Time-lapse fluorescence images of a 
cell expressing Imp1-IBB-GFP. (graph) Mean 
maximal spindle length (percentage of the 
cell length) in wild-type and Imp1-IBB cells 
(graph represents mean and standard devia-
tion; n is the total number of cells scored from 
two independent experiments). (C) Time-lapse 
fluorescence images of Sid2-Tom in Imp1-IBB 
cells. Arrows indicate the position of the SPB 
after cytokinesis is initiated. Kymograph of this 
cell is shown. Asterisk denotes a signal of a 
nearby cell. (D) MMD localization (arrows) of 
Kap95-GFP and Kap104-GFP importin- pro-
teins during anaphase B. (E) Time-lapse fluor-
escence images of a cell expressing Sal3-GFP 
importin- protein. Kymograph of this cell is 
shown. Bars, 5 µm.
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Figure 5. Ran-dependent nucleocytoplasmic transport activity at the MMD. (A) Imp1-GFP localization in wild-type (lectin labeled) and pim1-d1 cells (green- 
and red-dashed cells, respectively) at 0 and 6 min after temperature shift form 25°C (permissive temperature for pim1-d1) to 36°C (restrictive temperature 
for pim1-d1). Time course accumulation of Imp1-GFP at the nucleus (ratio of nuclear to cytoplasmic fluorescence intensity) in wild-type (lectin labeled) and 
pim1-d1 cells after temperature shift from 25°C to 36°C (graph represents mean and standard deviation of at least six cells scored from three independent 
experiments). (B) Maximal spindle length (percentage of the cell length) in wild-type and pim1-d1 cells after temperature shifting during either interphase 
or anaphase B (graph represents mean and standard deviation; n is the total number of cells scored from at least three independent experiments). Fluor-
escence images of representative interphase and anaphase B pim1-d1 cells (at 36°C) expressing GFP-Atb2 and Sid2-Tom are shown. (C) Frequency (%) 
of fishhook-shaped mitotic spindles in wild-type and pim1-d1 (at 36°C) cells (graph represents mean and standard deviation; n is the total number of cells 
scored from three independent experiments). Representative fishhook-shaped mitotic spindles in a pim1-d1 GFP-atb2 sid2-Tom cell (at 36°C) is shown.  
(D) Time-lapse fluorescence images of a representative Pim1-GFP cell. Single z-sections in which Pim1-GFP signal can be observed at the MMD (arrowhead) 
are shown. (E) Time-lapse fluorescence images of Imp1-GFP–expressing cells. Arrow (b) indicates image acquired immediately after photobleaching Imp1-
GFP in the entire cell, except the MMD compartment (see schematized cells). Graph shows time course fluorescence intensity (FLIP assay, arbitrary units) in 
both nuclei and the MMD region (N1, N2, and MMD, respectively) in a representative cell of at least four cells scored in three independent experiments. 
Nonbleached nucleus is used as a control. (F) Time-lapse fluorescence images of Imp1-GFP–expressing cells. Arrows (b1–4) indicate image acquired im-
mediately after photobleaching Imp1-GFP in one of the nucleus (dashed circles; see schematized cells). Graph shows time course fluorescence intensity 
(FLIP assay, arbitrary units) in the MMD compartment and the flanking nuclei (MMD, N1, and N2, respectively) in a representative cell of at least four cells 
scored in three independent experiments. Nonbleached nucleus is used as a control. Bars, 5 µm.
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nuclear membrane through the nuclear pore in an importin-–
dependent manner (Lange et al., 2007).

The efficient identification of different components of the 
nucleocytoplasm transport machinery indicates that the assay 
may be useful to identify putative Imp1-binding NLS cargoes. 
Importantly, the AAA-ATPase Cdc48, a protein that is involved 
in spindle disassembly during mitotic exit in both budding yeast 
and Xenopus laevis egg extracts (Cao et al., 2003; Cao and 
Zheng, 2004; Cheeseman and Desai, 2004), and regulatory sub-
units Rpn501, Rpn7, Rpn8, Rpt5, and Rpt4 of the 26S of the 
proteasome complex (Wilkinson et al., 1998) were also identi-
fied in Imp1–3xHA purifications (Table S1).

Imp1-dependent transport of the spindle 
disassembly factor Cdc48 in the MMD
To determine a possible role for Cdc48 in mitotic spindle disas-
sembly in fission yeast, we analyzed spindle dynamics in the  
S. pombe cdc48-353 temperature-sensitive strain (Ikai and  
Yanagida, 2006), expressing GFP-Atb2 as a microtubule marker. 
At the semi-permissive temperature of 32°C, cdc48-353 cells 
showed hyperextended mitotic spindles that elongated up to  
104% of the cell length (Fig. 6 A), in contrast to 90% in a wild-
type background (Fig. 1 C). This result indicates that, like in  
Saccharomyces cerevisiae and X. laevis (Cao et al., 2003), Cdc48 
is also required for spindle disassembly in S. pombe cells.

In budding yeast, Cdc48 is mostly associated with the nu-
clear envelope and enters the nucleus during late G1 (Madeo  
et al., 1998). Using a GFP-tagged Cdc48 construct, we deter-
mined that this protein also localized at the nucleus in S. pombe 
cells. In agreement with being an Imp1 cargo, nuclear Cdc48-
GFP signal decreased 30% in the imp1 strain in comparison to 
wild type (Fig. 6 B). Sequence analysis determined that fission 
yeast Cdc48 has a canonical NLS, ranging from residues 36 to 
41 at its N-terminal domain. Mutational inactivation of this 
NLS domain (NLS*-Cdc48-GFP) significantly reduced its nu-
clear localization (Fig. 6 C), indicating that, independently of 
other nuclear localization domains, this NLS signal confers to 
Cdc48 conventional nucleocytoplasmic transport activity.

To follow Cdc48 localization dynamics, we used time-
lapse microscopy. In wild-type cells, GFP-tagged Cdc48 local-
ized to the nucleus throughout the cell cycle. However, we also 
observed that it transiently localized to the MMD region during 
mitosis (Fig. 6 D). Time course analysis in Imp1-depleted cells 
showed that this AAA-ATPase can also be detected at the nu-
cleoplasm and the nuclear membrane, but failed to localize at 
the spindle midzone region (Fig. 6 D). Analysis of the NLS- 
deficient Cdc48-GFP construct recapitulated this result (Fig. 6 D). 
We therefore conclude that in S. pombe cells, Cdc48 is a spindle 
midzone disassembly factor whose transport at the MMD is 
Imp1 dependent.

A molecular mechanism for the MMD in the 
control of the mitotic spindle disassembly
It is established that in S. cerevisiae cells, Cdc48 targets Ase1 
for degradation at the end of mitosis (Juang et al., 1997; Cao and 
Zheng, 2004). Because Ase1 bundles microtubules at the spindle 
midzone, its degradation is essential for spindle disassembly in  

To study Imp1 export dynamics, fluorescence loss in photo-
bleaching (FLIP) assays were performed in the Imp1-GFP 
strain. These assays indicated that the imported Imp1-GFP is 
not retained in the MMD compartment (Fig. 5 E and Fig. S2). 
Instead, it exits the midzone region with kinetics similar to the 
kinetics of Imp1-GFP exit from the nucleus (Fig. 5 F). There-
fore, this importin- is subjected to import/export cycles at the 
MMD region, as expected in a conventional Ran-GTPase– 
dependent manner. However, the mechanism by which the small 
Ran GTPase operates at the MMD nucleoplasm will be an im-
portant question to tackle in future studies.

Identification of Imp1-dependent  
NLS cargoes
The role of Imp1 in spindle disassembly can be understood by 
considering the function of Imp1 itself in nucleocytoplasmic 
transport activity. In a simple model, during anaphase B, importin- 
 Imp1 binds spindle disassembly factors in the cytoplasm. 
These factors (in complexes with specific importin- subunits) 
are transported through the nuclear pore in the MMD, and then 
unloaded in the spindle midzone in a Ran-GTP–dependent 
manner, becoming competent to promote spindle disassembly. 
Proteins and mechanisms that regulate disassembly at the mid-
zone in fission yeast are poorly understood. However, a vast 
array of factors has been described to regulate this process in 
budding yeasts and other eukaryotes (Fridman et al., 2009; 
Woodruff et al., 2010). To identify possible Imp1-dependent 
disassembly factors, we first analyzed localization and dynam-
ics of several these proteins (GFP tagged) in wild-type and 
imp1 fission yeast cells, such as Klp5 and Klp6 proteins of the 
kinesin-8 family (West et al., 2001; Unsworth et al., 2008),  
the Ark1 (Aurora B) kinase (Buvelot et al., 2003; Woodruff  
et al., 2010), and the Clp1 phosphatase (Cueille et al., 2001; 
Trautmann et al., 2001; Fu et al., 2009), which are known regu-
lators of spindle disassembly in budding yeast. All these pro-
teins localized at the spindle midzone during anaphase B in  
S. pombe cells, supporting a role in microtubule midzone dynam-
ics also. However, none of them depend on Imp1 transport for 
midzone localization (Fig. S3). This suggests that there are other, 
unidentified Imp1 cargoes transported at the MMD region to 
trigger spindle midzone disassembly.

The BIOGrid database lists 368 different proteins that 
have been found to physically interact with Srp1, the Imp1/
Cut15 homologue in budding yeast (Yano et al., 1992; Küssel 
and Frasch, 1995; Loeb et al., 1995). In S. pombe, only a single 
protein, the transcription factor Pap1, which also interacts with 
the Cut15 importin, has been shown to interact with Imp1 
(Umeda et al., 2005). To identify Imp1-dependent factors in-
volved in spindle disassembly in S. pombe cells, we purified 
Imp1–3xHA complexes and identified Imp1–3xHA binding  
proteins by mass spectrometry. Interestingly, importin- Kap95 
and Kap104, which are highly enriched at the MMD region 
(Fig. 4 D); nucleoporins Nup60, Nup61, and Nup104; Imp1 it-
self; and the other importin- Cut15 were among the most 
abundant Imp1-associated proteins (Fig. S4 and Table S1). This 
result agrees with a conventional role for Imp1 in fission yeast 
in which importin-/–NLS substrate complexes cross the  

http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
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mitotic spindles in the imp1 strain, yielding similar maximal 
spindle length in ase1 and ase1 imp1 cells (Fig. 7 B).

Significantly, regulatory subunits of the 26S proteasome 
complex were found among the proteins associated with Imp1 
(Table S1). Further analysis of Rpn8-GFP indicated that this 
proteasome regulatory factor is imported into the nucleus by 
Imp1 (Fig. S5). We also determined that Rpn8 physically inter-
acts with Imp1 (Fig. 7 C) and, furthermore, that its midzone lo-
calization depends on this importin- (Fig. 7 D). Hence, we 
suggest that Imp1 transport activity at the MMD serves to as-
semble the protein degradation machinery at the midzone re-
gion, allowing APC/C-targeted proteins to be rapidly degraded 
during spindle dissolution.

Discussion
Nucleocytoplasmic transport at the MMD
In this paper, we investigate how nucleocytoplasmic trans-
port is required for mitotic spindle disassembly in the closed  

this organism (Woodruff et al., 2010). To test whether Cdc48 
is required for Ase1 regulation at the spindle midzone in  
S. pombe cells, we analyzed Ase1-GFP levels in total cell extracts 
from cdc25-22 and cdc25-22 imp1 cells (which lack Cdc48 
protein at the spindle midzone) synchronized by G2 block and  
release. Kymographs were used to show Ase1-GFP localization 
throughout the cell cycle. In cdc25-22 cells, as previously re-
ported (Loïodice et al., 2005), a high molecular mass form of 
Ase1 (likely phosphorylated Ase1) appears as cells enter into 
mitosis and disappears at the time that the spindle midzone is 
dissolved during mitotic exit before septation (Fig. 7 A). How-
ever, in cdc25-22 imp1 cells, the high molecular mass Ase1 
fraction and midzone-localized Ase1 remained at high levels 
during septation, until the end of cytokinesis (Fig. 7 A). From 
these results, we hypothesize that Cdc48 import activity by Imp1  
at the MMD is required to remove phosphorylated Ase1 from 
the spindle midzone, either by promoting Ase1 dephosphoryla-
tion or its degradation. In agreement with this hypothesis, we 
determined that depletion of Ase1 rescued hyperextension of 

Figure 6. Imp1-dependent transport of the 
AAA-ATPase Cdc48 protein. (A) Time-lapse fluor-
escence images of wild-type and cdc48-353 
cells expressing GFP-Atb2 at 32°C (semi-restric-
tive temperature for the cdc48-353 strain) as 
cells enter cytokinesis. (graph) Mean maximal 
spindle length (percentage of the cell length) 
in wild-type and cdc48-353 cells at 32°C.  
(B) Cdc48-GFP localization in asynchronous 
wild-type (lectin labeled) and imp1 cells (green-  
and red-dashed cells, respectively) incubated 
at 25°C. (graph) Quantification of Cdc48-GFP 
signal at the nucleus (ratio of nuclear to cytoplas-
mic fluorescence intensity) in asynchronous wild- 
type (lectin labeled) and imp1 cells. Western 
blot analysis of Cdc48-GFP (tubulin is used as  
a control) in cell extract of both strains is shown.  
(C) Cdc48-GFP localization in asynchronous 
Cdc48-GFP (lectin labeled) and NLS*-Cdc48-
GFP (inactivated NLS) cells (green- and red-
dashed cells, respectively) incubated at 25°C. 
(graph) Quantification of Cdc48-GFP signal at  
the nucleus (ratio of nuclear to cytoplasmic fluor-
escence intensity) in asynchronous Cdc48+ 
(lectin labeled) and NLS*-Cdc48 mutant cells 
incubated at 25°C. (D) Localization of Cdc48-
GFP by time-lapse fluorescence in wild-type 
(top) and imp1 cells (middle). Arrows indicate 
Cdc48 midzone localization in wild-type cells. 
Localization of NLS*-Cdc48-GFP by time-lapse 
fluorescence in wild-type background (bottom).  
Bars, 5 µm. Graphs represent mean and standard 
deviation. n is the total number of cells scored 
from at least three independent experiments.

http://www.jcb.org/cgi/content/full/jcb.201412144/DC1
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necessarily depends on active transport mechanisms. Accord-
ingly, spindle disassembly defects observed in Imp1-depleted 
cells (Figs. 1 and 2), nuclear pore localization studies (Fig. 3 
and Fig. S1), import/export dynamics of importin- (Figs. 3  
and 5), specific importin  subunit association (Fig. 4 and 
Table S1), and Pim1 localization/function analysis (Fig. 5),  
support the requirement of nucleocytoplasmic transport activ-
ity at the MMD for the spatiotemporal control of the spin-
dle disassembly in fission yeast. In particular, we found that 
the spindle disassembly factor Cdc48 is transported by Imp1 
through nuclear pores at the MMD and unloaded in the mitotic 
spindle midzone during mitosis exit (Fig. 6), supporting the  
key role that nucleocytoplasmic transport activity plays at the 
MMD in spindle midzone dissolution. A model representing  

mitosis of fission yeast. In S. pombe cells, spindle disassembly  
occurs late in mitosis, during the dumbbell shape of the ana-
phase B nucleus (Sagolla et al., 2003). Using photobleaching, 
we show that at this stage the nuclear envelope surrounding the 
mitotic spindle midzone constrains nucleoplasmic diffusion  
at the midzone compartment (Fig. 3 D). A similar compartmen-
talization has been shown during anaphase in budding yeast, 
where this morphological constraint functions as a diffusion 
barrier that allows the asymmetric segregation of nucleoplas-
mic components between the mother and the daughter cell 
(Boettcher et al., 2012). In fission yeast, this compartmental-
ization also has clear functional consequences for the cell. By 
limiting the nucleoplasmic diffusion at the midzone region, 
access of disassembly factors required for midzone dissolution 

Figure 7. Imp1-dependent levels of the  
spindle-stabilizing protein Ase1. (A) Western 
blot analysis of Ase1-GFP protein levels through 
the cell cycle in synchronized cdc25-22 and 
cdc25-22 imp1 cells. -Tubulin is used as a 
control. Maximal septation index values are in-
dicated. Kymographs of cdc25-22 and cdc25-22 
imp1 cells expressing Ase1-GFP. Red arrow 
indicates midzone dissolution in cdc25-22 
cells. Schematized cells (bottom) representing 
interphase, early anaphase, late anaphase B,  
ring contraction and daughter nuclei reposition-
ing, and the end of cytokinesis, respectively, 
are shown. (B) Time-lapse fluorescence images 
of ase1 imp1 cells expressing Atb2-GFP and 
Sid2-Tom. Arrowhead indicates the initiation of 
spindle disassembly. (graph) Maximal spindle 
length in ase1 and ase1 imp1 cells, com-
pared with wild-type and imp1 cells (from 
Fig. 1C). (C) Levels of Imp1-HA and Rpn8-GFP 
(Western blot analysis) in cells expressing Imp1-
HA, Rpn8-GFP, or both tagged proteins in total 
extracts and in Imp1-HA immunopurified com-
plexes. (D) Time-lapse fluorescence images of 
Rpn8-GFP in wild-type (top) and imp1 (bottom) 
cells. Arrows indicate Rpn8-GFP midzone local-
ization in wild-type cells. Bars, 5 µm. Graphs 
represent mean and standard deviation. n is the 
total number of cells scored from three indepen-
dent experiments.
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which targets them for degradation by the 26S proteasome 
(Juang et al., 1997; Woodruff et al., 2010). Accordingly, Srp1-
mediated transport of proteasome subunits in the nucleus sug-
gests that protein degradation could occur within this organelle 
(Chen et al., 2011). In S. pombe, the proteasome localizes at the 
nucleus, but, intriguingly, it localizes at the mitotic spindle mid-
zone too (Wilkinson et al., 1998). By using the Rpn8 subunit, 
we demonstrated that proteasome localization at the midzone 
depends on Imp1 activity (Figs. 7 and S5). Hence, indepen-
dently of mechanisms regulating Ase1, we propose that Imp1-
dependent transport of 26S proteasome components could serve 
to assemble the protein degradation machinery at the midzone, 
allowing APC/C-targeted proteins to be rapidly degraded at  
this compartment for efficient mitotic spindle disassembly 
(Woodruff et al., 2010).

The MMD, a necessary domain in  
closed mitosis
Eukaryotic cell division uses different forms of mitosis for accu-
rate chromosome segregation (Sazer, 2010). In closed mitosis, the 
nuclear membrane that envelops the mitotic spindle during nuclei 
segregation generates a physical barrier that, as proposed in this 
study, requires specialization at the MMD to promote spindle dis-
assembly at the end of mitosis. In open and semi-open mitosis, a 
membranous spindle matrix surrounds the mitotic spindles (Tsai 
et al., 2006; Ma et al., 2009; Zheng, 2010). It will be interesting 
to elucidate whether the MMD and this membranous matrix have 
any functional/evolutionary equivalence.

Nucleocytoplasmic transport specialization has been re-
ported in higher eukaryotes (Adams and Wente, 2013). During 
evolution, the importin- gene has undergone multiple rounds of 
duplications and lineage-specific expansions. In animals, most 
importin- proteins belong to one of three conserved clades, 
referred as 1, 2, and 3 (Mason et al., 2009), expressed in 

the proposed nucleocytoplasmic transport activity at the MMD 
is shown in Fig. 8.

Triggering midzone dissolution by the  
NLS-Cdc48 disassembly factor
In budding yeast, the APC/C is essential for disassembly of the 
mitotic spindle late in mitosis (Juang et al., 1997; Woodruff  
et al., 2010). Cdc48 is required for the degradation of at least 
two key APC/C substrates involved in mitotic exit in X. laevis 
and budding yeast cells: the polo kinase Cdc5 and the micro-
tubule binding protein Ase1 (Cao et al., 2003; Cheeseman and 
Desai, 2004). Our results also establish a role for Cdc48 as a 
disassembly factor in fission yeast (Fig. 6). Furthermore, we 
determined that, as previously reported (Loïodice et al., 2005), 
a slow migrating Ase1 band (likely Ase1-P) disappears as the 
midzone is dissolved, before septation. This Ase1 variant per-
sists in Imp1-depleted cells (lacking Cdc48 at the midzone) 
until the end of cytokinesis (Fig. 7 A). Thus, we hypothesize 
that in S. pombe cells, Imp1-dependent transport of Cdc48 at 
the MMD likely promotes removal of this Ase1-P protein from 
the spindle midzone late in anaphase B (Fig. 7 B and Fig. 8).

Whether Cdc48 targets Ase1 for proteasome degradation 
in S. pombe cells is not yet known. Regulation of Ase1 is also 
achieved by phosphorylation involving some major cell-cycle 
regulatory kinases (CDK1 and Aurora B; Duellberg et al., 
2013). Because Cdc48 regulates activity and stability of Aurora 
B (Heallen et al., 2008; Dobrynin et al., 2011), it could promote 
Ase1 disappearance either by directing this Ase1 variant to the 
26S proteasome for degradation and/or by indirectly controlling 
its phosphorylation state. Further studies will be required to  
investigate the mechanisms controlling Ase1 degradation/ 
dephosphorylation to provide important information about spin-
dle disassembly in S. pombe cells.

During mitosis, a variety of nuclear proteins are recog-
nized and ubiquitinated by the APC/C E3 ubiquitin ligase, 

Figure 8. A model of the nucleocytoplasmic transport activ-
ity at the MMD. Picture representing the anaphase B nucleus 
of an S. pombe cell with several nuclear pore complexes lo-
calized at the MMD. Association of NLS cargoes to Imp1 
allows this importin- adaptor, in complexes with specific 
impotin  subunits, the transport of disassembly factors such 
as Cdc48 through the nuclear pore. Disassembly factors are 
then unloaded at the midzone nucleoplasmic compartment to 
promote spindle midzone dissolution.



399The mmD controls mitotic spindle disassembly • lucena et al.

100×, 1.4 NA objective [Roper Scientific]) or a Delta Vision microscope 
(IX-71; Olympus; CoolSnap HQ camera, Plan Apochromat 60×, 1.42 
NA objective [Applied Precision]) in EMM supplemented as required. 
Images were acquired and analyzed with Metamorph software (Mo-
lecular Devices), ImageJ (National Institutes of Health), and Softworx 
(Applied Precision). Time-lapse experiments at 25°C were imaged in 
35-mm glass-bottom culture dishes (P35-1.5-10-C; MatTek) coated with 
soybean lectin (Sigma-Aldrich) and immersed in 3 ml of medium. cdc48-
353 live-cell imaging was performed at 32°C mounted on a FCS2 
chamber (Bioptechs) coated with soybean lectin and using an objective 
heater (Bioptechs) for temperature control during imaging. pim1-d1 cells 
were grown at 25°C and mounted on a FCS2 chamber as described for 
cdc48-353. This led to a temperature shift of the cells from 25 to 36°C 
2 min after mounting.

For spinning disk time-lapse experiments, cells were imaged at  
30–60-s intervals in 20 z-series with a step size of 0.3 µm. For Delta Vision 
time-lapse experiments, cells were imaged in 12 z-series with a step size  
of 0.5 µm.

Cell wall and chromatin regions were visualized by Calcofluor white 
(Sigma-Aldrich) and DAPI (Sigma-Aldrich), respectively. Latrunculin B  
(Toronto Chemicals) was added at a final concentration of 10 µM.

Kymographs were constructed using ImageJ software. Spindle lengths 
were measured using GFP-Atb2 as a marker. Graphs and statistical analyses 
were generated using GraphPad Prism version 5 (GraphPad Software).

FRAP and FLIP analysis
FRAP and FLIP techniques were performed on the spinning disk confocal 
microscope. Images were taken at one optical section, exposed for 100 ms, 
and captured at 1-s intervals for 100 s total. In FRAP and FLIP experiments, 
at least five images were captured before bleaching. Laser power ranged 
from 10 to 20% in all experiments.

Western blotting
Protein extracts from Cdc48-GFP and Cdc48-GFP Imp1 cells, or from 
Rpn8-GFP and Rpn8-GFP Imp1 cells, were prepared at sequential time 
points, collected by centrifugation, washed with STOP buffer (0.9% NaCl, 
1 mM NaN3, 10 mM EDTA, and 50 mM NaF), and frozen in liquid nitro-
gen. Total protein extracts were prepared by Fast-prep vortexing with glass 
beads (Sigma-Aldrich) as described previously (Moreno et al., 1991). Pro-
tein extracts from Ase1-GFP Cdc25-22 and Ase1-GFP Imp1 Cdc25-22 
were prepared as described previously (Zapata et al., 2014). In brief, 1.6 ml  
of sample was collected at every time point and centrifuged at 13,000 rpm 
for 15 s. The supernatant was removed and 200 µl of glass beads were 
added before freezing in liquid nitrogen. 120 µl of sample buffer  
(65 mM Tris-HCl, pH 6.8, 3% SDS, 10% glycerol, 50 mM NaF, 100 mM 
-glycerophosphate, 5% 2-mercaptoethanol, 2 mM PMSF, and Bromophe-
nol blue) were added to lyse the cells in a Multibeater-8 at top speed for  
2 min. The samples were placed in boiling water for 5 min and immedi-
ately centrifuged for 5 min at 13,000 rpm. Extracts were loaded on 9% 
SDS-PAGE and blotted on nitrocellulose. Blots were probed with mouse 
anti-GFP (Roche) at 1:2,000 dilution and mouse anti–-tubulin (Sigma- 
Aldrich) at 1:10,000 dilution followed by anti–mouse IgG conjugates 
(Sigma-Aldrich) at 1:5,000 dilution. The ECL system (GE Healthcare) was 
used to detect anti–-tubulin and Ase1-GFP, whereas Supersignal (Thermo 
Fisher Scientific) was used to detect Cdc48-GFP and Rpn8-GFP.

Coimmunoprecipitation assays
Cells expressing Imp1-HA, Rpn8-GFP, or both were grown at 25°C. 1 liter 
of each cell culture was pelleted, washed once in stop buffer (150 mM 
NaCl, 50 mM NaF, 10 mM EDTA, and 1 mM NaN3, pH 8), and frozen 
on liquid nitrogen. Total protein extracts of these strains were prepared 
from 3–5 × 109 cells using HB buffer (50 mM Hepes-KOH, pH 7.6, 75 mM 
-glycerol phosphate, 50 mM NaF, 1 mM MgCl2, 1 mM EGTA, 5%  
glycerol, 0.25% Tween-20, and 1 mM PMSF; Moreno et al., 1991). Im-
munoaffinity beads were made by binding mouse anti-HA monoclonal an-
tibodies (Santa Cruz Biotechnology, Inc.) to protein A beads (Bio-Rad 
Laboratories) overnight at 4°C. Cell extracts (2 mg of total protein) were 
incubated with the immunoaffinity beads for 4 h at 4°C. The beads were 
washed four times with 1 ml of HB buffer and resuspended in sample buf-
fer. Immunoprecipitates were resolved on SDS-PAGE (12%), blotted, and 
probed with anti-HA (1:1,000; F-7; Santa Cruz Biotechnology, Inc.) or 
anti-GFP (1:1,000) antibody (Roche). Coimmunoprecipitation assays 
were also performed in cells expressing Imp1–3xHA and Cdc48-GFP, 
but significant Cdc48-GFP signal was not obtained in the different West-
ern blot methods used.

distinct temporal and spatial patterns undergoing specialized 
functions (Hogarth et al., 2006; Pumroy and Cingolani, 2015). 
In Arabidopsis thaliana, only one of the ten members of the 
importin- family mediates Agrobacterium tumefaciens trans-
formation (Bhattacharjee et al., 2008), indicating that also in 
plants importin- evolved to carry out specialized roles. In bud-
ding yeast there is only one gene coding for importin-, named 
SRP1 (Yano et al., 1992; Kuüssel and Frasch, 1995; Loeb et al., 
1995). However, fission yeast has two importin- genes, cut15 
and imp1 (Matsusaka et al., 1998; Umeda et al., 2005). The 
specialized role of Imp1 in spindle disassembly described here 
likely represents an early step of the evolutionary diversion of 
this protein in eukaryotic cells. Altogether our data support that, 
in S. pombe, a separate membrane domain (MMD) surrounding 
the spindle midzone supports spindle disassembly. The role of 
Imp1 in the transport of specific NLS cargoes at this domain 
may provide new insights into mechanisms that lead to special-
ized nucleocytoplasmic transport events.

Materials and methods
Yeast strains, genetic procedures, and media
The S. pombe strains used in this study are listed in Table S2. ase1-deleted 
and ase1-GFP strains were provided by P.T. Tran (Centre de Recherche, In-
stitut Curie, Paris, France). The pim1-d1 strain was provided by S. Sazer (Baylor 
College of Medicine, Houston, TX). Ark1-GFP, Klp5-GFP, and Klp6-GFP 
constructs were provided by Y. Watanabe (University of Tokyo, Tokyo, 
Japan). Plasmids with Imp1 variants carrying IBB and ED mutations were 
provided by T. Toda (Cancer Research UK, London Research Institute, 
London, UK). Sal3-GFP and Cdc48 alleles were provided by the Yeast 
National Bioresearch Project (Japan). Strains were generated by genetic 
crosses and tested by segregation of markers or PCR. Experiments in liq-
uid culture were performed in minimal medium (EMM), supplemented as 
required. Experiments used a starting cell density of 2–4 × 106 cells/ml, 
corresponding to the mid-exponential growth phase. The nmt promoters 
were repressed in EMM medium with 5 µg/ml thiamine and expressed 
in EMM without thiamine (Maundrell, 1993). Deletion of endogenous 
imp1+ was performed by the PCR-based gene-targeting method with uracil 
as selection marker (Bähler et al., 1998). Imp1-Tom, Cdc48-GFP, Rpn8-
GFP, and Pim1-GFP C terminus tagging were performed at their native 
loci by homologous recombination using plasmids pFA6a-tdT-NatMX6 and 
pFA6A-GFP(S65T)-KanMX6 (Bähler et al., 1998). Oligonucleotides NLS1-5 
(5-CTTTTTTTTAGAATTCGATGCTAACAAGCTCAGTACATATAGTGCA-
GAAGACACAGCAACAGCTATTCTTCGTGCAGCAGCAGCACCAAA-3)  
and NLS1-3 (5-CATGGTATTGGACGACAATGTGATTACTGAGTTAT-
CATCGTTGGTAGCGTCATCGACCACTAGAGAATTTGGTGCTGCTGCT-
GCACGAAG-3) were used for the mutational inactivation of the Cdc48  
NLS (LRKKRKP to LRAAAAP) located between residues 36 and 42 in 
pREP41-Cdc48-GFP multicopy plasmid following described procedures 
(Edelheit et al., 2009). DNA sequencing was used to confirm the mutation 
(NLS*-Cdc48-GFP). Multicopy plasmid pREP41-GFP-Imp1-IBB-ED carry-
ing the putative cargo-binding sites of Imp1 (D192R E393R) was used 
for expression of the Imp1-IBB-ED variant (Sato and Toda, 2007). The 
plasmid was repressed in EMM with 5 µg/ml thiamine and expressed in 
EMM without thiamine. To make the GFP-Imp1-IBB construct, an ApaI-
BspEI 0.9-kb fragment containing the ED mutations was replaced with 
a wild-type sequence in the pREP41-GFP-Imp1-IBB-ED plasmid. Double 
mutants were constructed by tetrad dissection or random spore analysis. 
Transformation was achieved by the lithium acetate protocol (Norbury and 
Moreno, 1997). Synchronous cultures were generated by a block and 
release strategy using the cdc25-22 mutation (Moreno et al., 1991). Cells 
were arrested in a water bath at 36°C for 3 h and then shifted back to 
25°C. Aliquots were taken every 20 min to analyze the percentage of 
septated cells.

Microscopy and image analysis
Live-cell imaging was performed with a spinning disk confocal micro-
scope (IX-81; Olympus; CoolSnap HQ2 camera, Plan Apochromat 
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mass tolerance, tryptic digestion, up to two missed cleavages, static modi-
fications of carbamidomethylation on cysteine (+57.0214), and a dynamic 
modification of methionine oxidation (+15.9949). Peptide spectral matches 
were filtered to 1% FDR using the target–decoy strategy (Elias and Gygi, 
2007) combined with linear discriminant analysis using SEQUEST scoring 
parameters including Xcorr, Cn, precursor mass error, and charge state 
(Huttlin et al., 2010).

Online supplemental material
Fig. S1 shows the colocalization of Imp1-Tom and Nup61-GFP and time-
lapse images of a representative Nup107-GFP–expressing cell after photo-
bleaching one entire nucleus or only a nuclear region. Fig. S2 shows 
time-lapse fluorescence images of a representative cell after photobleaching  
Imp1-GFP in the two nuclei. Fig. S3 shows kymographs of Imp1-independent  
factors involved in spindle midzone dynamics. Fig. S4 shows Imp1–3xHA–
associated proteins separated by SDS-PAGE. Fig. S5 shows the role of 
Imp1 in the nuclear localization of Rpn8. Table S1 shows the list of pro-
teins identified by mass spectrometry potentially associated to Imp1–3xHA 
complexes. Table S2 shows the genotype of the strains used in this study. 
Online supplemental material is available at http://www.jcb.org/cgi/ 
content/full/jcb.201412144/DC1.
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