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            Abstract
Separation of eukaryotic sister chromatids during the cell cycle is timed by the spindle assembly checkpoint (SAC) and ultimately triggered when separase cleaves cohesion-mediating cohesin1,2,3. Silencing of the SAC during metaphase activates the ubiquitin ligase APC/C (anaphase-promoting complex, also known as the cyclosome) and results in the proteasomal destruction of the separase inhibitor securin1. In the absence of securin, mammalian chromosomes still segregate on schedule, but it is unclear how separase is regulated under these conditions4,5. Here we show that human shugoshin 2 (SGO2), an essential protector of meiotic cohesin with unknown functions in the soma6,7, is turned into a separase inhibitor upon association with SAC-activated MAD2. SGO2–MAD2 can functionally replace securin and sequesters most separase in securin-knockout cells. Acute loss of securin and SGO2, but not of either protein individually, resulted in separase deregulation associated with premature cohesin cleavage and cytotoxicity. Similar to securin8,9, SGO2 is a competitive inhibitor that uses a pseudo-substrate sequence to block the active site of separase. APC/C-dependent ubiquitylation and action of the AAA-ATPase TRIP13 in conjunction with the MAD2-specific adaptor p31comet liberate separase from SGO2–MAD2 in vitro. The latter mechanism facilitates a considerable degree of sister chromatid separation in securin-knockout cells that lack APC/C activity. Thus, our results identify an unexpected function of SGO2 in mitotically dividing cells and a mechanism of separase regulation that is independent of securin but still supervised by the SAC.
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                    Fig. 1: MAD2-dependent binding of human SGO2 to separase.[image: ]


Fig. 2: Co-depletion of securin and SGO2 is cytotoxic and results in premature sister chromatid separation and cohesin cleavage.[image: ]


Fig. 3: SGO2 is a MAD2-dependent, competitive inhibitor of separase.[image: ]


Fig. 4: TRIP13–p31comet-dependent disassembly liberates separase from SGO2–MAD2.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Mammalian SGO2 interacts with separase.
a, Hek293T cells were co-transfected with expression vectors for the following mouse proteins: GFP–separase, Flag–SGO2 and securin. Immunoprecipitation was carried out from transfected cells with either anti-Flag or anti-GFP antibodies and analysed by immunoblotting with the indicated antibodies. b, Mouse separase does not interact with human SGO2 and, therefore, cannot be used to study separase regulation in human cells. Securin-depleted Hek293T cells expressing GFP-tagged human separase(S1126A) or mouse separase(S1121A) were taxol-arrested and then subjected to IP–immunoblotting analyses using the indicated antibodies. c, SGO2 and MAD2 interact specifically with separase in untransformed cells. Taxol-arrested RPE1 cells were subjected to IP–immunoblotting analyses as indicated. d, Even in securin-expressing cells, a considerable fraction of separase is sequestered by SGO2. Taxol-arrested Hek293T, HCT116, and HeLa-K cells were subjected to IP–immunoblotting analyses using the indicated antibodies. ab 1, anti-DVPPRESHSHSDQSSKC (corresponding to amino acids 230–245 of human SGO2); ab 2, anti-KSEDLSSERTSRRRRC (corresponding to amino acids 1,234–1,249 of human SGO2); rb, rabbit; mo, mouse. Given below are the relative intensities (in per cent) of the separase signals (sum of full-length and N-terminal auto-cleavage fragment). Note the considerable co-depletion of separase upon SGO2 immunoprecipitation from HeLa-K (right).


Extended Data Fig. 2 Sgo1 rather than Sgo2 interacts with Mad2 and separase in Xenopus.
The indicated variants of in vitro-expressed X. laevis (X.l.) shugoshins and an excess of E.-coli-expressed Mad2 (to mimic SAC signalling) were incubated in anaphase egg extract (left). Following IP with anti-X.l. separase or mock-IgG from these mixtures, isolated proteins were detected by immunoblotting (middle and right). R170A, Mad2-binding-deficient Sgo1; ΔC, Sgo1-binding-deficient, C-terminally truncated Mad2.


Extended Data Fig. 3 Lack of securin and SGO2 or MAD2 have synergistic cytotoxic effects.
a–c, Clonogenic assays with HeLa-K (a), PTTG1−/− (SECURIN−/−) and parental HCT116 cells (b), and Hek293T cells (c) transfected with the indicated siRNAs. Bars show percentages of colony numbers relative to the control of three independent experiments (dots).

                          Source Data
                        


Extended Data Fig. 4 Depletion of securin and SGO2, but not the individual knockdowns, results in impaired chromosome alignment, premature loss of chromosomal cohesin and unscheduled separase activity.
a, HeLa-K cells transfected with the indicated siRNAs and a histone H2B–eGFP expression plasmid were observed by video fluorescence microscopy to assess metaphase plate formation (bottom). Bars show mean of three independent experiments (dots) counting at least 50 mitotic cells each (top). Scale bar, 5 μm. b, Eight hours after release from thymidine arrest, HeLa-K cells transfected with the indicated siRNAs were pre-extracted, fixed, and examined by fluorescence microscopy for cohesin-negative early mitotic chromatin. Left, representative images; right, bars show mean of three independent experiments (dots) counting prophase nuclei that were still round but already stained positive for condensin (100 each). Scale bar, 5 μm. c, Hek293T cells transfected with the indicated siRNAs were supplemented with taxol (but not EGCG; compare Fig. 2b) and analysed by chromosome spreading. Bars show mean of three independent experiments (dots). d, Exemplary immunoblots of cells analysed in c and Fig. 2b. Star denotes nonspecific band. e, siRNA-transfected HeLa-K cells expressing a separase activity sensor (H2B-mCherry–RAD21107–268–eGFP) were released from a taxol arrest by addition of ZM-447439 at time zero and analysed by time-resolved immunoblotting.

                          Source Data
                        


Extended Data Fig. 5 Identification of SGO2-binding-deficient separase variants.
Taxol-arrested Hek293T cells expressing transgenic Myc-tagged wild-type separase (WT) or one of the indicated variants (V1–V5) were analysed by IP–immunoblotting using the indicated antibodies. The investigation of PP2A-binding-deficient variants was motivated by the notion that SGO2–MAD2, like PP2A, preferentially interacts with full-length rather than auto-cleaved separase38 (see, for example, Fig. 3c). V3 cannot bind PP2A but can bind SGO2–MAD2, indicating overlapping but not identical binding sites.


Extended Data Fig. 6 Depletion of securin and Sgo2 but not the individual knock-downs result in premature disengagement of centrioles.
HeLa-K cells transfected with the indicated siRNAs were released from a thymidine block and arrested in G2 phase with the CDK1 inhibitor RO-3306. Corresponding lysates were used for immunoblotting (bottom right) and centrosome isolation followed by immunofluorescence microscopy (top right, representative images) to assess the degree of centriole disengagement as revealed by two C-Nap1 foci. Left, bars show mean of three independent experiments (dots) counting 100 centrosomes each. Scale bar, 1 μm.

                          Source Data
                        


Extended Data Fig. 7 Mutually exclusive binding of SGO2 to MAD2 or phosphorylated histone H2A.
a–d, Pre-charging of SGO2 with phosphorylated histone H2A blocks subsequent MAD2 binding. a, Experimental scheme for experiments shown in b–d. Beads loaded with the indicated Flag–SGO2 variants were consecutively incubated first with phosphorylated or unphosphorylated H2A or H3 peptide (input 1) and then with wild-type or, where indicated, C-terminally truncated (ΔC) MAD2 (input 2). Following washing (supernatant 2), bound proteins were visualized by immunoblotting. b, Usage of free H2A peptides. c, Usage of ovalbumin-coupled H2A peptides to facilitate their detection by standard glycine-SDS–PAGE and immunoblotting. d, Phosphorylated histone H3 peptide does not bind to SGO2. Free H2A and H3 peptides, used to interrogate immobilized SGO2, were separated by Tricine-SDS–PAGE39 and analysed by Coomassie staining and immunoblotting. e, Pre-charging of SGO2 with MAD2 blocks subsequent phospho-H2A binding. Experimental scheme (top) and corresponding immunoblotting analysis (bottom). H2A peptides were coupled to ovalbumin for ease of detection. f, Cartoon illustrating that SGO2 can bind to H2A phosphorylated on Thr121 or to MAD2 but not both at the same time.

                          Source Data
                        


Extended Data Fig. 8 Mapping separase-binding sites on X. laevis Sgo1.
a, Covering amino acids 200–300 of X. laevis Sgo1 with polyclonal antibodies impairs its binding to separase. Region-specific polyclonal X. laevis Sgo1 antibodies A–D were characterized (left) and added to in vitro-expressed X. laevis Sgo1 and E.-coli-expressed MAD2 (prey) as indicated. Immobilized X. laevis separase isolated by immunoprecipitation from anaphase egg extracts was then added as bait to these mixtures. Separase beads were washed and finally probed for associated proteins by immunoblotting. Mock, unspecific IgG; asterisk, unspecific band. b, c, Identification of two sites within X. laevis Sgo1 that are relevant for separase binding. Different in vitro translated (IVT) X. laevis Sgo1 fragments and variants thereof were combined with wild-type MAD2 or MAD2-ΔC as indicated (prey). Separase beads as in a were combined with these mixtures, washed and analysed for associated proteins by immunoblotting. d–f, X. laevis Sgo1(143–145A) and Sgo1(254–256A) (red) show compromised separase binding but retain MAD2 binding. d, The indicated full-length X. laevis Sgo1 variants were assessed for MAD2-dependent separase binding as in b, c. e, The indicated X. laevis Sgo1 fragments and variants thereof were combined with wild-type MAD2 or MAD2-ΔC, immunoprecipitated via their Myc-tag and assessed for MAD2 binding by immunoblotting. f, Summary of the mapping experiments. MIM, Mad2-interaction motif; n.d., not determined.


Extended Data Fig. 9 X. laevis Sgo1 and human SGO2 share the same order and spacing of separase- and MAD2-binding sites.
a, A point mutation turns X. laevis Sgo1 into a Mad2-dependent separase substrate. 35S-labelled X. laevis Sgo1 variants were incubated with wild-type Mad2 or Mad2-ΔC before being assayed for in vitro-cleavage by X. laevis separase, which had been immunoprecipitated from anaphase egg extracts. Gels were blotted onto membranes, which were cut and subjected to immunoblotting (top) before reassembly and autoradiography (bottom). b, Human (H.s.) SGO2(127–129A) and SGO2(239–242A) show compromised separase binding but retain MAD2 binding. The indicated full-length SGO2 variants were immunoprecipitated via their Flag-tags from transfected, taxol-arrested Hek293T cells and assessed by immunoblotting for binding of MAD2 and separase. See also illustration at bottom. c, Cartoon comparing the arrangement of functional domains and alignment of pseudo-substrate and Mad2-binding sites of X. laevis Sgo1 and human SGO2. The separase interaction site around position 144 of X. laevis Sgo1 and around position 128 of human SGO2 was omitted for clarity.


Extended Data Fig. 10 In vitro disassembly of separase–SGO2–MAD2 by APC/CCDC20-dependent ubiquitylation.
Immobilized separase–SGO2–MAD2 complex isolated as in Fig. 4a was incubated with ATP, ubiquitin, E1, UBE2S, wild-type or dominant-negative (DN) UBE2C and APC/CCDC20 (or reference buffer). After removal of the supernatant and washing, the beads were incubated with 35S-RAD21 before being analysed by autoradiography and immunoblotting. The autoradiograph shows the relevant upper and lower parts of the same gel. Ubiquitylation of purified securin served as a positive control.
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