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Abstract

In early mitosis, the duplicated chromosomes are held together by the ring-shaped cohesin 

complex1. Chromosome separation in anaphase is triggered by separase, a large cysteine 

endopeptidase that cleaves the cohesin subunit Scc1/Rad212–4. Separase is activated by 

degradation of its inhibitors securin5 and cyclin B6, but the molecular mechanisms of separase 

regulation are not clear. Here, we used cryogenic electron microscopy (cryoEM) to determine 

the structures of human separase in complex with either securin or Cdk1-cyclin B1-Cks1. In 

both complexes, separase is inhibited by pseudosubstrate motifs that block substrate binding at 

the active site and at nearby docking sites. As in Caenorhabditis elegans7 and yeast8, human 

securin harbors its own pseudosubstrate motifs. In contrast, Cdk1-cyclin B1 inhibits separase 

by deploying pseudosubstrate motifs from intrinsically disordered loops in separase itself. One 

autoinhibitory loop is oriented by Cdk1-cyclin B1 to block the active sites of both separase and 
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Cdk19,10. Another autoinhibitory loop blocks substrate docking in a cleft adjacent to the separase 

catalytic site. A third separase loop contains a phosphoserine6 that promotes complex assembly 

by binding to a conserved phosphate-binding pocket in cyclin B1. Our study reveals the diverse 

array of mechanisms by which securin and Cdk1-cyclin B1 bind and inhibit separase, providing 

the molecular basis for the robust control of chromosome segregation.

Accurate and timely chromosome segregation is critical for genomic stability and to 

prevent aneuploidy and tumorigenesis11,12. Cohesin cleavage is therefore tightly regulated 

prior to anaphase by mutually exclusive binding of separase to either its inhibitory 

chaperone securin2,12–14 or a heterodimeric complex of Cdk1 and cyclin B16,10 or cyclin 

B215. Separase is also inhibited by shugoshin-Mad2 during a spindle checkpoint arrest16. 

Phosphorylation of separase serine 1126 by Cdk1 is essential for cyclin B1-separase 

binding6 and enables Pin1-dependent cis/trans isomerization of proline 1127, which might 

be required for cyclin B1 binding in vivo17. Ubiquitin-mediated destruction of securin 

and cyclin B1 unleashes separase in late metaphase. Some separase remains associated 

with a subset of cyclin B1-Cdk1 and inhibits Cdk1 activity9,10, allowing normal anaphase 

chromosome movement18.

Structures of fungal and C. elegans separase, in complex with a substrate mimic or 

securin, revealed some of the molecular features of substrate recognition19 and inhibition 

by securin7,8. Securin contains a conserved sequence motif, EIExxΦ (referred to as positions 

P6-P1), that resembles the minimal consensus cleavage site in separase substrates ([D/E/

S]xExxR)20. Substitution of the arginine residue at P1 with a hydrophobic residue distorts 

the catalytic site and prevents substrate cleavage7,8,21. A basic groove on separase, at the 

P6 substrate position, explains enhanced Scc1 cleavage upon phosphorylation of a P6 

serine19,22. Substrates also interact with separase outside its catalytic site: Scc1 contains 

a separase-binding motif (LPE), distant from the cleavage site, that promotes separase 

cleavage13. Securin contains a related motif, suggesting that it acts in part by blocking 

substrate docking. However, the molecular mechanisms of separase regulation remain poorly 

understood.

Architecture of human separase complexes

To better understand inhibition of human separase by securin and the Cdk1-cyclin B1-Cks1 

(CCC) complex, we used cryoEM to determine the structures of the human separase-securin 

and separase-CCC complexes.

Whereas human separase-securin complex is readily prepared in large quantities7 (Extended 

Data Fig. 1a), reconstitution of the separase-CCC complex required the fusion of a short C­

terminal segment of securin to the N-terminal HEAT-repeat domain of separase13 (Extended 

Data Fig. 1a). We included the phosphothreonine-binding subunit Cks1 because it is an 

integral part of the Cdk1-cyclin complex6,23 and confers specificity for phosphorylated 

substrates24,25. We found that stable CCC association with separase in vitro is ATP­

dependent, consistent with a role for separase phosphorylation (Extended Data Fig. 2a, 

b). Mass spectrometry analysis of these preparations showed phosphorylation at Ser1126 
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(Extended Data Fig. 2c, d). Pin1-mediated cis/trans isomerization of proline 1127 was not 

required for complex assembly (Extended Data Fig. 2a, b).

We determined the structures of a wild-type separase-securin complex and a catalytically­

inactive securinΔ160-separaseC2029S-CCC complex, at overall resolutions of ~2.9 Å and ~3.6 

Å, respectively (Fig. 1, Extended Data Fig. 1b–e; Extended Data Table 1, Supplementary 

Video 1). We also imaged a securinΔ138-separaseC2029S fusion protein, which displayed an 

overall conformation very similar to that of the separase-securin complex (Extended Data 

Fig. 1b, c)13.

Human separase consists of an N-terminal HEAT-repeat domain (residues 1-666) followed 

by a large TPR-like domain (residues 667-1706) and a C-terminal protease domain (residues 

1707-2120). The TPR-like domain is interrupted by two intrinsically disordered inserts 

(insert 1, residues 1065–1152; insert 2, residues 1278–1572) (Fig. 1a) that are important 

for separase regulation4,6,23,26,27. This overall architecture is shared with most other known 

separase proteases28, except that the diverse N-terminal domain has been lost in some 

organisms such as C. elegans7,29.

The EM maps provide excellent side chain density in the TPR-like and C-terminal protease 

domains (Extended Data Fig. 3), whereas the N-terminal domain is less well-defined due 

to its inherent flexibility (Fig. 1b, c, Extended Data Figs. 1c, 4, 5). Focused refinement 

with partial signal subtraction slightly improved the resolution of the TPR-like and protease 

domains (Extended Data Fig. 1d). Density for the N-terminal ~250 residues can be observed 

in the EM map at very low thresholds and a putative full-length separase model is shown in 

Extended Data Fig. 6c. Binding of full-length securin across all three domains of separase 

seems to reduce the flexibility of the N-terminus, as suggested by the almost complete 

absence of density for the N-terminal regions when separase is bound to CCC (Fig. 1c, 

Extended Data Figs. 1e, 5). The HEAT-repeat domain adopts an extended rod-shaped 

conformation with ~90 Å in its longest dimension. The yeast N-terminal domain adopts 

a much more compact fold, with the N-terminus of the yeast protein folding back in close 

proximity to the TPR-like domain (Extended Data Fig. 6a, b)8.

Separase inhibition by pseudosubstrate motifs

Separase inhibition in both complexes depends on conserved substrate-mimicking sequences 

that block substrate binding at the separase catalytic site and at nearby docking sites. In 

the separase-securin complex, these pseudosubstrate motifs are present in securin. In the 

separase-CCC complex, however, these motifs are found in loops of separase itself. Upon 

binding of CCC, three autoinhibitory loops (AILs) undergo a disorder-to-order transition and 

bind to various sites on separase and the CCC complex (Fig. 2a–e, Extended Data Fig. 7, 

Supplementary Video 2). One of these loops, AIL3, lies within the large insert 2 (Fig. 1a).

The EIExxΦ pseudosubstrate motif in securin (or [D/E/S]xExxR in Scc120) binds the 

catalytic site of separase similarly to a substrate-mimic peptide fused to the separase 

protease domain from Chaetomium thermophilum19 (Fig. 2a–c). In the separase-CCC 

complex, AIL3 of separase mimics these interactions. AIL3 harbors an NFS sequence 
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(residues 1394-1396) that, when compared to securin and Scc1, binds to separase in 

an inverse orientation, with Ser1396 and Asn1394 binding to the P6 and P4 positions, 

respectively. Phe1395 (P5) of separase forms hydrophobic stacking interactions with 

Trp1776Sep as observed for Scc1 and securin (Fig. 2c). C-terminal acidic sequences in 

AIL3 are recognized by the basic groove in separase, comparable to phosphorylated Scc1 

in yeast19 (Fig. 2c, Extended Data Figs. 7a, 8). Phosphorylation of Ser1396 and Ser1399 

has been detected in mitotic cells23,30 and our structure suggests this might promote AIL3 

binding.

A second motif, NxLxΦE, forms a small α-helical structure in a cleft between the TPR-like 

domain and the protease domain in both complexes (Fig. 2a, b, d). This motif is present 

in securin (NPLDFE; residues 121-126) and in a loop (AIL1) of separase (NDLNYE; 

residues 715-720). In separase, Phe712 (three amino acids N-terminal of NDLNYE) might 

correspond to the P1 residue in securin (Phe118) by directly interacting with and displacing 

the catalytic histidine (His2003) (Fig. 2d, Extended Data Fig. 7b). Interestingly, a similar 

motif is found in the substrate Scc1 (NHLEYE; residues 207-212) between the cleavage site 

(DREIMR; residues 167-172) and a substrate docking motif (LPE; residues 254-256)13. We 

analyzed separase-mediated cleavage of Scc1 with deletions in this region, revealing that 

efficient cleavage requires the segment containing the NHLEYE motif (Extended Data Fig. 

9a). Glu210 and Tyr211 are critical residues (Fig. 2f, Extended Data Fig. 9b). Thus, the Scc1 

NHLEYE motif promotes Scc1 binding to separase, and securin and the CCC complex block 

this interaction.

30-40-residue linkers separate the Scc1 cleavage site and the two substrate-docking motifs. 

Deletion of these linkers, or replacement with a random sequence, abolished Scc1 cleavage 

in vitro, indicating that these sequences also contribute to Scc1 binding (Extended Data Fig. 

9c).

The LPE docking motif of Scc1 also exists in securin (residues 130-132)13. In the separase­

securin complex, this motif interacts with a hydrophobic pocket formed by Ala1009 and 

Phe1010 and a basic surface formed by Lys944 and Arg947 (Fig. 2e, Extended Data Fig. 

7c). The LPE-binding site is unoccupied in the separase-CCC complex.

We tested the function of the autoinhibitory loops AIL1 and AIL3 by analysis of separase 

mutants with deletions in one or both loops (Extended Data Table 2, Extended Data Fig. 

10d). Deletion of the pseudosubstrate motifs in AIL1 or AIL3 resulted in increased Scc1 

cleavage rates, suggesting that these motifs have some inhibitory effect even in the absence 

of the CCC complex (Fig. 2g, Extended Data Fig. 10a). As expected, these deletions 

displayed resistance to inhibition by the CCC complex (Extended Data Fig. 10b), due in part 

to lower affinity for the complex (Extended Data Fig. 10c).

A stretch of hydrophobic residues C-terminal of the LPE motif (residues 136-146) mediates 

the insertion of securin into a hydrophobic channel of separase. In the separase-CCC 

complex, a short separase loop, AIL2, inserts into this channel (Extended Data Figs. 7d, 

11a). Studies of truncated securin mutants revealed that this hydrophobic stretch is required 

for high-affinity securin-separase binding and inhibition of separase activity (Extended Data 
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Fig. 11b–d). We propose that occupation of the hydrophobic channel by securin or AIL2 

reduces Scc1 binding.

Separase binding to Cdk1-cyclin B1

The CCC complex binds at the periphery of the TPR-like domain and the C-terminal 

protease domain, thereby bridging a clearly defined cleft between the domains. As a result, 

the intrinsically disordered insert 1 in separase (Fig. 1a) becomes structured and wraps 

around cyclin B1, providing a binding platform through mainly nonspecific main chain-main 

chain interactions (Figs. 1c, 3a, Extended Data Fig. 12). This cyclin B1-binding loop 

contains phosphorylated serine 1126 at its center, and density for the phosphate group is 

clearly visible in our EM map (Fig. 3a, Extended Data Fig. 3e, Supplementary Video 3). 

This loop also interacts with the substrate-docking hydrophobic patch of cyclin B1 through 

a binding motif (residues 1100-1102) that is inverted when compared to common cyclin 

B1-binding partners (Fig. 3a, Extended Data Fig. 13a).

Phosphoserine 1126 engages a previously unidentified phosphate-binding pocket in cyclin 

B1 (Figs. 1a, 3a). Three conserved amino acids (Arg307, His320 and Lys324) form a 

hydrogen-bonding network with the phosphate group (Fig. 3a, Extended Data Fig. 13c). 

Lys408 and His409 of cyclin B1 might also contribute to phosphoserine recognition. Surface 

charge analysis reveals a positively-charged binding pocket in cyclin B1 but not in cyclin A 

(PDB code: 1JSU31) (Extended Data Fig. 13).

The structure of Cdk1 in the separase-CCC complex superimposes well with an activated 

Cdk2-cyclin A-substrate peptide complex (PDB code: 2CCI32). The conserved DFG motif 

of the kinase catalytic site is in its inwards conformation, Thr161 is phosphorylated and 

the activation loop adopts an active conformation (Fig. 3b, Extended Data Fig. 14a). The 

glycine-rich loop (residues 11-16) is in a downwards conformation relative to Cdk2 bound 

to ATP, sterically precluding ATP binding. Additionally, EM density can be observed around 

Thr14, potentially due to its phosphorylation.

AIL3 of separase contains a Cdc6-like domain that binds and inhibits Cdk1-cyclin B110,23. 

Residues Pro1375 to Arg1386 interact with the substrate-binding site of Cdk1. Most 

importantly, the conserved APxxxxR motif10 serves as a pseudosubstrate that resembles 

the consensus Cdk phosphorylation site (SPxR), except that the phosphoacceptor serine is 

replaced with an alanine (Ala1380) and Arg1386 reaches back to mimic the basic side chain 

that is usually found at P+3 of Cdk substrates (Fig. 3b, Supplementary Video 3). Trp168 of 

Cdk1 serves as an electron-stacking partner for Val1377 N-terminal of the APxxxxR motif. 

The pseudosubstrate motif superimposes well with an ideal substrate peptide co-crystallized 

with Cdk2-cyclin A32 (Fig. 3b). Just C-terminal of the APxxxxR motif, the loop contacts 

cyclin B1 through amino acids 1386-1391 (particularly Val1387, Thr1389, Arg1390 and 

Leu1391), completing the series of interactions that promote binding and inhibit Cdk1 

activity (Extended Data Fig. 14b, c).

Cks1 does not directly contact any rigid structure elements of separase (Fig. 1c). However, 

we observe strong density around the phosphate-binding pocket of Cks1, suggesting 
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that a separase phosphorylation site is occupying this site (Extended Data Fig. 3f). 

Phosphorylation of AIL3 is known to promote Cdk-cyclin binding, and Thr1346 has been 

proposed as a key phosphorylation site6,10. Cks1 has a preference for phosphothreonine­

proline sequences25. Thr1346 lies in a disordered region that is not visible in our structure; it 

is therefore plausible that this site occupies Cks1.

Discussion

Consistent with previous studies, we find that securin acts as an extended pseudosubstrate 

that blocks substrate binding at the catalytic site and at nearby docking sites. Unexpectedly, 

Cdk1-cyclin B1-Cks1 suppresses separase activity by activating autoinhibitory sequences in 

loops of separase itself (Fig. 2a–e, Extended Data Fig. 6a).

Detailed comparison of separase sequences from multiple species33 reveals that the docking 

sequence in AIL1 is well conserved only in vertebrates and has co-evolved with the presence 

of the cyclin B-binding loop and the Cdc6-like domain, suggesting that regulation of 

separase activity by the CCC complex might be specific for vertebrates.

Separase is also inhibited by the shugoshin 2 (Sgo2)-Mad2 complex during activation of 

the spindle assembly checkpoint16. Sgo2 contains a pseudosubstrate motif that is thought to 

mediate inhibition at the active site16. Sgo2 and Mad2 also contain LPE-related motifs that 

could inhibit substrate docking, but detailed structural analysis will be required to determine 

the precise mode of separase inhibition.

We identify for the first time a phosphate-binding pocket in cyclin B1. The key residues 

of this pocket are conserved in B- but not A-type cyclins (Fig. 3a, Extended Data Fig. 

13c), explaining the specificity of cyclin B1 and B2 for separase binding. We suspect that 

this phosphate-binding pocket is employed by B-type cyclins to mediate interactions with 

phosphorylated regulators or substrates. Indeed, mutations in this region are known to inhibit 

interactions with the phosphatase Cdc25C, a key Cdk1 regulator34. It seems likely that this 

phosphate-binding site, like the phosphate-binding site of Cks1, also enhances binding and 

modification of specific pre-phosphorylated Cdk1 substrates24.

We propose that binding of Cdk1-cyclin B1 to separase occurs in a series of distinct 

steps. First, Cdk1-cyclin B phosphorylates separase at Ser1126 and other sites, such as 

Thr13466,10. Phosphoserine 1126 then interacts with the phosphate-binding pocket on the 

same or another cyclin B1 to initiate complex formation, causing insert 1 to surround cyclin 

B1 and interact with Cdk1 (Figs. 2a, 3a, b, Extended Data Fig. 12). Binding of cyclin B1 to 

the TPR-like domain stabilizes insertion of the separase NDLNYE motif of AIL1 in the cleft 

next to the catalytic site. Finally, the pseudosubstrate motifs of AIL3 bind to the active sites 

of Cdk1 and separase.

Three separase-binding motifs (EIExxΦ, NPLDFE, LPE) are immediately adjacent to 

each another in the securin sequence, and bind to three closely-spaced binding sites on 

separase. In human Scc1, however, the three equivalent motifs are separated by long 

intervening sequences that are also required for rapid Scc1 cleavage (Extended Data Fig. 
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9c). Simultaneous binding of all three motifs to separase would require looping out of the 

intervening spacer regions.

Taken together, our results reveal the complex array of mechanisms by which separase and 

Cdk1-cyclin B bind and inhibit each other, and provide a striking example of the power of 

short linear pseudosubstrate motifs in enzyme regulation.

Material and Methods

Cloning

The cDNAs encoding human proteins (separase, securin, Pin1, Cdk1, cyclin B1 and Cks1) 

were ordered as gene optimized versions for expression in Spodoptera frugiperda (Sf9) cells. 

Synthesized cDNA (Thermo Fisher Scientific) of separase (1-2120) and securin (1-202) 

together with a dual promoter were subcloned into a pF1 vector35 with a Twin-StrepII tag 

followed by a TEV site at the C-terminus of securin. Separase-securin fusion constructs 

were made by fusing a securin fragment (160-202) or the full-length sequence to the 

N-terminus of separase with a GS-linker and a TEV site in between13. Securin fragments 

(residues 1-127, 1-138, 1-157 and 1-202) and full length Pin1 were cloned into the pETM41 

vector with a His-MBP tag at the N-terminus for BL21 (DE3) E. coli expression. The 

human Polo Kinase Plk1 (residues 37-338) construct was kindly provided by Claudio 

Alfieri (ICR, London). Cdk1, cyclin B1 and Cks1 were cloned into the pF1 vector for 

co-expression according to Zhang et al.35. A Twin-StrepII tag and an 8×His tag were fused 

to the C-terminus of Cdk1 and cyclin B1, respectively. All deletions and mutations were 

generated by mutagenesis PCR.

Purification of separase complexes

Human separase constructs, as well as the Cdk1-cyclin B1-Cks1 complex, were expressed 

in Sf9 cells using baculoviruses. Typically, 25 ml of recombinant P3 baculoviruses were 

used to infect 500 ml of Sf9 insect cells (Invitrogen) at a cell density of roughly 2.0x106 

cells per ml. The cells were incubated for 48 hours at 27 °C at 110 rev/min, harvested at a 

cell viability rate of 80-85%, flash-frozen in liquid nitrogen and stored at −80 °C. Securin 

constructs (residues 1-127, 1-138, 1-157 and 1-202), full length Pin1 and Plk1 (residues 

37-338) were expressed in BL21 (DE3) E. coli at 18 °C for 16 h after induction with IPTG 

(Isopropyl β-d-1-thiogalactopyranoside).

Purification of all proteins and protein complexes was performed at 4 °C. Cells expressing 

human separase-securin were resuspended in lysis buffer (50 mM HEPES-KOH pH 7.8, 

300 mM KCl, 5% glycerol, 0.5 mM EDTA, 0.5 mM TCEP) containing protease inhibitor 

cocktail tablets (PIC) (Complete EDTA-free; Roche Diagnostics GmbH), and 5 units/ml 

supernuclease (Novagen), subsequently sonicated and centrifuged for 1 h at 40,000 g. 

The soluble fraction was slowly (0.8 ml/min flow rate) applied onto a 5 ml StrepTactin 

Superflow Cartridge (Qiagen) and the column was washed with high-salt buffer (50 mM 

HEPES-KOH pH 7.8, 900 mM KCl, 5% glycerol, 0.5 mM EDTA, 0.5 mM TCEP) until 

stable UV absorption was observed. Proteins were eluted in wash buffer containing 2.5 

mM desthiobiotin. A final size exclusion step on a Superose 6 Increase 10/300 GL column 
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(GE Healthcare Life Sciences) pre-equilibrated in 20 mM HEPES-KOH pH 7.8, 100 mM 

KCl, 10 mM MgCl2 and 0.5 mM TCEP was performed. The purified proteins were pooled, 

concentrated, flash-frozen and stored at −80 °C.

The Cdk1-cyclin B1-Cks1 complex was purified using StrepTactin Superflow Cartridge 

(Qiagen) columns. Lysis and wash buffer contained 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 

10 mM β-mercaptoethanol and 5% glycerol. The complex was eluted using wash buffer 

supplemented with 2.5 mM desthiobiotin and further loaded onto a HisTrap HP column 

(GE Healthcare Life Sciences). To elute protein complexes, we used 50 mM Tris-HCl pH 

8.0, 500 mM NaCl, 250 mM imidazole, 10 mM β-mercaptoethanol and 5% glycerol. Peak 

fractions were pooled, concentrated and loaded on a Superose 6 Increase 10/300 GL column 

(GE Healthcare Life Sciences) size exclusion column as a final purification step.

Different lengths of securin (residues 1-127, 1-138, 1-157 and 1-202) and Plk1 were 

purified as described by Zhang et al.36. Briefly, proteins were purified using a HisTrap HP 

column (GE Healthcare Life Sciences) in 50 mM Tris-HCl pH 7.5, 300 mM NaCl, 20 mM 

imidazole, 10 mM β-mercaptoethanol and 5% glycerol lysis buffer and 50 mM Tris-HCl 

pH 7.5, 1 M NaCl, 20 mM imidazole, 10 mM β-mercaptoethanol and 5% glycerol high-salt 

buffer and subsequently eluted by an imidazole gradient. Securin proteins were loaded onto 

a Superdex 200 Increase 10/300 GL gel filtration column (20 mM HEPES-NaOH pH 7.5, 

100 mM NaCl and 0.5 mM TCEP).

Plk1 was purified using a His-tag, treated with TEV protease at 4 °C overnight and the tag 

was removed by re-binding to a HisTrap HP column. A final size exclusion step using a 

Superdex 75 Increase 10/300 GL column was performed.

Pin1 was purified over an MBPTrap HP column (GE Healthcare Life Sciences). We used 50 

mM Tris-HCl pH 7.5, 300 mM NaCl, 2mM DTT and 5% glycerol as lysis and wash buffer. 

The proteins were eluted by adding 10 mM maltose, followed by TEV cleavage at 4 °C 

overnight. The sample was further purified by a HisTrap HP column and gel filtration in 20 

mM HEPES-NaOH pH 7.5, 100 mM NaCl and 0.5 mM TCEP.

Assembly of securinΔ160-separaseC2029S-Cdk1-cyclin B1-Cks1 complex

Purified securinΔ160-separaseC2029S fusion protein was mixed with Cdk1-cyclin B1-Cks1 

complexes in a molar ratio of 1:1.5 in a reaction buffer of 50 mM HEPES pH 8.0, 100 mM 

NaCl, 10 mM MgCl2, 5 mM ATP and 0.5 mM TCEP. The reaction mixture was incubated 

at room temperature for 40 min followed by gel filtration on a Superose 6 3.2/300 column 

(GE Healthcare Life Sciences) in 20 mM HEPES pH 8.0, 150 mM NaCl, 5 mM MgCl2 

and 0.5 mM TCEP. Fractions containing securinΔ160-separaseC2029S-Cdk1-cyclin B1-Cks1 

complexes were pooled and concentrated.

Separase cleavage assays

For studies of the NHLEYE and LPE motifs of Scc1, 35S-methionine-labeled human Scc1 

(residues 142-300) was produced in rabbit reticulocyte lysates and purified as described 

previously13. Deletion and point mutations were constructed by Gibson cloning. Purified 

securinΔ138-separase fusion protein13 (0.14 μM final concentration) was mixed 1:1 with 
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purified Scc1 substrate and incubated for 30 min at 25 °C. Reaction products were analyzed 

by SDS-PAGE and visualized with a Phosphorimager.

To dissect the effect of mutations on the separase auto-inhibitory loop segments, 35S­

methionine-labeled human full-length Scc1 was produced using wheat germ extract systems 

(Promega) and 0.8 μCi/μl of 35S-methionine was added. Following in vitro translation, Scc1 

was phosphorylated by adding 4 μM polo-like kinase (Plk1), 5 mM ATP, 10 mM MgCl2 

and incubated for 2 h at 30 °C. 1.5 μM of human separase was mixed with 10x molar 

excess of human securin. The cleavage reaction was stopped after 20 min at 30 °C. Reaction 

products were analyzed by SDS-PAGE with BioRad 4–20% TXP gels and visualized with a 

Phosphorimager.

Pull-down assays

Purified securin proteins (N-terminal His-MBP tag) were mixed with securinΔ160­

separaseC2029S and incubated with 40 μL amylose beads for 1 hour at 4 °C (50 mM HEPES 

pH 8.0, 150 mM NaCl, 0.05% Tween-20 and 0.5 mM TCEP). Beads were extensively 

washed, eluted with binding buffer supplemented with 10 mM maltose and analyzed by 

SDS-PAGE gel electrophoresis.

Electron microscopy data collection

Purified separase-securin complexes were applied onto graphene oxide covered gold 300 

square mesh Quantifoil R1.2/1.3 holey-carbon grids (Quantifoil Micro Tools GmbH) at a 

concentration of 100-200 nM. Graphene oxide grids were prepared as in Boland et al.7 and 

https://figshare.com/articles/Graphene_Oxide_Grid_Preparation/317866937.

The grids were incubated for 10 s and back blotted for 3 s with 1 mm additional movement 

(90% humidity at 20 °C), before being plunged into liquid ethane using an EM GP2 

automatic plunge freezer (Leica). Freshly purified securinΔ160-separaseC2029S-Cdk1-cyclin 

B1-Cks1 complexes were dispensed onto graphene oxide covered Quantifoil R1.2/1.3 or R 

2/2 holey-carbon grids at a concentration of 200-300 nM. Grids were similarly prepared 

using an EM GP2 automatic plunge freezer (Leica). The grids were stored in liquid nitrogen 

until further use.

Collection of dataset I of the separase-securin complex was described in ref.7. Dataset II 

was acquired on a Titan Krios electron microscope (Thermo Fisher Scientific). A total of 

12,962 movies were recorded on a K3 camera (Gatan) operated in super-resolution mode, 

at a nominal magnification of 105,000, resulting in a super-resolution pixel size of 0.45 

Å. A post-column energy filter was used for zero-loss filtration with an energy width of 

20 eV. A total electron exposure of 67 e−/Å2 was distributed over 60 frames. Data were 

collected using the automated data collection software EPU (Thermo Fisher Scientific), with 

4 acquisitions per hole and a set defocus range of −1.3 to −2.5 μm.

The cryoEM data of the securinΔ160-separaseC2029S-Cdk1-cyclin B1-Cks1 complex were 

acquired on a Cs-corrected Titan Krios electron microscope (Thermo Fisher scientific) 

equipped with a Gatan K3 camera. A total of 13,640 super-resolution movies were recorded 

using EPU at a nominal magnification of 81,000, resulting in a super-resolution pixel size of 
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0.44 Å, and an energy filter slit width of 15 eV. A total electron exposure of 78 e−/Å2 was 

distributed over 60 frames per acquisition, at three acquisitions per hole and a set defocus 

range of −1.3 to −2.5 μm. Data acquisition was monitored by on-the-fly pre-processing 

using TranSPHIRE38, including drift correction in MotionCorr239, CTF estimation in 

CTFFIND440, particle picking using a generalized neural network in SPHIRE-crYOLO41 

and 2D classification in ISAC42.

Image processing

For the separase-securin complex, raw movies from both datasets were aligned and dose­

weighed using MotionCorr2. Micrographs from dataset I have a pixel size of 1.05 Å, and 

micrographs of dataset II were two times binned, resulting in a pixel size of 0.90 Å. The 

two datasets were processed independently for Bayesian polishing and CTF refinement and 

combined according to Wilkinson et al.43 for further processing. Micrographs were imported 

into CryoSPARC v2.14.244 and CTF parameters were estimated by Patch CTF estimation. 

Manually picked particles from a small subset of approximately 200 micrographs, followed 

by 2D classification, were used to train Topaz45 or crYOLO for automated particle picking. 

The trained models were applied to the entire datasets. Particles were first cleaned up by 

two rounds of 2D classification (~200,000 particles for dataset I and ~260,000 particles for 

dataset II). After an initial round of 3D refinement, particles were exported to RELION 3.1 

for Bayesian polishing and CTF refinement46. Polished particles from both datasets were 

subjected to another round of 2D classification and 3D classification. Carefully selected 

particles subsets were subjected to another round of CTF refinement, which resulted in a 

3D reconstruction with a final resolution of 2.95 Å. To further improve the resolution of 

the separase protease domain and TPR-like domains, particle subtraction was performed 

with a soft mask around the two domains followed by focused 3D refinement, resulting 

in an improved map yielding 2.88 Å resolution. To improve the reconstruction of the 

HEAT-repeat domain, a soft mask was applied followed by particle subtraction and 3D 

classification without alignment. Particles from one class with good density of the HEAT­

repeat domain were selected, reverted to original particles and used as input for 3D 

refinement, generating a final 3D reconstruction of 2.93 Å. Afterwards, the maps were 

postprocessed by deepEMhancer47.

For the securinΔ160-separaseC2029S-Cdk1-cyclin B1-Cks1 complex, the processing strategies 

were similar to those described above, resulting in a reconstruction with an overall 

resolution of 3.64 Å. All resolution estimations were derived from Fourier Shell Correlation 

(FSC) calculations between reconstructions from two independently refined half-sets, and 

reported resolutions are based on the FSC = 0.143 criterion. Local resolution was estimated 

with ResMap48.

Model building and refinement

Ab initio model building of the human separase-securin complex was started using Map 
to Model in PHENIX49. The model was then manually built in Coot50 iteratively and real­

space refined using PHENIX. C. elegans separase-securin complex structure (PDB: 5MZ67) 

served as a reference for modelling the separase protease domain and TPR-like domain. 

For modelling of the securinΔ160-separaseC2029S-Cdk1-cyclin B1-Cks1 complex, the crystal 
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structure of Cdk1-cyclin B1-Cks2 (PDB: 4YC351) and human separase structure were fitted 

into the density map and refined using Flex-EM52 in CCPEM. Afterwards, the model was 

manually built in Coot iteratively and real-space refined using PHENIX. Model validation 

was performed with MolProbity53,54. Structural images were generated by Chimera55 and 

Chimera X56.

Data Availability

The EM maps are deposited with the Electron Microscopy Data Bank (EMDB) under 

accession code EMD-12368 and EMD-12369 for the separase-CCC and separase-securin 

complex, respectively. Protein coordinates of separase-CCC and separase-securin are 

deposited with the Protein Data Bank (PDB) under accession code 7NJ0 and 7NJ1, 

respectively.
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Extended Data

Extended Data Fig. 1. Preparations and EM images of the human separase-securin and separase­
CCC complexes.
(a) SDS PAGE gels of wild-type Hs separase-securin and Hs securinΔ160-separaseC2029S­

Cdk1-cyclin B1-Cks1. (b) Representative cryo-electron micrographs of Hs separase-securin 

(left), Hs securinΔ160-separaseC2029S-CCC (middle), and Hs securinΔ138-separaseC2029S 

(right) collected on graphene oxide-coated EM grids. The scale bar corresponds to 500 Å. 

(c) Gallery of two-dimensional class averages of Hs separase-securin (left), Hs securinΔ160­
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separaseC2029S-CCC (middle) and Hs securinΔ138-separaseC2029S (right) showing typical 

classes. The white arrow points at the flexible N-terminal HEAT-repeat domain. The 

white scale bar corresponds to 100 Å. To increase the number of views of separase in 

complex with either securin or the CCC complex, we used graphene oxide-coated electron 

microscopy (EM) grids as described7,37. We employed deep-learning software packages 

TOPAZ45 and crYOLO41 to establish reliable particle picking conditions that allowed the 

identification of rare particle projections. (d) Gold standard Fourier Shell Correlation (FSC) 

curve for full-length separase-securin, focused refined separase-securin C-terminal domains 

(TPR-like and protease domains) and securinΔ160-separaseC2029S-CCC complexes. (e) EM 

density maps color-coded according to local resolution ranging from 2.8 Å to 6 Å.

Extended Data Fig. 2. Evaluation of complex formation by size exclusion chromatography (SEC).
(a) Size exclusion chromatography (SEC) runs on the isolated Pin1, securinΔ160­

separaseC2029S and Cdk1-cyclin B1-Cks1 complexes resulted in elution volumes of 

approximately 1.9 ml, 1.5 ml and 1.6 ml, respectively (green, blue and red dashed lines). 

Adding the Cdk1-cyclin B1-Cks1 complex (CCC) to securinΔ160-separaseC2029S did not 

yield a stable interaction between these two complexes under these conditions (red solid 

line). Adding Pin1 to the securinΔ160-separaseC2029S complex in presence of CCC did not 

result in a detectable interaction of these two complexes (yellow solid line). However, 

a shoulder at high molecular weight can be observed indicating partial phosphorylation 

in insect cells, in accordance with our mass spectrometry results in c. Adding ATP to 
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securinΔ160-separaseC2029S, Pin1 and CCC resulted in a clear shift to a 1.35 ml elution 

volume (purple solid line). A clear shift is also observed when adding ATP to securinΔ160­

separaseC2029S and CCC, indicating that Pin1 is dispensable for complex formation in vitro 
(blue solid line). (b) Coomassie Blue-stained polyacrylamide gels of fractions from the 

SEC runs. (c) Mass spectrometry analysis of human separase, without the CCC complex, 

shows phosphorylation of numerous sites in separase, including Ser1126. Each vertical 

bar indicates the number of times a peptide containing that site was identified, colored 

to indicate the presence of phosphorylation: for Ser1126, blue segments indicate high­

confidence assignment of phosphorylation (Mascot peptide score >32) at three peptides, 

and red segments indicate lower scores at two peptides. The color of the amino acid label 

indicates the Mascot maximum delta mod score; a score of 10 for Ser1126 indicates high­

confidence assignment of phosphorylation to that residue. (d) Mass spectrometry analysis of 

human separase after incubation with 5 mM ATP, 10 mM Mg2+ and the CCC complex also 

shows phosphorylation of separase Ser1126, with three high-confidence peptides (score>32) 

and maximum delta mod score of 8, also indicating a high-confidence assignment. Note that 

this analysis does not allow a rigorous quantitative comparison of Ser1126 phosphorylation 

in the two preparations.
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Extended Data Fig. 3. Representative EM density for ab initio model building.
(a) Securin density at different threshold levels (stronger information at the N-terminus of 

securin). Side-chain density is clearly visible. (b) Density of AIL1 located in a cleft between 

the TPR-like and protease domains (left) and the Cdc6-like domain of insert 2 (right). 

EM density allows the unambiguous placement of side chains in both loop segments. (c) 
Density of the TPR-like domain of human separase. (d) Examples of EM map quality for 

the separase protease domain. (e) Strong density of phosphothreonine 161 in Cdk1 (left) and 
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the separase phosphoserine 1126 of the cyclin B1-binding loop (right). (e) Extra density of 

human Cks1, possibly due to binding of phosphorylated threonine 1346 of separase.

Extended Data Fig. 4. Data processing flowchart for the two datasets of the human separase­
securin complex.
See Methods for details. 3D classification of separase-securin complexes resulted in about 

~55% of particles with strong density for the N-terminal HEAT-repeat domain. These 

particles were subjected to CTF refinement and classified either on the N- or C-terminus. 

We used the particle subtraction for further classification. Classification on the N-terminal 
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domain was executed without alignment (in contrast to the larger C-terminal part) and 

resulted in approx. 200,000 particles that were used for a final 3D reconstruction. In both 

cases, DeepEMhancer47 was used for post-processing.

Extended Data Fig. 5. Data processing flowchart of the human separase-CCC complex.
See Methods for details. 3D classification of securinΔ160-separaseC2029S-CCC complexes 

resulted in approximately 312,000 particles subjected to CTF refinement and Bayesian 
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polishing. The final reconstruction refined to roughly 3.6 Å resolution and was post­

processed in RELION.

Extended Data Fig. 6. Comparison of flexible elements in separase proteins.
(a) Comparison of human separase in complex with securin or CCC to budding yeast (Sc) 

and C. elegans (Ce) separase. The loops AIL1, AIL2, AIL3 (highlighted in blue) as well 

as the cyclin B-binding loop (highlighted in purple) become ordered upon binding of CCC. 

The N-terminal domain adopts an elongated shape in human separase (two left structures) 

but in yeast this N-terminal domain is kinked. This domain is lost in C. elegans separase. 
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(b) Comparison of the N-terminal domains of human and yeast separases, with EM density 

for the first approx. 250 residues of human separase indicated as blue cartoon. The yeast 

N-terminal domain adopts a much more compact fold, with the N-terminus of the yeast 

protein folding back in close proximity to the TPR-like domain. This folded architecture 

may be an intrinsic feature of the yeast N-terminal domain or due to crystal packing 

constraints (c) EM density of human separase-securin at low threshold rendering allows a 

full representation of the enzyme (grey envelope). A predicted model of the N-terminal 250 

residues is shown in yellow, and the EM-derived structure of separase-securin is shown in 

blue and orange, respectively.
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Extended Data Fig. 7. Multiple sequence alignments of conserved docking motifs in Scc1, securin 
and autoinhibitory loops of separase.
(a) Sequence comparison of the catalytic site binding motif in Scc1 (purple), securin 

(orange) and the AIL3 of separase (grey) in different species. Key residues are boxed. 

The invariant arginine residue involved in substrate catalysis (Scc1) is replaced by a large 

hydrophobic residue in securin. (b) Sequence comparison of the NxLxΦE binding motif 

in Scc1, securin and AIL1 of separase. A phenylalanine three amino acids upstream of 

the docking motif might correspond to the P1 position in Scc1 (arginine) or securin 

Yu et al. Page 20

Nature. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(hydrophobic residue). (c) Sequence comparison of the LPE docking motif in Scc1 and 

securin. (d) Residues in securin and AIL2 of separase that bind to a hydrophobic cleft 

situated in the TPR-like domain of separase. See also Extended Data Fig. 11a.

Extended Data Fig. 8. Molecular surface charge representation of the separase-securin and 
separase-Cdk1-cyclin B1 complexes.
Surface charge of separase reveals a basic groove near the catalytic site that facilitates 

AIL3 (top) and securin (bottom) binding. Note that AIL3 binds in an inverted orientation 

to separase when compared to Scc1 or securin. Scc1 phosphorylation at a nearby serine 
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residue stimulates binding to this basic groove in yeast separase23. Phosphorylation of serine 

residues in AIL3 has been detected in other studies19,30. Sequence alignment (below) of the 

separase protease domain reveals conservation of residues critical for substrate or inhibitor 

recognition (boxed in grey).

Extended Data Fig. 9. Scc1 cleavage is enhanced by the NHLEYE motif downstream of the 
cleavage site.
(a) Scc1 deletion mutants (left gel) were constructed to test the function of the 82 amino 

acid region between the cleavage site (169EIMR) and the 255LPE docking site. Constructs 
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were made in an internal Scc1 fragment (residues 142-300). Each construct removed 

from 22 to 82 residues around the center of the intervening region, as indicated in the 

diagrams. In another series of constructs (right gel), different amounts of the intervening 

sequence were replaced with random linker sequence (G, S, A, and T). 35S-labeled Scc1 

fragments were incubated with or without separase, and reaction products were analyzed by 

SDS-PAGE and Phosphorimaging. The central 22-amino acid region contains the conserved 
207NHLEYE sequence. Results are representative of four independent experiments. (b) 
The indicated amino acids were replaced with alanine in Scc1 (residues 142-300). 35S­

labeled Scc1 mutants were incubated with or without separase, and reaction products 

were analyzed by SDS-PAGE and Phosphorimaging. Results are representative of four 

independent experiments. (c) In Scc1, 30-40 residue spacers separate the cleavage site 

(169EIMR) and two docking sites (207NHLEYE and 255LPE). The importance of the spacer 

regions was tested with various mutations in an internal Scc1 fragment (residues 90-300). 

In the Scc1-ΔS mutant, both spacers were deleted. In the three linker mutants, the two 

intervening spacers were replaced, together or one at a time, with random linker sequence 

(G, S, A, and T). Results are representative of four independent experiments. The reaction 

at far right demonstrates cleavage of the securin-RE mutant (residues 93-150), in which 

the pseudosubstrate motif 115EKFFP is converted to EKFRE (ref. 13). Thus, closely-spaced 

docking motifs allow cleavage of securin but not that of Scc1.
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Extended Data Fig. 10. Loop deletions of AIL1 and AIL3 enhance separase cleavage activity.
(a) Separase mutants carrying deletions of AIL1 and/or AIL3 were purified to analyze 

the effect of these loop segments on separase cleavage activity. Results are representative 

of three independent experiments. Regions deleted in each mutant as follows (see 

Extended Data Table 2 for sequence details): AIL1Δ, deletion of AIL1, which harbors 

the NDLNYE motif; AIL3Δ1, deletion of Cdc6-like domain and NFS motif; AIL3Δ2, 

deletion of entire insert 2; AIL3Δ3, deletion of NFS motif. 35S-labeled full-length Scc1 

was incubated with either wild-type (WT) separase, an inactive separase mutant (C2029S), 

or separase loop deletions as indicated. Reaction products were analyzed by SDS-PAGE 

and Phosphorimaging. All loop deletions show enhanced Scc1 cleavage activity, with the 

exception of a mutant carrying a deletion of the entire insert 2, which exhibits cleavage 

activity comparable to that of the wild-type protein. Quantification of three independent 

experiments shown in Fig. 2g. (b) Full-length Scc1 cleavage assays as described in (a) in 

presence or absence of the CCC complex. Results are representative of three independent 

experiments. While Scc1 cleavage by wild-type separase is fully repressed by the CCC 

complex (lane 3), mutant proteins with deletions of AIL1 and/or AIL3 show partial cleavage 

activity in presence of the CCC complex. Deletion of insert 2 (AIL3Δ2) leads to lower 
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cleavage activity compared to other loop deletions. The reduction in inhibition by the 

CCC complex can be partially explained through reduced complex affinity as demonstrated 

by SEC runs shown in (c). Only wild-type separase (solid blue line) shows a clear shift 

towards a higher molecular weight elution volume after incubation with 5 mM ATP, 10 mM 

Mg2+ and the CCC complex. (d) Schematic diagram of the loop mutants analyzed in these 

experiments.

Extended Data Fig. 11. A hydrophobic cleft in separase promotes securin binding and correlates 
directly with substrate cleavage efficiency.
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(a) Close-up of the binding interface of the hydrophobic cleft of separase interacting with 

securin (top left, orange) or the AIL2 of separase (top right, grey). The molecular surface 

representation (below) highlights the hydrophobic nature of the binding cleft in separase. 

(b) Schematic representation of constructs used in binding and cleavage assays. (c) In vitro 
pull-down assays using maltose binding protein (MBP)-securin fusions as bait demonstrates 

the importance of a stretch of hydrophobic amino acids in securin. A construct including 

residues 1-157 or wild-type securin (1-202) can bind to separase (lane 9 and 10), whereas 

two C-terminal truncations (securinΔ127 and securinΔ138) do not bind separase under these 

conditions (lane 7 and 8). Purified MBP serves as negative control (lane 6). Lane 1-5 

are 10% of the input. Pull-down experiments have been repeated in three independent 

experiments. (d) 35S-labeled full-length Scc1 proteins were incubated with or without 

separase, and reaction products were analyzed by SDS-PAGE and Phosphorimaging. Scc1 

cleavage by separase is inhibited by addition of full-length securin 1-202 or truncated 

securin 1-157 (lane 5 and 6). Shorter securin constructs, securin 1-127 and securin 1-138, 

which lack a stretch of hydrophobic residues, do not inhibit cleavage under these conditions 

(lane 3 and 4).
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Extended Data Fig. 12. The Cdk1-cyclin B1-Cks1 complex binds to a clearly defined cleft in 
separase.
(a) The separase-securin complex has a clearly defined cleft between the TPR-like and 

protease domains. (b) The separase-CCC complex in four orientations (each rotated by 90°). 

The HEAT-repeat domain is omitted for clarity.

Extended Data Fig. 13. Molecular surface charge representation of cyclins.
(a) The cyclin B-binding loop of separase binds inverted to the substrate-docking 

hydrophobic patch of cyclin B1 when compared to common substrates. (b) Sequence 
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alignment of the cyclin B-binding loop docking site motif. (c) Calculating the surface charge 

of A- and B-type cyclins illustrates the existence of a phosphate-binding pocket in cyclin B1 

but not cyclin A (compare top left versus top right). The cyclin B-binding loop also binds 

to the substrate-docking hydrophobic patch of cyclins B1 comparable to a typical cyclin 

B1-binding partner. Multiple sequence alignment of residues lining the phosphate-binding 

pocket shows conservation of Arg307, His320 and Lys324 in B-type cyclins (bottom left) 

but not in cyclin A (bottom right).
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Extended Data Fig. 14. Binding of separase to Cdk1-cyclin B is mediated through two distinct 
loops.
(a) Comparison of human Cdk1 in a chemical inhibitor-bound state (green) and the 

separase-CCC complex (pale red) with the Cdc6-like domain of separase (AIL3; cyan). In 

the separase-CCC complex the activation loop is in its active conformation (downwards) and 

allows substrate and separase binding. In the inhibitor-bound structure the activation loop 

conformation is incompatible with substrate binding. (b) The Cdc6-like domain of separase 

binds to the active site of Cdk1, while the cyclin B-binding loop (purple) of separase wraps 

around cyclin B1 with pSer1126 in its center and hydrophobic patch interactions nearby. 

In common cyclin B substrates these interactions are mediated through one continuous 

polypeptide (red). (c) A kink in AIL3 is formed at the interface of cyclin B1 and the separase 

protease domain, with Thr1389, Arg1390 and Leu1391 being key residues for AIL3 binding 

to cyclin B1.

Extended Data Table 1

CryoEM data collection, refinement and validation statistics

Hs Separase-
securin
Dataset 1

Hs Separase-
securin
Dataset 2

Hs SecurinΔ160-
SeparaseC2029S-
Cdk1-cyclin B1-Cks1

Hs SecurinΔ138-
SeparaseC2029S

Data collection

 Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios

 Magnification 47,619 105,000 81,000 96,000

 Voltage (keV) 300 300 300 300

 Electron dose (e−/Å−2) 40 67 78 59.7

 Detector Gatan K2 Summit Gatan K3 
Summit

Gatan K3 Summit Falcon 4

 Pixel size (Å/pixel) 1.05 0.90 0.88 0.681

 Defocus range (μm) 1.0-3.0 1.3-2.5 1.3-2.5 1.0-2.5

 Number of micrographs 3,578 12,962 13,640 2,901

Reconstruction

 Particles   205,300 312,836

 Box size (pix)   318 360

 Accuracy of rotations (°)   2.336 1.871

 Accuracy of translations (pix)   0.778 0.781

 Map sharpening B-factor (Å2)   −78 −120

 Resolution (global, Å)   2.9 3.6

 Resolution range(local, Å)   2.9-6.0 3.6-4.8

  FSC threshold   0.143 0.143

Model composition

 Protein residues   1,501 1,818

 Ligands   -- 1

Refinement

 Resolution (Å)   3.0 3.6

  FSC threshold   0.5 0.5

 Model to map scores -CC   0.76 0.84
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Hs Separase-
securin
Dataset 1

Hs Separase-
securin
Dataset 2

Hs SecurinΔ160-
SeparaseC2029S-
Cdk1-cyclin B1-Cks1

Hs SecurinΔ138-
SeparaseC2029S

 B factors (Å2)

  Protein residues   64.76 64.74

  Ligands   -- 41.08

R.m.s deviations

 Bond lengths (Å)   0.004 0.004

 Bong angles (°)   0.568 0.631

Validation

 Clashscore, all atoms   9.30 6.72

 Rotamer outliers (%)   1.91 0.10

Ramachandran plot

 Favoured (%)   92.20 91.13

 Allowed (%)   7.80 8.87

 Outliers (%)   0.00 0.00

Deposition

 PDB ID   7NJ1 7NJ0

 EMDB ID   EMD-12369 EMD-12368

Extended Data Table 2

List of proteins used in this study

Protein name Tag WT/Mutation/deletion Experiments

Description Original sequence Modified sequence

Securin-Separase C-
terminal 
2xStrep-
tag 
(securin)

Wild-type 
complex

-- -- CryoEM data 
collection

Securin1-127 N-
terminal 
MBP-tag 
(securin)

C-terminal 
truncation

1MATLI…CDIDI202 1MATLI…
LDFES127

Pull down 
and activity 
assays

Securin1-138 N-
terminal 
MBP-tag 
(securin)

C terminal 
truncation

1MATLI…CDIDI202 1MATLI…
HQIAH138

Pull down 
and activity 
assays

Securin1-157 N-
terminal 
MBP-tag 
(securin)

C terminal 
truncation

1MATLI…CDIDI202 1MATLI…
RELEK157

Pull down 
and activity 
assays

Securin1-202 N-
terminal 
MBP-tag 
(securin)

Wild-type -- -- Pull down 
and activity 
assays

SecurinΔ160­
SeparaseC2029S

C-
terminal 
2xStrep-
tag 
(separase)

Securin160-202 

fused to the 
N-terminus 
of separase; 
Catalytic 

Cys2029 Ser2029 Assembly of 
separase-
CCC 
complex; 
pull down 
assays
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Protein name Tag WT/Mutation/deletion Experiments

Description Original sequence Modified sequence

inactive 
mutant

SecurinΔ160­
Separase

C-
terminal 
2xStrep-
tag 
(separase)

Securin160-202 

fused to N 
terminus of 
separase

-- -- Activity 
assays

SecurinΔ138­
Separase

-- Securin138-202 

fused to N-
terminus of 
separase

-- -- Activity 
assays

SecurinΔ138­
SeparaseC2029S

-- Securin138-202 

fused to N-
terminus of 
separase; 
Catalytically 
inactive 
mutant

-- -- CryoEM data 
collection

Cdk1-cyclin B1­
Cks1 (CCC)

C-
terminal 
2xStrep-
tag (cyclin 
B1); C-
terminal 
8xHis-tag 
(Cdk1)

Wild-type 
complex

-- -- Assembly of 
separase-
CCC 
complex; 
activity 
assays

SecurinΔ160­
SeparaseC2029S-CCC

C-
terminal 
2xStrep-
tag 
(separase); 
C-
terminal 
2xStrep-
tag (cyclin 
B1); C-
terminal 
8xHis tag 
(Cdk1)

Securin160-202 

fused to N 
terminus of 
separase; 
Catalytically 
inactive 
mutant

Cys2029 Ser2029 CryoEM data 
collection

Pin1 -- Wild-type -- -- Assembly of 
separase-
CCC 
complex

SecurinΔ160­
SeparaseAIL1Δ

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL1 loop 
deletion

705APGNLE 
EFEVNDLNYE 
DKLQEDR727

GSGG Activity 
assays

SecurinΔ160­
SeparaseAIL3Δ1

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL3 loop 
deletion 1

1374KPEVPQAPRVQQR 
VQTR 
LKVNFSDDSD1400

GGSGGSG Activity 
assays

SecurinΔ160­
Separase AIL3Δ2

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL3 loop 
deletion 2 
(insertion 2)

1302VPGSE…
VATGL1571

GGSGGGSGGSGG 
GSG

Activity 
assays
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Protein name Tag WT/Mutation/deletion Experiments

Description Original sequence Modified sequence

SecurinΔ160­
SeparaseAIL3Δ3

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL3 loop 
deletion 3

1392KVNFSDDSD1400 GGGSGGGSG Activity 
assays

SecurinΔ160­
SeparaseAIL1Δ+AIL3Δ1

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL1 loop 
deletion; 
AlL3 loop 
deletion 1

705APGNLE 
EFEVNDLNYE 
DKLQEDR727

GSGG Activity 
assays

1374KPEVPQAPRVQQR 
VQTR 
LKVNFSDDSD1400

GGSGGSG

SecurinΔ160­
SeparaseAIL1Δ+AIL3Δ2

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL1 loop 
deletion; 
AlL3 loop 
deletion 2 
(insertion 2)

705APGNLE 
EFEVNDLNYE 
DKLQEDR727

GSGG Activity 
assays

1302VPGSE…
VATGL1571

GGSGGGSGGSGG 
GSG

SecurinΔ160­
SeparaseAIL1Δ+AIL3Δ3

2xStrep-
tag 
(separase)

Securin160-202 

fused to N-
terminus of 
separase; 
AlL1 loop 
deletion; 
AlL3 loop 
deletion 3

705APGNLE 
EFEVNDLNYE 
DKLQEDR727

GSGG Activity 
assays

1392KVNFSDDSD1400 GGGSGGGSG

Plk137-345 -- Human Plk1 
fragment

-- -- Activity 
assays

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Domain organization of Homo sapiens (Hs) separase-securin and separase-Cdk1-cyclin 
B1-Cks1 (CCC) complexes.
(a) Diagrams of the two complexes, with structured regions as blocks and undetected 

regions as solid lines. Insert 1 is disordered in separase-securin but is largely ordered upon 

CCC binding to become the cyclin B-binding loop. Three other disordered loops in separase­

securin become ordered autoinhibitory loops (AIL1-3) in the CCC complex. Securin-binding 

sites on separase are indicated by orange lines in the top diagram. In the bottom diagram, 

red and yellow lines indicate Cdk1- and cyclin B1-binding sites on separase, respectively. (b, 
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c) Views of the cryoEM maps of the separase-securin (b) and separase-CCC (c) complexes, 

with each domain color-coded as in a.
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Fig. 2. Binding modes of an Scc1 peptide substrate, securin and the CCC complex to separase.
(a) Human (Hs) securin binds the length of separase. In the CCC complex, insert 1 and 

three autoinhibitory loops (AIL1-3) in separase become ordered and occupy binding sites 

on separase and Cdk1-cyclin B1, using conserved sequence motifs. For comparison, the 

protease domain of C. thermophilum (Ct) separase is shown at left. Red asterisks indicate 

active sites; red circles indicate phosphates. (b) Sequence alignment of EIExxΦ, NxLxΦE, 

and LPE motifs in human Scc1, securin, and separase. (c) Close-up of the binding interface 

between the Scc1 substrate-mimic (left), securin (middle) and AIL3 of separase (right) near 
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the catalytic site of separase. (d) Close-up view of the NxLxΦE binding motifs of securin 

and separase in the cleft adjacent to the separase active site. (e) Close-up view of the 

securin LPE motif bound to separase. (f) Separase-mediated cleavage of 35S-labeled Scc1 

mutants carrying alanine mutations in the NHLEYE motif and/or the LPE motif. Results are 

representative of four independent experiments. See also Extended Data Fig. 9. (g) Analysis 

of Scc1 cleavage by separase mutants with deletions in AIL1 and AIL3. Regions deleted in 

each mutant as follows (see Extended Data Table 2 for sequence details): AIL1Δ, deletion 

of AIL1, containing the NDLNYE motif; AIL3Δ1, deletion of Cdc6-like domain and NFS 

motif; AIL3Δ2, deletion of entire insert 2; AIL3Δ3, deletion of NFS motif. Results are 

representative of three independent experiments. Values represent mean +/− SEM (n=3). See 

also Extended Data Fig. 10a.
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Fig. 3. Assembly of the separase-Cdk1-cyclin B1-Cks1 complex and structural basis for Cdk1 
inhibition by separase.
(a) Two views of the surface of cyclin B1 (left) showing electrostatic potential and 

hydrophobicity, with close-ups of the key interactions at right. Electrostatic potentials are 

contoured from −10 (red) to +10 kT/e (blue). (b) Overview of separase interactions with 

Cdk1-cyclin B1. The cyclin B-binding loop and Cdc6-like domain of separase are shown 

in purple and cyan, respectively. Phosphothreonine 161 of Cdk1 and phosphoserine 1126 of 

separase are highlighted (left). At right is a close-up of Cdc6-like domain binding compared 
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to a substrate peptide (pale yellow) co-crystallized with Cdk2 (omitted) bound to ATP 

(PDB code: 2CCI32). The phosphoacceptor serine in the peptide substrate is replaced with 

Ala1380 of the Cdc6-like domain. Sequence conservation between the separase Cdc6-like 

domain and the substrate peptide is shown below.
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