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            Abstract
Essential biological functions, such as mitosis, require tight coordination of hundreds of proteins in space and time. Localization, the timing of interactions and changes in cellular structure are all crucial to ensure the correct assembly, function and regulation of protein complexes1,2,3,4. Imaging of live cells can reveal protein distributions and dynamics but experimental and theoretical challenges have prevented the collection of quantitative data, which are necessary for the formulation of a model of mitosis that comprehensively integrates information and enables the analysis of the dynamic interactions between the molecular parts of the mitotic machinery within changing cellular boundaries. Here we generate a canonical model of the morphological changes during the mitotic progression of human cells on the basis of four-dimensional image data. We use this model to integrate dynamic three-dimensional concentration data of many fluorescently knocked-in mitotic proteins, imaged by fluorescence correlation spectroscopy-calibrated microscopy5. The approach taken here to generate a dynamic protein atlas of human cell division is generic; it can be applied to systematically map and mine dynamic protein localization networks that drive cell division in different cell types, and can be conceptually transferred to other cellular functions.
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                    Fig. 1: Quantitative imaging of mitotic proteins.[image: ]


Fig. 2: Modelling of mitotic standard time.[image: ]


Fig. 3: Visualization of 4D protein-distribution maps.[image: ]


Fig. 4: Identification of dynamic protein clusters.[image: ]
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                Data availability

              
              All images processed in this study including original images, concentration maps, segmentation mask for both cellular and chromosomal volume and concentration maps are available in the Image Data Resource (http://idr.openmicroscopy.org51) under DOI: 10.17867/10000112. Further data and code are available as follows: all images are also available for download on the mitotic cell atlas website http://www.mitocheck.org/mitotic_cell_atlas/downloads/v1.0.1/mitotic_cell_atlas_v1.0.1_fulldata.zip (~0.5 TB).The data supporting the spatio-temporal mitotic cell model and the analysis is available from the mitotic cell atlas website (http://www.mitocheck.org/mitotic_cell_atlas/downloads/v1.0.1) and contains: i) segmentation masks for the landmarks (that is, cell boundary and chromosome mass(es)) as TIFF files (directory ‘mitotic_cell_model/binary_masks’) and snapshots of the 3D rendering of each of the spatial models in VRML and TIFF formats (directory ‘mitotic_cell_model/snapshots’). ii) Two movies (orthogonal and oblique views) created from 3D reconstructed average landmarks (cell boundary and chromosome mass(es); directory ‘mitotic_cell_model/movies’). iii) Average concentrations of each protein at individual mitotic stages as mat files, TIFF stacks, and tab-delimited text files (directory ‘protein_distributions’). iv) Feature data used for the analysis (to produce Fig. 4, Extended Data Figs. 7, 8d, e, 9) in a tab-delimited text file (file ‘cell_features.txt’). This file can be used directly as input to the notebooks available in the code repository. This file also contains the mitotic standard time and stage assigned to each cell image. v) Canonical localization data (file ‘canonical_mitotic_clusters.h5’). vi) Dynamic graph (file ‘dynamic_graph_adjacency_matrices.h5’).
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Extended data figures and tables

Extended Data Fig. 1 Segmentation and time alignment.
a, b, Segmentation and 3D reconstruction of landmarks. a, Single x–y plane image in mCherry (587–621 nm, first row) and DY481XL (622–695 nm, second row) detection channels. Third row: detected chromatin markers in which boundaries of the chromosomal volume of interest are marked in red. Fourth row: output of watershed transform on ratio image in which the boundary of the detected cell of interest is marked in green. Scale bar, 10 μm. b, Reconstruction of cell and chromosomal surfaces in 3D (grey) and the predicted division axis (red). c–e, Generating the mitotic standard time model. c, Dynamic time warping is used to align a pair of time-resolved sequences. d, Modified Barton–Sternberg algorithm to align 132 sequences. e, The cumulative s.d. of a single feature after each iteration of the algorithm. It remains nearly constant after the second round indicating that at termination (fourth round) a stable time alignment was achieved. This has been repeated 10 times and similar alignment results are obtained when the number of cells is more than 50.


Extended Data Fig. 2 Detection of mitotic standard stages.
a, Detection of major mitotic transitions of the mitotic standard time. Peaks in the second derivatives (red circles) above a pre-defined threshold (grey lines) were detected in all feature dimensions as mitotic transitions. b, Additional smaller peaks (blue dots) were detected to ensure a maximum duration of 12 min for each standard stage. c, Transitions were deleted (grey circles) such that all stages had a minimal duration of 1.5 min. d, The standard mitotic cell was represented by the cell closest to the mean of each stage. Each mitotic stage was assigned duration (coloured line), its duration s.d. (grey line) and a biological annotation.


Extended Data Fig. 3 Comparison between mitotic standard time for HeLa Kyoto and U2OS cells.
a, Features used for generating the mitotic standard time model after alignment for HeLa Kyoto cells (left) and U2OS cells (right). Grey line, normalized feature value over time of individual cells; black line, mean. b, Mitotic standard time transitions for HeLa cells (left) and U2OS cells (right). c, Standard mitotic U2OS cell represented by the cell closest to the average of each mitotic standard stage. Each mitotic stage was assigned duration (coloured line), its duration s.d. (grey line) and a biological annotation.


Extended Data Fig. 4 Generation of spatial model for standard mitotic stages by combining two cylindrical representations.
a, b, Examples of cells in mitotic stage 10 (a) were registered using the predicted cell division axis as shown in b. c, Transformation between Cartesian and cylindrical coordinate systems. d, Example cellular and chromosomal surfaces (grey) were transformed into the cylindrical coordinate system using two cylindrical axes (z-axis or predicted division axis) marked in yellow. e, Average cellular and chromosomal surfaces in cylindrical coordinate systems. f, Union (∪) and intersection (∩) of the averaged landmarks volumes represented in the Cartesian coordinate system that were then combined to generate final cellular and chromosomal surfaces shown in the first image in g. g, By averaging a large number of cells, models were generated for all mitotic standard stages with symmetrical geometries and example stages 10, 14, 16 and 19 are shown. h, The spatial variation of the mitotic standard spaces shown in g.


Extended Data Fig. 5 Chromatin organizers and NUPs localization.
a–c, Maximal intensity projection from the mitotic standard model at selected stages. Scale bars, 10 μm. a, Chromatin organizers RAD21, CTCF, NCAPH2, KIF4A and TOP2A present on chromatin during mitosis. b, Chromatin organizers STAG1, STAG2 and WAPL with weak binding to chromatin during mitosis. c, Four NUPs at selected standard mitotic stages. d, NUPs localization as function of mitotic standard time. The curves for STAG2 and WAPL are shown as a reference and are identical to the data from Fig. 3c.


Extended Data Fig. 6 Interest point clusters and dynamic protein localization.
a, Pipeline for the definition of interest point clusters using a subset of the data. Images (936, corresponding to 5% of the entire dataset) were randomly selected from the dataset to construct a pool of interest points. Each interest point was numerically described with a 40 dimensional feature vector encoding the intensity distribution, localization and contrasts to the interest point neighbourhood. Combining k-d tree-like and thresholding-based clustering with density-based clustering, the interest points were grouped into 100 clusters. b, The remaining interest points of the dataset were then assigned to the identified clusters. Thus each image was represented as the distribution of intensity in each of the 100 interest point clusters. c, Non-negative factorization of the data tensor of proteins × features × mitotic stages (left panel) produced a non-negative tensor of reduced dimension (middle) for which entries can be interpreted as the fraction of protein belonging to each cluster over time (right, each cluster is represented by a different colour and the height of a coloured bar at a given mitotic stage represents the fraction of the protein in the corresponding cluster at this stage).


Extended Data Fig. 7 Quantitative evolution of protein subcellular localizations inferred from non-negative tensor factorization of the proteins × features × time tensor.
Each subcellular localization cluster was assigned a different colour and named using known information on proteins belonging to that cluster. The height of each colour band at each time point is proportional to the fraction of the protein amount in the corresponding cluster at that time point. Genes were grouped by complete linkage clustering with optimal leaf ordering.


Extended Data Fig. 8 Mitotic standard model and supervised classification to investigate the dynamic localization of kinetochore proteins.
a, b, Concentration maps of chromosome passenger complex proteins AURKB and CDCA8 in anaphase and early telophase. a, AURKB concentrates in an outer ring and a central disk. Most of CDCA8 remains on chromatin, and after AURKB has already relocalized—between late anaphase and early telophase—only a small CDCA8 fraction colocalizes with AURKB in the central disk. b, Colour displaying CDCA8 was adapted to make its localization in the central disk visible. c–e, Analysing sub-cellular (dis)assembly kinetics using a supervised approach. c, Example of maximally z-projected images of marker proteins for the selected subcellular compartments used for the supervised approach. Scale bar, 10 μm. d, Kinetics of kinetochore disassembly. The predicted number of molecules localized on kinetochore and centromeres are plotted for eight proteins in the mitotic standard time (left) and zoomed in for anaphase (right). e, Order and rate of protein removal from the kinetochore during anaphase. The annotation and circle diameter indicate the number of molecules at the estimated average time of dissociation.


Extended Data Fig. 9 Prediction of protein molecule numbers on major mitotic subcellular structures using the supervised approach.
The colour scheme is adjusted to the most similar cluster identified using non-negative tensor factorization (Extended Data Fig. 7). Cytoplasm values are divided by ten.


Extended Data Table 1 Reference structures for supervised modelFull size table
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