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Abstract

The cysteine protease separase opens the cohesin ring by cleaving its kleisin subunit and is a 

pivotal cell cycle factor for the transition from metaphase to anaphase. It is inhibited by forming a 

complex with the chaperone securing, and in vertebrates, also by the Cdk1-cyclin B1 complex. 

Separase is activated upon the destruction of securin or cyclin B1 by the proteasome, after 

ubiquitination by the anaphase-promoting complex/cyclosome (APC/C). Here we review recent 

structures of the active protease segment of Chaetomium thermophilum separase in complex with 

a substrate-mimic inhibitor and full-length Saccharomyces cerevisiae and Caenorhabditis elegans 
separase in complex with securin. These structures define the mechanism for substrate recognition 

and catalysis by separase, and show that securin has extensive contacts with separase, consistent 

with its chaperone function. They confirm that securin inhibits separase by binding as a pseudo 

substrate.

Separase is a large (140–250 kD) eukaryotic endopeptidase belonging to the CD clan of 

cysteine proteases, which also includes caspases and gingipain [1], reviewed in [2–5••]. It 

cleaves the kleisin subunit (Scc1/Rad21/Mcd1 for mitosis and Rec8 for meiosis) of the 

cohesin complex that entraps sister chromatids during cell division, and therefore it has 

essential roles in chromosome segregation [1,6–11]. While most of the cohesins located on 

the chromosome arms are removed through a phosphorylation-dependent “prophase 

pathway” [6,9], centromeric cohesins are protected by shugoshin and are subjected to 

separase cleavage for chromosome segregation during the transition from metaphase to 

anaphase [1,10,12,13]. Over-expression of separase is linked to aneuploidy and 

tumorigenesis, making it a potential target for anti-cancer drug discovery [14,15•].

Besides its roles in chromosome segregation, separase also has important functions in other 

cellular events, such as stabilizing the anaphase spindle by cleaving and localizing the 

kinetochore-associated protein Slk19 [16], regulating centriole disengagement in mammals 

by cleaving pericentrin/kendrin [17–19], DNA damage repair [20], membrane trafficking 

[21], telomere protection [22], and Cdk1 inhibition [23].
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Consistent with its crucial cellular functions, the activity of separase is tightly regulated. 

Securin, a natively unfolded protein in solution [24,25], is the first reported regulator of 

separase and acts as both a chaperone and an inhibitor [26–33]. Securin binds to nascent 

separase protein co-translationally to help its proper folding and forms a stable complex with 

separase until the onset of anaphase. In vertebrates, the Cdk1-cyclin B1 complex is another 

regulator of separase activity [23,33–35]. Cdk1 phosphorylates separase and then forms a 

stable complex with it through interactions between cyclin B1 and a Cdc6-like sequence in 

the N-terminal regulatory region of separase, and this process is dependent on the 

isomerization of separase by Pin1 [36•].

Separase is activated by the destruction of securin [37–39] and cyclin B1 [23] via the 

proteasome pathway upon ubiquitination in their N-terminal region by the anaphase-

promoting complex/cyclosome (APC/C) [40,41]. APC/C-mediated reduction in securin level 

in aged female mice is linked to premature chromosome segregation in meiosis II [42]. 

Besides the two key mechanisms mentioned above, other regulatory processes have also 

been reported. For example, auto-cleavage of separase in higher eukaryotes occurs upon 

activation, which affects mitosis progression but not the protease activity of separase [31,43–

46]. Protein phosphatase 2A (PP2A) binds to a region of separase adjacent to the auto-

cleavage sites [47], which stabilizes separase-associated securin through dephosphorylation 

[48]. Phosphorylation of securin in yeast enhances its interaction with separase and 

promotes the nuclear localization of separase [49].

The primary structure of separase contains a C-terminal caspase-like catalytic domain (CD) 

of ~200 residues and an N-terminal α-helical regulatory region (Fig. 1a). An additional 

domain is located between the helical region and CD, and this domain has been named the 

substrate-binding domain (SD) [50••] or the pseudo-protease domain (PPD) [51••]. The CD 

is conserved among eukaryotes, with 34% sequence identity between yeast and human 

separase. The conservation of the SD is weaker, with 24% identity between yeast and human 

separase. In contrast, the α helical region is poorly conserved, both in sequence and in 

length, contributing to the extensive size variations among these enzymes (Fig. 1a). Some 

separases also contain C-terminal extensions beyond the CD, further increasing the size 

variation. Drosophila separase is distinct in being composed of two separate subunits [52,53] 

(Fig. 1a).

Securin has a KEN-box and a D-box in its N-terminal region which are crucial for 

ubiquitination by APC/C, while its C-terminal region mediates the binding and inhibition of 

separase (Fig. 1b). This region has been named the separase interaction segment (SIS) [50••] 

or the separase-binding motif (SBM) [54••].

While separase was first characterized nearly two decades ago, detailed understanding of 

this central player for chromosome segregation was hampered by the lack of atomic 

structural information. Only low-resolution electron microscopy (EM) maps of human and 

C. elegans separase-securin complex were available [55,56]. Remarkably, three atomic 

structures were reported since 2016, including the crystal structures of the active protease 

segment of the separase from the thermophilic fungus C. thermophilum at up to 1.85 Å 

resolution [51••], the crystal structures of the yeast S. cerevisiae separase-securin complex at 
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up to 2.6 Å resolution [50••], and the cryo-EM structure of the C. elegans separase-securin 

complex at 3.8 Å resolution [54••]. These structures represent significant breakthroughs for 

the field, and the observations from them are reviewed here.

Overall structures of the separase-securin complex

The overall structure of the yeast separase-securin complex assumes a highly-elongated 

shape, with overall dimensions of 65 × 70 × 165 Å (Fig. 1c, 1d). The shape of this complex 

is generally similar to that observed for the human separase-securin complex at low 

resolution [54••,55], suggesting that the human complex may have a similar organization. 

The overall structure of the C. elegans separase-securin complex is less elongated, about 110 

Å for the longest dimension (Fig. 1e, 1f), because C. elegans separase (1262 residues) is 

much smaller than yeast separase (1630 residues). In fact, C. elegans separase also contains 

a C-terminal extension, and the CD actually terminates at residue 1140 (Fig. 1a). In both 

structures, securin assumes a mostly unfolded conformation and runs in an anti-parallel 

direction along the entire length of separase, from its active site to the N-terminal region at 

the opposite end of the structure.

The structure reveals that the N-terminal helical region of yeast separase can be divided into 

four domains, I–IV, with domains I and II located far away from the active site in CD (Fig. 

1c, 1d). These two domains are positioned side by side, such that the loops connecting the 

helical hairpins at one end of each domain are facing each other (Fig. 2a). C. elegans 
separase lacks these two domains, explaining its smaller size (Fig. 1a). The arrangements of 

the remaining domains in C. elegans separase are generally similar to those in yeast 

separase, although there are also detailed differences.

Domain III of yeast separase consists of helical hairpins arranged in a right-handed 

superhelix (Fig. 2b). While the architecture of this domain in C. elegans separase is 

generally similar, the locations of the helices (Fig. 2c) as well as the orientation of the 

domain relative to the rest of the structure (Fig. 1e) are different.

The SD has intimate contacts with the CD and is crucial for substrate binding by separase 

(Fig. 2d, see below), hence its name [50••]. The CD and SD have also been named the active 

protease domain (APD) and pseudo-protease domain (PPD), respectively [51••], although 

the backbone fold of SD has no similarity to caspases or other proteases. The structure of SD 

contains a five-stranded β-sheet with an RNase H-like fold, with inserts of a hairpin of two 

long helices (αA and αB) that contribute to substrate binding as well as a four-helical 

bundle. One face of the β-sheet in SD is covered by domain IV, which also provides an 

additional strand to the β-sheet in SD and contacts the CD in yeast separase (Fig. 2d), 

suggesting that domains IV-SD-CD together might form a stable module that mediates the 

protease activity of separase. Such an active module has also been named the separase 

protease domain (SPD) [51••].

The SD-CD structure of yeast separase is highly similar to that of C. thermophilum separase 

(Fig. 2d), with rms distance of 1.5 Å for their equivalent Cα atoms (39% sequence identity), 

indicating good conservation between these fungal enzymes and also that there are no 
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significant conformational changes in these domains caused by the helical region. In 

comparison, there are substantial structural differences between the IV-SD-CD of yeast and 

C. elegans separase (Fig. 2e). With the CD of the two structures superposed, a 10° difference 

in the orientation of the SD β-sheet is observed between them, and there are also structural 

differences in the helical hairpin and especially the four-helical bundle in the SD. Moreover, 

C. elegans separase domain IV does not provide an extra β-strand to the SD and is located in 

a different position compared to that in yeast separase, although the domain still covers the 

β-sheet in SD and contacts the CD. These observed structural changes may reflect actual 

differences between fungal and animal separases.

The helical region in human separase contains two unstructured segments (US1 and US2), 

which harbor post-translational modification and protein binding sites that are important for 

the function of separase (Fig. 1a). US1 contains two phosphorylation sites, Ser1126 and 

Ser1153, that lead to inhibition of separase activity [34] and cause a tendency of inactivation 

by aggregation or precipitation [33], which can be counteracted by the Cdk1-cyclin B1 

complex with the help of isomerization by Pin1 of the Ser1126 site [36•]. US2 contains the 

binding sites for Cdk1-cyclin B1 [23,35,57] and PP2A [47,48], and also the auto-cleavage 

sites [31,43] (Fig. 1a).

These two segments also exist in many of the other separases, although US1 may be absent 

in yeast separase (Fig. 1a). US1 has ~60 residues and corresponds to a loop in domain III, 

while US2 has ~250 residues in human separase but ~50 residues in others and is near the 

connection between domain IV and SD (Fig. 1e). Both segments are away from the active 

site of separase and the bound securin, although they might be able to reach the active site 

[54••]. The exact mechanism for their action will require further studies.

Mechanism of substrate recognition by separase

Separase substrates share the motif (D/E/S)x(D/E)xxR, with the cleavage site located after 

the Arg residue (Fig. 3a) [7,10,58]. The structure of C. thermophilum SD-CD in complex 

with a substrate-mimic inhibitor has defined the molecular basis for substrate recognition 

[51••]. The P1 Arg is ion-paired with an Asp residue, while the P4 Glu interacts with the 

main-chain amides at the N-terminus of helix αE of CD. The P5 residue contacts two 

aromatic side chains in helix αB from the helical hairpin insert of SD (Fig. 3b). 

Phosphorylation of the P6 Ser enhances the cleavage by separase [59], and the phosphate 

group interacts with a collection of Arg and Lys residues. The observed binding mode is 

supported by extensive structure-based mutagenesis studies [51••]. Mutations of S. pombe 
and C. thermophilum securin to introduce residues found in the substrate, especially an Arg 

residue at P1 (Fig. 3a), allowed its cleavage by separase [32,51••], indicating that securin 

functions as a pseudo substrate and inhibits separase by binding in the active site. Human 

separase cannot cleave yeast Scc1 and vice versa [31], suggesting that there is species 

specificity in the recognition.
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Mechanism for the inhibition of separase by securin

Consistent with biochemical studies, the structures show that securin inhibits separase as a 

pseudo substrate, with the N-terminal region of the SIS located in the active site of separase 

(Fig. 1c–1f). Securins share the P4 Glu residue with the substrate (Fig. 3a). The position of 

this segment of securin in the yeast separase-securin complex is similar to that of the 

substrate-mimic, and the recognition of the P4 and P5 residues are similar as well (Fig. 3b). 

In the C. elegans separase-securin complex, the position of securin has recognizable 

differences compared to that of the substrate-mimic (Fig. 3c). In addition, the P4 Glu side 

chain is pointed away from helix αE, and the positions of P5 and the helical hairpin it 

contacts are also different (Fig. 3c).

Most importantly, the P1 Arg of the substrate is replaced by Pro263 in yeast securin, and a 

large conformational difference is observed for the binding mode of this residue. In fact, the 

distance between the side chain of the nucleophilic Cys1531 and the carbonyl carbon of 

Pro263 is 6 Å (Fig. 3d), defining one reason why securin is not cleaved even though it binds 

in the active site. In addition, the carbonyl oxygen of Pro263 is pointed toward the Cys1531 

thiolate rather than the oxyanion hole, and therefore this carbonyl group is not in the correct 

conformation for nucleophilic attack by Cys1531, whose thiolate is stabilized by a 

hydrogen-bond with the main-chain amide of Val1566. Moreover, the side chain of the 

second member His1505 of the catalytic machinery assumes a different rotamer to avoid 

steric clash with Pro263 and is pointed nearly in the opposite direction compared to His2083 

in the C. thermophilum substrate-mimic complex (Fig. 3d), and this conformation is unlikely 

to support catalysis either.

In C. elegans securin the P1 Arg is replaced by Met126, and its side chain is inserted into the 

S1 pocket, occupying roughly the same position as the Arg side chain (Fig. 3e). The 

Asp1082 residue that would normally recognize the Arg side chain assumes a different 

rotamer (Fig. 3c). Interestingly, the main chain of Met126 assumes a conformation that 

appears to be ready for cleavage. The thiolate of Cys1040 is positioned directly above the Re 
face of the carbonyl group, with a distance of 4 Å to its carbon atom, and the second 

member His1014 assumes the catalytically competent rotamer (Fig. 3e). On the other hand, 

the separation between Cys1040 and His1014 is ~2.5 Å longer in the securin complex as 

compared to the substrate-mimic complex (Fig. 3e), likely due to the presence of Met at the 

P1 position in securin. This may be the reason why C. elegans securin is not cleaved in the 

active site of separase [54••].

Securin also has extensive contacts with the helical region of separase

In both the yeast and the C. elegans separase-securin complexes, securin has extensive 

contacts with the helical region of separase, outside of its active site. In fact, securin makes 

contact with every domain of separase in both structures (Fig. 1c–1f), and 4,600 Å2 of the 

surface area of yeast securin is buried in the interface with separase. The contacts involve 

ionic, hydrogen-bonding and van der Waals interactions.
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In both structures, a helix at the C-terminal end of the securin SIS interacts with the most N-

terminal domain of separase (domain I in yeast separase and domain III in C. elegans 
separase) (Fig. 2a, 2c). This is consistent with biochemical data showing that the C-terminus 

of securin binds to the N-terminal region in both yeast and human separase [30,55]; deletion 

of the first 155 residues of yeast separase disrupts complex formation with securin [30] 

(although deleting these residues could also disrupt the folding of separase); as well as that 

securin binds separase co-translationally as early as when the N-terminal region is translated 

[33].

The extensive contacts between separase and securin is consistent with the chaperone 

function of securin in promoting and stabilizing the folding of separase. Leaving out any 

region of the yeast securin SIS impairs the production of soluble separase [33,50••], 

demonstrating the importance of the entire SIS for the chaperone function of securin. 

Especially, a securin SIS lacking the region in the separase active site also failed to produce 

soluble separase, indicating that securin binding in the active site of separase is also 

important for its proper folding.

However, the exact mode of interaction between separase and securin is rather different 

between the yeast and the C. elegans complexes. For example, the locations of securin on the 

surface of domain III is dramatically different in the two complexes (Fig. 1c, 1e). This is 

likely a reflection of the weak sequence conservations of securin as well as the helical region 

of separase.

Comparison to caspase and other cysteine proteases

The structure of separase CD (Fig. 4a) is similar to that of caspase [60] (Fig. 4b), gingipain 

[61] (Fig. 4c) and other cysteine proteases. They share conserved catalytic machinery and 

oxyanion hole, and the substrate binding modes are similar as well. At the same time, there 

are also substantial differences among them.

Caspase functions as a dimer of intra-chain cleaved hetero-dimers (Fig. 4b). The dimer 

contains a central β-sheet, with the strands roughly in the same plane. Similarly, a large, 

mostly planar β-sheet exists in gingipain, formed by its A and B domains (Fig. 4c). Separase 

also contains a large β-sheet for SD-CD, with the SD occupying the same position as the 

second molecule in caspase and the A domain in gingipain. However, the β-strands in SD 

are nearly perpendicular to those in CD, as well as their equivalents in caspase and 

gingipain. In addition, the second molecule of caspase and the A domain of gingipain do not 

contribute directly to catalysis in the active site, while the SD is crucial for substrate binding 

in separase.

Four surface loops are important for constituting the active site of caspase [62]. Among 

these, the loop preceding strand β6 in caspase (Fig. 4b) is provided by the helical insert of 

SD in separase (Fig. 4a). Loop L4 in caspase [63], also known as loop L2 [62], contains the 

catalytic Cys and the intra-chain cleavage site, and is important for the activation of caspase. 

The equivalent loop in separase (loop L4) does not need to undergo proteolysis for activation 

and is not in contact with the P side of the substrate, although mutations in this region can 
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affect catalysis [51••]. This loop assumes a different conformation in the structure of 

separase-securin complexes, with a small two-stranded β-sheet (Fig. 2d–2e, 4a). It is placed 

between the CD and the helical region, especially domain III, and therefore the helical 

region may regulate the conformation of this loop.

Summary and Perspectives

The three recent structures have provided the first molecular insights into separase and 

securin. They have illuminated the molecular mechanism for substrate recognition and 

catalysis by separase and defined the domain organization and overall architecture of yeast 

and C. elegans separase. They have also revealed that securin inhibits separase by binding as 

a pseudo substrate in the active site, confirming earlier biochemical data. Moreover, securin 

contacts all the domains in separase, consistent with its chaperone function. The human 

separase-securin complex has a similar overall shape as the yeast separase-securin complex, 

indicating that it may have a similar architecture as well.

The structures confirm the expectation that separase is related to caspase, gingipain and 

other CD clan cysteine proteases, and also reveal significant differences to them. While the 

active site in caspase and gingipain is composed of residues from a single domain, the active 

site in separase requires contributions from two distinct domains. Separase also contains an 

extended N-terminal helical region, making it much larger than other cysteine proteases. The 

exact functions of this region are still not fully understood, and it has no direct contribution 

to the active site in the current structures. This helical region may regulate the catalytic 

activity of separase (for example controlling the conformation of the L4 loop in CD), and it 

may also interact with the Scc1 substrate to facilitate the cleavage [58]. The helical region 

may also support other functions of separase, for example by mediating the activation of 

human separase by DNA of 100 bp or larger [64]. The presence of many post-translational 

modification and protein-binding sites in the unstructured segments is also consistent with a 

regulatory role for the helical region. It will be interesting to elucidate the mechanism of 

how prolyl isomerization, phosphorylation and auto-cleavage affect the structure and activity 

of separase.

The structures of separase show extensive contacts (1,000 Å2 surface area burial) among its 

domains, suggesting that these structures may be stable on their own, in the absence of 

securin. However, it remains to be seen whether the active separase, after the destruction of 

securin, assumes the same conformation as that observed in the securin complex.

The current structures have defined the molecular mechanism for the inhibition of separase 

by securin. Further studies will be needed to reveal the mechanism of separase inhibition by 

Cdk1-cyclin B1 in vertebrates. In addition, an atomic structure of the human separase-

securin complex would also be of great interest, as it may form the foundation for the design 

and development of inhibitors that could be efficacious for treating human diseases.
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Highlights

• Atomic structures of separase and its complex with securin have become 

available.

• Securin inhibits separase by binding as a pseudo substrate to its active site.

• Securin has extensive interactions with separase, consistent with its chaperone 

function.

• The catalytic domain of separase resembles cysteine proteases, but has unique 

features.
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Figure 1. 
Structures of separase-securin complexes. (a). Domain organization of separase. The helical 

region of yeast separase is divided into four domains (I–IV) and given different colors, 

which is followed by SD (substrate-binding domain) and CD (catalytic domain). The 

domain boundaries for the N-terminal region of C. thermophilum and human separase are 

not known and therefore are not indicated. The unstructured segments (US) in the helical 

region are shown in gray. For Drosophila separase, only the subunit containing the SD-CD 

(known as SSE) is shown. Sc: S. cerevisiae (yeast), Ct: Chaetomium thermophilum, Ce: C. 
elegans, Dm: D. melanogaster, Hs: Homo sapiens. (b). Domain organization of securin. The 

separase interaction segment (SIS) is shown in magenta. The N-terminal KEN and D-boxes 

are indicated. (c). Schematic drawing of the structure of the yeast separase-securin complex. 

The domains of separase are colored as in Fig. 1a, and the securin SIS is in magenta. The 

catalytic Cys1531 is shown as a sphere model. Two of the phosphorylation sites in securin 

are indicated with spheres. The ends of the unstructured segment (US2) are indicated by the 

two gray spheres. (d). Structure of the yeast separase-securin complex, with separase shown 

as a molecular surface, viewed after 50° rotation around the vertical axis from panel c. The 

active site of separase is indicated with the red star. (e). Schematic drawing of the structure 

of the C. elegans separase-securin complex. The catalytic Cys1040 is shown as a sphere 

model. (f). Structure of the C. elegans separase-securin complex, with separase shown as a 

molecular surface. All structure figures were produced with PyMOL (www.pymol.org).
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Figure 2. 
Structures of separase domains and their interaction with securin. (a). Schematic drawing of 

domains I and II of yeast separase. The segment of SIS that interacts with these domains are 

also shown (magenta). (b). Schematic drawing of domain III of yeast separase, colored from 

blue at the N-terminus to red at the C-terminus. (c). Schematic drawing of domain III of C. 
elegans separase. (d). Overlay of the structures of yeast IV-SD-CD (in color) and the SD-CD 

of C. thermophilum separase (gray). The catalytic Cys residue is indicated with the red 

asterisk. Blue arrowhead points to the additional β-strand provided by domain IV to the SD 

in yeast separase. Red arrowhead points to conformational differences in the loop L4 region. 

(e). Overlay of the structures of yeast IV-SD-CD (in color) and the IV-SD-CD of C. elegans 
separase (gray). The superposition is based on the CD only, and a 10° difference is observed 

for the forientation of the SD β sheet (green arrow).
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Figure 3. 
Molecular mechanism for the inhibition of separase by securin. (a). Alignment of the 

cleavage sites in separase substrates. The two cleavage sites in each protein are named a and 

b. The equivalent residues in securin are also shown. The asterisks indicate securin mutants 

(mutations in green) that become substrates of separase. The P and P′ residues are labeled at 

the top, and the cleavage site is indicated with the vertical line. (b). Binding mode of 

residues 258-265 of yeast securin SIS (magenta) in the active site of yeast separase. Side 

chains of residues in the interface are shown as stick models and labeled. The bound position 

of a substrate-mimic inhibitor to C. thermophilum separase SD-CD is shown in gray. (c). 

Binding mode of residues 121-127 of C. elegans securin SIS (magenta) in the active site of 

C. elegans separase. (d). Closeup of the active site region of yeast separase. The catalytic 

Cys1531 side chain is hydrogen-bonded to the main-chain amide of Val1566 (dashed line in 

red) and 6 Å from the carbonyl carbon of Pro263 (dashed line in blue). (e). Close-up of the 

active site region of C. elegans separase.
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Figure 4. 
Structural comparisons with caspase and gingipain. (a). Schematic drawing of SD-CD of 

yeast separase (green and cyan, respectively), together with the portion of securin SIS 

(magenta) that is in the CD active site (indicated with the red star). The four-helical bundle 

in SD is omitted for clarity. (b). Schematic drawing of caspase 7 in a covalent complex with 

a substrate-mimic inhibitor (magenta). One molecule is colored in light cyan and cyan for its 

two fragments, while the other in light green and green. The blue arrowhead indicates the 

loop preceding strand β6 that is in the active site. The orientation of the first molecule is the 

same as that of separase CD. (c). Schematic drawing of gingipain in a covalent complex with 

a substrate-mimic inhibitor (magenta). The A and B domains are colored in green and cyan, 

respectively.
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