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            Abstract
At the end of mitosis, eukaryotic cells must segregate the two copies of their replicated genome into two new nuclear compartments1. They do this either by first dismantling and later reassembling the nuclear envelope in an ‘open mitosis’ or by reshaping an intact nucleus and then dividing it into two in a ‘closed mitosis’2,3. Mitosis has been studied in a wide variety of eukaryotes for more than a century4, but how the double membrane of the nuclear envelope is split into two at the end of a closed mitosis without compromising the impermeability of the nuclear compartment remains unknown5. Here, using the fission yeast Schizosaccharomyces pombe (a classical model for closed mitosis5), genetics, live-cell imaging and electron tomography, we show that nuclear fission is achieved via local disassembly of nuclear pores within the narrow bridge that links segregating daughter nuclei. In doing so, we identify the protein Les1, which is localized to the inner nuclear envelope and restricts the process of local nuclear envelope breakdown to the bridge midzone to prevent the leakage of material from daughter nuclei. The mechanism of local nuclear envelope breakdown in a closed mitosis therefore closely mirrors nuclear envelope breakdown in open mitosis3, revealing an unexpectedly high conservation of nuclear remodelling mechanisms across diverse eukaryotes.
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                    Fig. 1: Les1 domains define the site of nuclear division.[image: ]


Fig. 2: Nuclear division occurs by local nuclear envelope breakdown.[image: ]


Fig. 3: Les1-restricted stepwise NPC disassembly drives local NEB.[image: ]


Fig. 4: Les1 isolates nuclei from local NEB.[image: ]
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                Data availability

              
              Bulk microscopy time-series data, comprising more than 50 files with an average size over 1 GB, are available upon request. The S. pombe strains generated for and used in this study (Extended Data Table 1) are available upon request. Source data are provided with this paper.

            

Code availability

              
              All custom software designed for and used in this study is freely available on GitHub in a public repository at https://github.com/superresolusian/local-NEB. The use of this code is governed by an MIT license.
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Extended data figures and tables

Extended Data Fig. 1 ER topology, Les1 structure and phylogeny.
a, Airyscan reconstructions of cells expressing the mCherry-AHDL synthetic construct. Orange arrows indicate tubules linking the outer nuclear envelope to the cortical ER. Purple arrows indicate the displacement of the cortical ER by the division ring (not shown). The blue bar indicates the central ER plate formed during late anaphase. Representative of more than 20 cells across 3 technical repeats. Scale bar. 2 μm. b, Genome-wide genetic interaction scores (E-MAP) with Les1/SPAC23C4.05c. Data from ref. 16. c, Schematic of Les1 sequence with positions of conserved motifs indicated. d, Phylogenetic tree of Les1 homologues across Schizosaccharomyces species with single S. cerevisiae homologue MSC1 grouping separately, indicating a duplication in the lineage leading up to Schizosaccharomyces. Bootstrap values indicated at nodes. See Methods for details of tree construction. e, Alignment of Les1 homologues with key conserved motifs highlighted. Colour-coded by % similarity. See Methods for details.


Extended Data Fig. 2 Image analysis workflow and its application to NE protein localization and spindle breakdown timings.
a, Schematic demonstrating pipeline for detecting and measuring nuclei and bridges in time-lapse data. Individual steps are described fully in the Methods. Representative images shown here are of Les1-mNeonGreen and Atb2-mCherry. b, The delay between reaching maximum spindle length (spindle max.) and spindle breakage, in seconds. Spindle breakage always follows maximal extension. Sample size (n) = 39 individual cells drawn from 3 biological repeats of the entire experiment. Central line represents the mean and the error bars represent the standard deviation of the population. c, Images of two-colour strains used for relative localization of nuclear envelope and NPC components and nucleus radii (r) as measured using the circular Hough transform (Methods), representative of more than 130 individual cells each drawn from 2 biological repeats. d, e, The vertical displacement (relative to the plane of the nuclear envelope) of various nuclear pore complex components (e) (schematized in d; Nup60, in the nuclear ring; Alm1 and Nup211 in the basket; transmembrane Nup Pom34) and nuclear envelope (NE) membrane proteins (Cta4) relative to Cut11. These measurements correspond to the differences in r as shown in c. Nup60-mEOS was used as an internal control, with the values representing the displacement of photo-converted Nup60-mEOS (red channel) relative to un-converted Nup60-mEOS (green channel). The dotted lines represent an estimate of the thickness of the nuclear envelope (see Methods for details). n = 393 (Cta4), 455 (Pom34), 266 (Les1), 185 (Nup60), 280 (Nup211), 218 (Alm1), and 135 (Nup60-mEOS) individual cells, each drawn from across 2 biological repeats of the entire experiment. The measure of centre (central line) shows the mean of each population and the error bars represent the standard deviation.
Source data


Extended Data Fig. 3 Electron tomography of mid- and early-stage bridges with correlative fluorescence images.
a, Fluorescence images of resin sections through cells expressing Les1-mNeonGreen (green) and Atb2-mCherry (magenta), corresponding to cells that were imaged by electron tomography and are shown in Fig. 2b (left image), Fig. 2c top panel (middle image) and Fig. 2c lower panel (right image). Images have been rotated to match approximately the orientation of electron tomograms. Scale bars, 1 μm. Representative of 1 (Fig. 2b) and 5 technical repeats (Fig. 2c), respectively. b, Fluorescence image of resin section through a cell expressing Les1-mNeonGreen (green) and Atb2-mCherry (magenta), corresponding to cell imaged by electron tomography shown to the right, indicated by white region. Scale bar, 1 μm. The right two panels are virtual slices through electron tomograms of the cell shown to the left. The approximate overlap in field of view of the tomograms is indicated by dashed lines. No NPCs are visible in the stalk part shown in top image. NPCs (indicated by blue arrowheads) are constrained to the midzone (bottom image). Scale bars, 100 nm. Representative of 2 technical repeats. c, Early stage bridge of a dividing cell; same electron tomogram and cell as shown in Fig. 2b. Top panel is the segmentation model; white area corresponds to the panels below. Inset slice 1 is a virtual slice through the electron tomogram showing the centres of microtubules, indicated by white arrowheads. Inset slice 2 is 18 nm apart in z and shows a nuclear pore, indicated by blue arrowheads. The NPC thus projects less than 18 nm into the nucleoplasm before encountering the microtubules. 1 technical repeat. Scale bars, 50 nm.


Extended Data Fig. 4 Dynamics of individual nucleoporins.
a, Averaged normalized intensity traces for Alm1-mNeonGreen (between 9 cells at t = -300 to 26 cells at t = 0) aligned by spindle max (t = 0). The central line represents the mean of the population; the shaded area depicts the standard deviation. Images on right are confocal maximum intensity projections of dividing cells expressing Alm1-mNeonGreen and Cut11-mCherry, representative of more than 20 cells across 3 biological repeats. Scale bar, 2 μm. b, Kymograph of intensities averaged across a single confocal plane of a dividing cell expressing Cut11-mCherry and Alm1-mNeonGreen and imaged at 3 frames per second followed by denoising (Methods). Representative of more than 10 cells across 2 technical repeats. c, Confocal maximum intensity projections of dividing cells expressing Nup211-mNeonGreen and Cut11-mCherry. Representative of more than 30 cells across 3 biological repeats. Scale bar, 2 μm. d, Schematic indicating effect of deleting Nem1 on nuclear envelope surface area and tension. e, Confocal maximum intensity projections of nem1∆ cells expressing Nup211-mNeonGreen and Cut11-mCherry. Representative of more than 30 cells across 2 biological repeats. Scale bar, 2 μm. The basket Nup is able to enter the nuclear bridge in this condition. f, Confocal maximum intensity projections of dividing cells expressing various NPC subcomplex components tagged with mNeonGreen at their C termini, co-expressed in each case with Cut11-mCherry. Each set of panels is representative of >20 cells across 2 biological repeats. Scale bars, 2 μm.
Source data


Extended Data Fig. 5 Relative localization of Les1 and nucleoporins.
a, Averaged line traces (darker lines = mean, lighter bands = standard deviation) of Les1 and Cut11 intensities along the bridge for 16 cells aligned at bridge length 3 μm. b, Time from bridge formation to maximum spindle length measured for strains pooled to generate Fig. 3e (GD173, GD250) and Extended Data 7d (GD176, GD253). Numbers in brackets (n) indicate number of cells in each population, with bars representing mean and standard deviation. The ANOVA F statistic and P value are listed above each plot. The line and pairwise P value within each plot refer to the comparison between pooled strains. c, Single Airyscan reconstructions of cells expressing Cut11 tagged at the endogenous locus with mNeonGreen and a synthetic mCherry-AHDL construct. Magenta arrow highlights stray nuclear pore cluster accompanied by widening of the nuclear envelope. Representative of more than 10 cells across 2 technical replicates. Scale bar, 2 μm. d, Maximum intensity projections of confocal images acquired every 60 s of cells expressing Les1-mNeonGreen and Cut11-mCherry. Bridge formation is at t = 0. Green arrows mark boundaries of Les1 stalks, magenta arrow indicates stray pore cluster. Representative of more than 50 cells across 6 biological repeats. Scale bar, 2 μm. e, SRRF reconstruction from single confocal planes of a cell expressing Les1-mNeonGreen and Cut11-mCherry. Magenta arrow indicates stray nuclear pore cluster, with examples marked upon the line scans along the bridges of 3 illustrative cells in f, Representative of more than 20 cells across 4 biological repeats. g, Confocal maximum intensity projections of cells expressing Cut11-GFP and Atb2-mCherry and acquired at 10 s intervals. Scale bars, 2 μm. Representative of more than 20 cells across 2 biological repeats. h, Relative NPC decay rates, calculated for a strain expressing both Nup60 and Cut11 (GD173; between 11 cells at t = -300 and 34 cells at t = 0), showing similar relative rates to a cross-strain comparison, as in b or Fig. 3e. Line shows mean of the population. i, Kymograph generated using 10 fps single plane imaging of a strain expressing Nup60 and Cut11 tagged at the endogenous loci with mNeonGreen and mCherry respectively. Blue (Nup60) and magenta (Cut11) arrows represent the staggered decay of individual clusters of nuclear pores. Representative of more than 10 cells drawn from 2 technical replicates.
Source data


Extended Data Fig. 6 Response of nuclear division dynamics to acute perturbations.
a, Confocal maximum intensity projections of nem1∆ cells expressing Les1-mNeonGreen and Cut11-mCherry. Note the absence of Les1 stalk formation. Schematic indicates opposing effects of nem1∆ and Cerulenin treatment. Representative of more than 30 cells drawn from 2 biological repeats. Scale bar, 2 μm. b, Two examples of nuclei attempting to divide in the presence of 10 μM Cerulenin. Note Les1 stalk formation along aberrant bridge-like projections. Magenta arrows indicate NPC clusters. Representative of more than 30 cells drawn from 3 biological repeats. c, Dividing cells expressing the Ark1-as3 analogue-sensitive allele, either co-expressing Les1-mNeonGreen and mCherry-Atb2 or Les1-mNeonGreen and Cut11-mCherry and treated with 5 nM 1NM-PP1 and 5 μM latrunculin A. In both cases, representative of more than 30 cells across 2 biological repeats. Scale bars, 2 μm. d, iSIM image of imp1∆ cells expressing Les1-mNeonGreen and Cut11-mCherry. Arrows highlight isolated NPC clusters in Les1-depleted regions. Representative of more than 40 cells across 2 biological replicates. Scale bar, 2 μm. e, Time-lapse confocal images of cells expressing Cut11-GFP, Cdc15-mNeonGreen, and mCherry-AHDL acquired at 60 s intervals with frames displayed at 3-min intervals. Representative of more than 50 cells across 3 biological replicates. Scale bars, 4 μm. f, Treatment with latrunculin A depolymerizes the actin ring (marked by Cdc15) but has a minimal effect on the time of nuclear division, as marked by the time from bridge formation to complete NPC signal loss. Numbers above and below the horizontal bar represent the difference in means with 95% confidence interval and the two-sided Mann–Whitney P value. n = 180 (untreated) and 146 (Lat A) individual cells in each population, in each case pooled from 3 biological replicates. Overlaid on individual data points, the upper and lower extent of the boxes span the inter-quartile range and the central bar denotes the median. g, Cytokinetic ring constriction only begins after nuclear division completes, and it takes almost 30 min for the ring to constrict and septation to complete. n = 222 (NPC loss to constriction start), 103 (constriction start to end) and 111 (constriction end to septation) individual cells in each population, in each case pooled from 3 biological replicates. Overlaid on individual data points, the upper and lower extent of the boxes span the inter-quartile range and the central bar denotes the median.
Source data


Extended Data Fig. 7 Nucleoporin localization and dynamics in les1Δ cells.
a, Fluorescence image of resin section through a les1Δ cell expressing Cut11-GFP (green) and a synthetic mCherry-AHDL construct (magenta), corresponding to the cell that was imaged by electron tomography shown in Fig. 4c. Representative of 2 technical repeats. Scale bar, 1 μm. b, Inter-pore distances for tomograms shown in Extended Data Fig. 2b (WT Early stage), 3b (WT Mid-stage), and tomogram not shown (les1∆ Mid-stage). See Methods for details on measurement. n = 26 (WT mid-stage), 18 (WT early stage) and 18 (les1∆ mid-stage) individual nuclear pores in each dataset. The central lines represent the mean of the population, with the error bars representing standard deviation. c, Bridge intensity at bridge formation as an indirect readout of nucleoporin copy number in individual cells, for wild-type (WT) and les1∆ cells. n = 19 (WT Cut11), 27 (les1∆ Cut11), 44 (WT Nup60) and 102 (les1∆ Nup60) individual cells pooled from a minimum of 2 biological replicates. Bars overlaid on top of individual data points represent the mean (central line) and standard deviation (error bars). P values derive from a two-tailed unpaired t-test. See Methods for details. d, Decay curves for NLS-GFP (orange, from 28 cells at t = -300 to 39 cells at t = 0), Nup60 (blue, from 10 cells at t = -300 to 15 cells at t = 0) and Cut11 (magenta, from 10 cells at t = -300 to 15 cells at t = 0) in a les1∆ background, drawn from a minimum of 2 biological replicates. Each trace was normalized by division by maximum bridge signal for that cell before averaging. The plot on the left represents the population averages for each marker in a les1∆ background, and the dotted orange line indicates exponential fit to the NLS-GFP average. The 3 subsequent plots show the averages (darker line) and standard deviation (shaded area) for each marker (NLS-GFP, orange; Nup60, blue; Cut11, magenta) in a les1∆ background, overlaid on the wild-type equivalents in grey. e, les1∆ cells expressing Alm1-mNeonGreen and Cut11-mCherry. Arrow indicates a small cluster of Alm1 that enters the bridge but then disappears. Representative of more than 20 cells from 2 biological repeats. Scale bar, 2 μm. f. SRRF reconstructions of confocal slices at 28 s intervals of les1∆ cells expressing Nup60-mNeonGreen and Cut11-mCherry tagged at the endogenous loci, aligned relative to spindle max (t = 0). Representative of more than 10 cells across 2 technical replicates. Magenta arrow indicates breakpoint. Scale bar, 2 μm. On the right, the cumulative distribution (42 cells from 2 strains across 3 biological replicates) of breakpoint locations relative to the midzone in les1∆ cells. The shaded grey area represents the mean +/− standard deviation of breakpoint locations in wild-type cells (31 cells from 2 biological replicates), with the cumulative distribution as a grey line.
Source data


Extended Data Fig. 8 Les1 truncations and genetic interactions.
a, Schematic indicating Les1 truncation constructs, with numbers representing amino acid positions starting from 1 at the N terminus. Lower panels, cells expressing Les1 (1-291)-mNeonGreen, replacing Les1 at the endogenous locus, as well as Cut11-mCherry. See Methods for details on the truncation constructs (all at endogenous locus, replacing endogenous copy). Note the absence of detectable stalks and the delocalization of Cut11 in the bridge. Representative of more than 10 cells across 2 biological repeats. Scale bar, 5 μm. b, Confocal maximum intensity projections of cells expressing Cmp7-mNeonGreen and Les1-mScarlet. Arrows indicate Cmp7 foci at the tips of retracting stalks. Representative of more than 20 cells across 4 biological repeats. Scale bar, 2 μm. c, Single iSIM slice of a dividing cell expressing Cmp7-mNeonGreen and Les1-mScarlet, representative of more than 5 cells drawn from 2 technical repeats. Scale bar, 2 μm. d, Tetrad dissection assay for les1∆ crossed with either lem2∆ or cmp7∆, showing colonies grown from individual spores. See Methods for details. e, Single image of double deletion strains, derived from the tetrad assay clones shown in d, expressing a synthetic NLS-GFP construct. Scale bar, 10 μm. Representative of more than 200 cells drawn from 2 biological repeats. f, Averaged line traces (darker lines = mean, lighter bands = standard deviation) of Nup60-mCherry intensities in les1∆ cells (grey: control; blue: treated with 10 μM Cerulenin) at bridge length 3 μm (n = 45 cells for cerulenin-treated; n = 27 cells for control). g, Confocal maximum intensity projections of les1∆ lem2∆ cells expressing Cut11-mCherry, either in the presence (lower panel) or absence (upper panel) of 5 μM latrunculin A. Representative of more than 20 cells across 3 technical repeats. Scale bar, 2 μm.
Source data


Extended Data Table 1 Complete list of S. pombe strains used in this studyFull size table
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