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Sister chromatid segregation is the final irreversible step of mitosis. It is initiated by a
complex regulatory system that ultimately triggers the timely activation of a conserved
cysteine protease named separase. Separase cleaves the cohesin protein ring that links
the sister chromatids and thus facilitates their separation and segregation to the opposite
poles of the dividing cell. Due to the irreversible nature of this process, separase activity
is tightly controlled in all eukaryotic cells. In this mini-review, we summarize the latest
structural and functional findings on the regulation of separase, with an emphasis on the
regulation of the human enzyme by two inhibitors, the universal inhibitor securin and the
vertebrate-specific inhibitor CDK1—cyclin B. We discuss the two fundamentally different
inhibitory mechanisms by which these inhibitors block separase activity by occluding
substrate binding. We also describe conserved mechanisms that facilitate substrate rec-
ognition and point out open research questions that will guide studies of this fascinating
enzyme for years to come.

Introduction

During mitosis, replicated chromosomes are aligned on the mitotic spindle and segregated equally to
the daughter cells. To ensure correct segregation, sister chromatid pairs are linked during S phase
[1,2] by the ring-shaped protein complex cohesin [3,4], which topologically entraps the sister chroma-
tids [5]. In late metaphase, the cohesin subunit Scc1/Rad21 [6-8] is cleaved by separase, an evolution-
arily conserved cysteine protease, to allow separation and segregation of sister chromatids in anaphase
[6,7,9]. Separase also cleaves the meiotic cohesin subunit Rec8 [10], as well as unrelated proteins such
as Meikin [11], MCL1 and BCL-XL [12], and Pericentrin/Kendrin [13-15], and is, therefore, believed
to have functions beyond cohesin cleavage, as described elsewhere [16,17].

Premature activation of separase leads to genomic instability and aneuploidy, which can lead to
tumorigenesis [18-20]. Consequently, the proteolytic activity of human separase is regulated during
mitosis through mutually exclusive binding to two inhibitory binding partners, namely securin [21-
24] or the CDKl1-cyclin B complex [25-27]. Furthermore, the human SGO2 (shugoshin 2)-MAD?2
complex is thought to act as a securin-independent inhibitor prior to mitosis and during a spindle
assembly checkpoint arrest [28]. While securin is a universal inhibitor of separase that is conserved in
yeast and humans and binds separase co-translationally [29], regulation of separase through binding
to CDK1-cyclin B is vertebrate-specific [25,27,29,30].

Human separase consists of 2120 amino acids (aa), with a molecular mass of 233 kDa. The enzyme
can be divided structurally into three domains: an N-terminal HEAT-repeat (huntingtin, elongation
factor 3 (EF3), protein phosphatase 2A (PP2A), and TORI1) domain, followed by a tetratricopeptide
repeat (TPR)-like domain and a conserved C-terminal protease domain that is responsible for sub-
strate cleavage [30-33]. Two large, intrinsically disordered insertions (insert 1 and insert 2) emerge
from the central TPR-like domain. Both inserts mediate protein—protein interactions and are import-
ant for the regulation of human separase activity. A schematic depiction of the domain architecture
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and two surface representations that indicate the binding sites of separase-interacting proteins are shown in
Figure 1. Insert 1 (also termed the cyclin B-binding loop) interacts with cyclin B1 [25,27,30] and possibly the
peptidyl-prolyl-isomerase Pinl [34]. Insert 2 contains a CDC6-like motif that binds cyclin-dependent kinase 1
(CDK1) [27,30], as well as other motifs that bind PP2A [35], cyclin Bl and separase itself [30]. Insert 2 also
contains three separase autocleavage sites that are adjacent to the PP2A-binding region [24,35] (Figure 1b).
Upon self-cleavage, the N- and C-terminal fragments of separase remain stably attached and the proteolytic
function of the protein is not affected [24,36]. However, separase self-cleavage disrupts PP2A binding and pos-
sibly promotes the binding of separase to the CDK1-cyclin B1 complex in vivo [35,37].

In this review, we focus on the latest structural and functional findings on separase substrate recognition, the
diverse modes of proteolytic inhibition by securin and the CDK1-cyclin B1-Cksl (CCC) complex, regulation
of the protease activity by vertebrate-specific binding partners, and the implications of the latest discoveries for
ordered cell cycle progression.

Substrate recognition by separase

Structural studies of the separase protease domain fused to a substrate-mimicking peptide [31], as well as mul-
tiple studies of full-length separase bound to the inhibitory pseudosubstrate securin [30,32,33], have provided
important insights into substrate recognition and the substrate-induced cleavage mechanism of separase. In
addition, numerous biochemical studies have helped to define key principles important for high-affinity sub-
strate binding and efficient cleavage.

A common feature of all identified separase substrates is the unstructured nature of the polypeptide N- and
C-terminal of the cleavage site, which allows the insertion of the cleavage motif into the catalytic site of separ-
ase [31,38]. Separase substrates are cleaved immediately C-terminal of an arginine residue at the P1 cleavage
position within an (S/D/E)xExxR cleavage motif (called the P6-P1 positions) [7,8,38]. Interactions between the
P1 Arg and separase residues lining the catalytic pocket orchestrate the active configuration of the catalytic site,
explaining the strict dependency on a P1 Arg residue to promote substrate-induced cleavage [31,33]. More pre-
cisely, a conserved aspartate residue in the catalytic pocket forms a bidentate salt bridge with the guanidinium
group of the substrate P1 arginine. This interaction facilitates hydrogen bonding between the Ne atom of the
guanidinium group of the arginine and the main chain carbonyl of a conserved glycine residue in separase,
adjacent to the catalytic histidine side chain. Precise positioning of the catalytic histidine allows the creation of
the oxyanion hole necessary for the cleavage of the scissile peptide bond [31].

In substrates, additional separase-binding motifs have recently been identified outside the conserved cleavage
motif in Sccl and are crucial facilitators of high-affinity binding and regulation of proteolysis [30,39].
Mutations or deletions of a NxLx®E motif [30] or an LPE motif [39] in human Sccl result in drastically
reduced cleavage efficiency [39]. Notably, these motifs are also present in the pseudosubstrate securin (see
below). The spacer sequences between these motifs vary in sequence and length between securin and Sccl and
seem to play an important role in promoting efficient cleavage of human Sccl [30,39]. Furthermore, these
motifs help determine the antiparallel binding mode relative to separase (Figures 2a and 3b).

Studies in yeast [40] and mammals [10-12,15,41] suggest that phosphorylation is a conserved mechanism to
promote the cleavage of some separase substrates. Calculation of the electrostatic surface potential of human
separase reveals the presence of three positively charged patches (patches I-III) (Figure 3a). Interestingly, some
substrate phosphorylation sites that enhance cleavage are located just a few residues N-terminal of the cleavage
site. In yeast Sccl [40] and human Meikin [11], phosphorylation of a serine residue at the P6 position is thought
to promote cleavage. In other substrates, or the pseudosubstrate securin, this P6 Ser residue is replaced by an
aspartate or a glutamate residue, thereby mimicking phosphorylation [33]. In all these cases, enhanced binding to
separase is likely recognized through patch III adjacent to the active site. The crystal structure of the Chaetomium
thermophilum separase protease domain bound to a phosphorylated Sccl substrate peptide provides clear struc-
tural evidence for the interaction of phosphorylated substrates at the P6 position with patch III [31].

In some separase substrates, such as Pericentrin [15] and Rec8 [42], there is evidence that cleavage is enhanced
by phosphorylation at multiple sites that are more distant from the cleavage site. We speculate that more distant
phosphates interact with patches I and/or II, or possibly at smaller basic sites on the separase surface.

Using human securin and Sccl AlphaFold2 [43] predictions as templates to predict the potential binding
path of substrates, it seems plausible that patch II (Figure 3a) serves as a recognition site for phosphorylated
residues that, in some substrates, are located 10-40 aa C-terminal of the P1 site. This positively charged region
located in the TPR-like domain of separase has recently been described as a substrate-binding site in yeast
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Figure 1. Domains of human separase and binding sites of separase-interacting proteins.

(@) Human separase is 2120 aa and consists of three domains: A HEAT-repeat domain, a TPR-like domain, and a protease

domain. Two large flexible loops, insert 1 (aa 1065-1152) and insert 2 (aa 1278-1572), are shown with blocks in cyan and deep

blue, respectively. The three auto-inhibitory loops (AIL1-3) are located in the TPR-like domain and indicated by triangles; AIL3
is part of insert 2. The catalytic site is composed of the highly conserved His2003 and Cys2029 residues. (b) Human separase
has multiple binding partners and binding sites are indicated as surface representation (PDB code: 7NJ1). In the top diagram,

the putative securin (aa 163-202) binding site in the N-terminal HEAT-repeat domain is predicted by AlphaFold2 [43] and

shown in purple. Binding sites for the NxLx®E and (S/D/E)xExxR motifs, on the C-terminal protease domain, are close to the
active site marked with a star symbol. Insert 1 contains the cyclin B-binding site, including phosphorylated serine 1126 and a

possible Pin1 binding site. Insert 2 contains AIL3, a CDC6-like motif that binds CDK1, and a PP2A binding site near the

autocleavage sites. In the bottom diagram, AIL2 and LPE motif binding sites are indicated in yellow and pink, respectively. AlL1

and AlL2, insert 1 and insert 2 (including AIL3) are shown with dashed lines in dark green, steel blue, cyan and deep blue.

separase (also known as Espl) [44]. In the human separase-securin complex, glutamates 132 and 133 of
securin form salt bridges with arginine 947 and lysine 944, part of patch II, respectively. Glutamate 132 is part
of the aforementioned LPE motif and is recognized by patch II (PDB code: 7NJ1 [30]). In yeast, phosphoryl-
ation of securin (also known as Pdsl) at serine 277, serine 292 and threonine 304 facilitates efficient interaction
with separase [45]. Modeling of phosphoserine 277 in the Esp1-Pdsl crystal structure (PDB code: 5U1T [32])
reveals the potential formation of salt bridges of pSer 277 with Arg798 and/or Arg 1130, both involved in
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Figure 2. Structures of human separase bound to securin or CDK1-cyclin B1-CKS1 (CCC).

(@) Three different views showing securin (aa 111-202) binding to separase in an antiparallel fashion (PDB code: 7NJ1).
Separase is shown as surface representation in gray and securin is shown as cartoon in salmon. Securin (aa 163-202) binding
to separase (aa 1-443) is predicted by AlphaFold2. The active site of separase is highlighted by a star in the middle diagram.
Binding sites of separase-interacting proteins are color coded as in Figure 1b. (b) Two views show CCC binding to the TPR-like
domain and C-terminal protease domain of separase (PDB code: 7NJ0). Cyclin B-binding loop (insert 1; cyan), containing
phosphorylated serine 1126 (orange), wraps around cyclin B1. AIL3 binds to separase at the (S/D/E)xExxR motif binding site
adjacent to the active site, while the CDC6-like motif binds the CDK1 active site as a pseudosubstrate. AlL1, containing the
NxLx®E motif, becomes ordered and binds to separase in a cleft between the TPR-like domain and the protease domain. AlL2
binds to separase at a hydrophobic site.

Another distinct positive patch (patch I) is situated in the N-terminal HEAT-repeat domain. However, struc-
tural or biochemical data that substantiate a role of patch I in the recognition of phosphorylated substrates do
not exist to date. Furthermore, all three patches may be involved in the binding and stimulation of cleavage
activity by DNA [39,46].

Modes of separase inhibition by securin or the CDK1-cyclin
B complex

The determination of structures of separase bound to securin [30,32,33] or the CCC complex [30] have pro-
vided unexpected molecular insights into two fundamentally different modes of separase inhibition. Securin
binds to separase as an extended, antiparallel pseudosubstrate (Figure 2a) that distorts the catalytic site geom-
etry by replacing the invariant P1 arginine with a large hydrophobic residue. The insertion of a hydrophobic
residue into the catalytic pocket leads to an outwards rotation of the aforementioned invariant aspartate residue
in separase (Asp2151 in C. thermophilum [31], Aspl1080 in Caenorhabditis elegans [33] and Asp2070 in Homo
sapiens [30]), as well as the disruption of the hydrogen bonding network, which ultimately causes the
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Figure 3. Electrostatic surface potential of human separase and comparison of securin, Scc1 and AIL1-3 binding to
separase.

(@) The electrostatic surface potential of separase was calculated using APBS [58] in PyMOL [59] (PDB code: 7NJ1). Three
large positively charged patches (I-lll) are indicated with dashed ovals. (b) Securin binds to separase at multiple sites, including
the (S/D/E)xExxR motif binding site (blue), the NxLx®E motif binding site (orange), the LPE motif binding site (pink) and the
hydrophobic site (yellow). AIL3 and Scc1 fragments (residues 164-173 or 443-451) that include cleavage sites bind to
separase at the (S/D/E)xExxR motif binding site (blue), similarly to securin. AIL1 contains a NDLNYE motif forming a small
o-helix and binds to separase at the NxLx®E motif binding site (orange). In the absence of securin, AlL2 becomes rigid and
occupies the hydrophobic site (yellow). The binding of Scc1 to separase was predicted by AlphaFold2. Figures have been
generated using Chimera X [60] or the PyMOL Molecular Graphics System.

displacement of the catalytic histidine residue by almost 2 A and thus prevents cleavage of the scissile peptide
bond in the inhibitory pseudosubstrate securin [33]. Consistent with these findings, the artificial introduction
of an arginine residue at the P1 position leads to the transformation of securin into a cleavable substrate
[31,39,47]. High-affinity binding between securin and separase is furthermore accomplished through additional
substrate-binding sites in separase (exosites) that span the entire enzyme [39]. Securin contains multiple
regions that are crucial for efficient inhibition, including the NxLx®E and LPE motifs as well as a stretch of
hydrophobic residues that follows these motifs (aa 136-146) [30,39].

In contrast, the CCC complex binds to separase at a distinct binding site in an interdomain cleft between the
central TPR-like domain and the C-terminal protease domain. Stable association between the CCC complex
and separase strictly depends on the phosphorylation of serine 1126 of human separase by CDK1 [25,30]. CCC
binding causes the rigidification of several separase loop segments, including insert 1 and parts of insert
2. Upon phosphorylation, the intrinsically disordered insert 1 wraps around cyclin Bl, with phosphoserine
1126 at its center (Figures la,b and 2b). The phosphoserine is recognized by a highly conserved, positively
charged phosphate-binding pocket present in B-type cyclins but not other cyclins. Interestingly, mutation of
the homologous pocket of yeast Clb2 leads to reduced phosphorylation of the CDK1 substrate Nddl [48],
implying a broader regulatory role for this binding pocket in the recognition of CDKI1 targets.

Other loop fragments that are rigidified upon CCC binding interact with substrate-binding sites to occlude
substrate access and thus inhibit separase activity. We, therefore, termed these three loops auto-inhibitory loops
or AILs [30]. AIL1 contains the aforementioned NxLx®E motif, which is part of a short a-helix that fills an
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interdomain cleft between the central TPR-like domain and the C-terminal protease domain, adjacent to the
active site (Figures 2b and 3b). Unpublished data from our laboratory suggest that this loop also binds this cleft
in the apo form of separase, although the loop, in this case, exhibits a higher degree of flexibility, reflected by a
less-well-defined density compared with that seen in the separase~CCC complex (data not shown). It is, there-
fore, possible that this loop modulates substrate recognition by active separase.

AIL2 is spatially closer positioned to the N-terminus of separase than AIL1 (Figure 1b) and blocks access to
a hydrophobic channel near patch II in the TPR-like domain; this channel is occupied by a hydrophobic
segment of securin in the securin-separase complex.

AIL3 is part of the large insert 2 and binds adjacent to the active site, opposite AIL1 (Figures 2b and 3b).
Asn1394, Phel395 and Ser1396 of AIL3 exhibit similarities to the DIE-motif in securin [47] (P6-P4 positions),
while its carboxy-terminal acidic amino acids are recognized by the positively charged patch III [30]. AIL1 and
AJL3 thus bind adjacent to both sides of the catalytic pocket to occlude substrate binding (Figure 2b). Removal
of AIL1 or AIL3 increases catalytic activity, as expected for an inhibitory role of these loop segments [30].
Insert 2 also contains a CDC6-like motif that binds and thereby inhibits CDK1 [27,30] (Figure 2b). The result
is a complex in which separase and CDK1 are caught ‘in an oppressive embrace’ [49].

It has been suggested that the third described inhibitor of separase, the SGO2-MAD2 complex, uses a non-
cleavable pseudosubstrate sequence to occupy and inhibit the active site of separase, comparable to securin
[28]. The proposed sequence motif is situated within a region of SGO2 that is predicted to form a coiled-coil
domain [50], and therefore additional structural studies will be required to clearly define the mode of separase
inhibition by the SGO2-MAD2 complex.

Regulation of separase activity by PP2A

Stable association of securin or the CCC complex with separase is modulated by phosphorylation of the prote-
ase and its substrates, and the phosphatase PP2A is likely to play a role in these mechanisms. PP2A binding to
separase is mediated through its B56 subunit [35,37,51,52]. The binding site of PP2A has been mapped inside
insert 2 of separase, near the self-cleavage sites (Figure 1) [35]. Sequence analysis of PP2A-B56 interactors led
to the assignment of an (L/F/M)xx(I/V/L)XE consensus sequence for PP2A-B56 binding proteins [53], with the
glutamate being the only invariant residue. Through sequence analysis, we identified a matching MxxIxE motif
within aa 1485-1490 of human separase that overlaps with the first self-cleavage site (Arg 1486, Argl506,
Argl535 are the P1 residues for each of the three self-cleavage sites). In accordance with these findings, separ-
ase self-cleavage disrupts PP2A binding [35].

Self-cleavage of separase promotes the binding of cyclin Bl to separase in vivo [37] but is not required for
the assembly of the purified CCC complex in vitro [30]. One potential explanation is that associated PP2A in
vivo dephosphorylates Ser1126, the site required for cyclin B association. According to this model, self-cleavage
enhances separase phosphorylation and cyclin B association by disrupting PP2A binding.

The effect of securin phosphorylation on its binding to separase is species- and position-dependent.
Phosphorylation of C-terminal residues (relative to the pseudo-cleavage site) in yeast securin Pdsl promotes
interaction with yeast separase Espl [45], perhaps through interaction with the positively conserved charged
patch II. Dephosphorylation of N-terminal phosphosites (relative to the pseudo-cleavage site) in human
securin by associated PP2A stabilizes separase-bound securin because it delays APC/C-dependent ubiquityla-
tion [51]. The association of securin with PP2A is indirect and bridged by the separase-PP2A interaction [51].

Conclusions

The proteolytic activity of human separase is regulated through an intricate and multi-layered interplay of
diverse binding partners that modulate enzyme activity by influencing binding to substrates [10-12,15] or the
pseudosubstrate securin [45,51].

Handover models for separase regulation and their implications in sister chromatid separation have been
proposed [52,54]. In such models, separase is initially inhibited by securin that binds to separase
co-translationally and acts as a chaperone to promote separase folding. Separase is then ‘handed over’ to other
regulators. During metaphase, securin and cyclin B are degraded with similar kinetics via APC/C-mediated ubi-
quitylation. Securin destruction leads to activation and self-cleavage of separase, which in turn promotes the
dissociation of PP2A. Reduced levels of bound PP2A may have a dual effect. First, any remaining phosphory-
lated securin that rebinds active separase will not be protected from APC/C-mediated destruction, thereby
increasing the population of active separase [51]. Second, reduced PP2A binding to separase might also result
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in increased phosphorylation of separase Ser1126, which then promotes binding of a portion of the separase
population to CDK1-cyclin B complexes that have not yet been inactivated via the APC/C [37]. Both mechan-
isms, namely enhanced securin degradation and increased Ser1126 phosphorylation, favor the association of
separase with CDKI1-cyclin B over securin and may be sufficient to establish a handover mechanism. It also
remains possible that some securin destruction occurs at low rates earlier in mitosis, allowing the formation of
separase—cyclin B complexes prior to metaphase.

Formation of the separase-CCC complex leads to mutual repression of the protease activity of separase and
the kinase activity of CDKI. It has long been known that efficient poleward movement of separated sister chro-
matids depends on the shutdown of CDK1 activity [55-57]. Separase links these two independent processes of
cohesin dissolution and segregation of the sister chromatids through the diverse action of its two inhibitors
[54]. It remains unclear how the SGO2-MAD?2 complex is integrated into this regulatory system, or whether it
also binds to separase that is initially occupied by securin [28].

While recent structural and functional studies have begun to shed light on the diverse molecular mechanisms
that control substrate recognition and human separase inhibition, much remains to be learned about this fas-
cinating key player of cell division. For example, the structure of a full-length substrate bound to separase will
likely provide novel insights into substrate recognition. Similarly, a complex structure of separase bound to
PP2A will potentially offer novel insights into separase regulation by phosphorylation.

Perspectives

e Equal distribution of the duplicated genetic material during mitosis is key for the genesis of
healthy eukaryotic cells. Separase-mediated sister chromatid separation is a key step in this
process.

e The proteolytic activity of separase is tightly controlled through binding partners that inhibit
enzyme activity by blocking substrate binding. Vertebrate separase is kept in check by the
action of two complexes whose inhibitory mechanisms fundamentally differ from each other.

e Structural and functional studies of separase bound to substrates and/or other regulatory
binding partners will provide further insights into the molecular mechanisms that underlie
chromosome segregation.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by Swiss National Science Foundation (SNSF) grants [310030_185235,
TMSGI3_211581], a Swiss Cancer League grant [KFS-5453-08-2021] awarded to A.B. and a grant from the US
National Institute of General Medical Sciences [R35-GM118053] to D.O.M.

Open Access
Open access for this article was enabled by the participation of the University of Geneva in an all-inclusive Read &
Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with Individual.

Acknowledgements
We thank Sophia Schmidt, Julia Kamenz and Kyle Muir for their valuable insights and critical comments on this
manuscript. We are grateful to David Barford for long-term support.

Abbreviations

CCC, CDK1-cyclin B1-Cks1; CDK1, cyclin-dependent kinase 1; HEAT, huntingtin, elongation factor 3, protein
phosphatase 2A, and TOR1; PP2A, protein phosphatase 2A; TPR, tetratricopeptide repeat.

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 231


https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

Biochemical Society Transactions (2023) 51 1225-1233
https://doi.org/10.1042/BST20221400

References

1 Guacci, V., Koshland, D. and Strunnikov, A. (1997) A direct link between sister chromatid cohesion and chromosome condensation revealed through the
analysis of MCD1 in S. cerevisiae. Cell 91, 47-57 https://doi.org/10.1016/S0092-8674(01)80008-8

2 Michaelis, C., Ciosk, R. and Nasmyth, K. (1997) Cohesins: chromosomal proteins that prevent premature separation of sister chromatids. Cell 91, 35-45
https://doi.org/10.1016/s0092-8674(01)80007-6

3 Haering, C.H., Lowe, J., Hochwagen, A. and Nasmyth, K. (2002) Molecular architecture of SMC proteins and the yeast cohesin complex. Mol. Cell 9,
773-788 https://doi.org/10.1016/s1097-2765(02)00515-4

4 Gruber, S., Haering, C.H. and Nasmyth, K. (2003) Chromosomal cohesin forms a ring. Cell 112, 765—777 https://doi.org/10.1016/s0092-8674(03)
00162-4

5 Haering, C.H., Farcas, A.-M., Arumugam, P., Metson, J. and Nasmyth, K. (2008) The cohesin ring concatenates sister DNA molecules. Nature 454,
297-301 https://doi.org/10.1038/nature07098

6 Uhlmann, F., Wernic, D., Poupart, M.A., Koonin, E.V. and Nasmyth, K. (2000) Cleavage of cohesin by the CD clan protease separin triggers anaphase in
yeast. Cell 103, 375-386 https://doi.org/10.1016/s0092-8674(00)00130-6

7 Hauf, S., Waizenegger, 1.C. and Peters, J.M. (2001) Cohesin cleavage by separase required for anaphase and cytokinesis in human cells. Science 293,
1320-1323 https://doi.org/10.1126/science. 1061376

8 Uhimann, F., Lottspeich, F. and Nasmyth, K. (1999) Sister-chromatid separation at anaphase onset is promoted by cleavage of the cohesin subunit
Scc1. Nature 400, 37—-42 https://doi.org/10.1038/21831

9 Waizenegger, 1.C., Hauf, S., Meinke, A. and Peters, J.M. (2000) Two distinct pathways remove mammalian cohesin from chromosome arms in prophase
and from centromeres in anaphase. Cell 103, 399-410 https://doi.org/10.1016/s0092-8674(00)00132-x

10  Nikalayevich, E., El Jailani, S., Dupré, A., Cladiére, D., Gryaznova, Y., Fosse, C. et al. (2022) Aurora B/C-dependent phosphorylation promotes Rec8
cleavage in mammalian oocytes. Curr. Biol. 32, 2281-2290.e4 https://doi.org/10.1016/j.cub.2022.03.041

11 Maier, N.K., Ma, J., Lampson, M.A. and Cheeseman, |.M. (2021) Separase cleaves the kinetochore protein Meikin at the meiosis /Il transition. Dev. Cell
56, 2192-2206.e8 https://doi.org/10.1016/j.devcel.2021.06.019

12 Hellmuth, S. and Stemmann, 0. (2020) Separase-triggered apoptosis enforces minimal length of mitosis. Nature 580, 542—-547 https://doi.org/10.
1038/s41586-020-2187-y

13 Matsuo, K., Ohsumi, K., lwabuchi, M., Kawamata, T., Ono, Y. and Takahashi, M. (2012) Kendrin is a novel substrate for separase involved in the
licensing of centriole duplication. Curr. Biol. 22, 915-921 https://doi.org/10.1016/j.cub.2012.03.048

14 Lee, K. and Rhee, K. (2012) Separase-dependent cleavage of pericentrin B is necessary and sufficient for centriole disengagement during mitosis. Cell
Cycle 11, 2476-2485 https://doi.org/10.4161/cc.20878

15 Kim, J., Lee, K. and Rhee, K. (2015) PLK1 regulation of PCNT cleavage ensures fidelity of centriole separation during mitotic exit. Nat. Commun. 6,
10076 https://doi.org/10.1038/ncomms10076

16 Kumar, R. (2017) Separase: function beyond cohesion cleavage and an emerging oncogene. J. Cell Biochem. 118, 1283-1299 https://doi.org/10.
1002/jch.25835

17 Wassmann, K. (2022) Separase control and cohesin cleavage in oocytes: should | stay or should | go? Cells 11, 3399 https://doi.org/10.3390/
cells11213399

18  Shepard, J.L., Amatruda, J.F., Finkelstein, D., Ziai, J., Finley, K.R., Stern, H.M. et al. (2007) A mutation in separase causes genome instability and
increased susceptibility to epithelial cancer. Genes Dev. 21, 55-59 https://doi.org/10.1101/gad. 1470407

19  Zhang, N. and Pati, D. (2017) Biology and insights into the role of cohesin protease separase in human malignancies. Biol. Rev. 92, 2070-2083
https://doi.org/10.1111/brv.12321

20 Gurvits, N., Loyttyniemi, E., Nykénen, M., Kuopio, T., Krongvist, P. and Talvinen, K. (2017) Separase is a marker for prognosis and mitotic activity in
breast cancer. Br. J. Cancer 117, 1383-1391 https://doi.org/10.1038/bjc.2017.301

21 Funabiki, H., Yamano, H., Nagao, K., Tanaka, H., Yasuda, H., Hunt, T. and Yanagida, M. (1997) Fission yeast Cut2 required for anaphase has two
destruction boxes. EMBO J. 16, 5977-5987 https://doi.org/10.1093/emboj/16.19.5977

22 Yamamoto, A., Guacci, V. and Koshland, D. (1996) Pds1p is required for faithful execution of anaphase in the yeast, Saccharomyces cerevisiae. J. Cell
Biol. 133, 85-97 https://doi.org/10.1083/jcb.133.1.85

23 Zou, H., McGarry, T.J., Bernal, T. and Kirschner, M.W. (1999) Identification of a vertebrate sister-chromatid separation inhibitor involved in transformation
and tumorigenesis. Science 285, 418—-422 https://doi.org/10.1126/science.285.5426.418

24 \Waizenegger, I., Giménez-Abian, J.F., Wernic, D. and Peters, J.-M. (2002) Regulation of human separase by securin binding and autocleavage. Curr.
Biol. 12, 1368—1378 https://doi.org/10.1016/s0960-9822(02)01073-4

25  Stemmann, 0., Zou, H., Gerber, S.A., Gygi, S.P. and Kirschner, M.W. (2001) Dual inhibition of sister chromatid separation at metaphase. Cell 107,
715-726 https://doi.org/10.1016/50092-8674(01)00603-1

26 Holland, A.J. and Taylor, S.S. (2006) Cyclin-B1-mediated inhibition of excess separase is required for timely chromosome disjunction. J. Cell Sci. 119,
3325-3336 https://doi.org/10.1242/jcs.03083

27 Gorr, I.H., Boos, D. and Stemmann, 0. (2005) Mutual inhibition of separase and Cdk1 by two-step complex formation. Mol. Cell 19, 135-141
https://doi.org/10.1016/j.molcel.2005.05.022

28  Hellmuth, S., Gémez-H, L., Pendés, A.M. and Stemmann, 0. (2020) Securin-independent regulation of separase by checkpoint-induced
shugoshin-MAD2. Nature 580, 536—541 https://doi.org/10.1038/s41586-020-2182-3

29  Hellmuth, S., P8himann, C., Brown, A., Béttger, F., Sprinzl, M. and Stemmann, 0. (2015) Positive and negative regulation of vertebrate separase by
Cdk1-cyclin B1 may explain why securin is dispensable. J. Biol. Chem. 290, 8002-8010 https://doi.org/10.1074/jbc.M114.615310

30 VYu, J., Raia, P., Ghent, C.M., Raisch, T., Sadian, Y., Cavadini, S. et al. (2021) Structural basis of human separase regulation by securin and CDK1—
cyclin B1. Nature 596, 138—142 https://doi.org/10.1038/s41586-021-03764-0

31 Lin, Z, Luo, X. and Yu, H. (2016) Structural basis of cohesin cleavage by separase. Nafure 532, 131-134 https://doi.org/10.1038/nature17402

32 Luo, S. and Tong, L. (2017) Molecular mechanism for the regulation of yeast separase by securin. Nature 542, 255—-259 https://doi.org/10.1038/

nature21061

1 232 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1016/S0092-8674(01)80008-8
https://doi.org/10.1016/S0092-8674(01)80008-8
https://doi.org/10.1016/S0092-8674(01)80008-8
https://doi.org/10.1016/s0092-8674(01)80007-6
https://doi.org/10.1016/s0092-8674(01)80007-6
https://doi.org/10.1016/s0092-8674(01)80007-6
https://doi.org/10.1016/s1097-2765(02)00515-4
https://doi.org/10.1016/s1097-2765(02)00515-4
https://doi.org/10.1016/s1097-2765(02)00515-4
https://doi.org/10.1016/s0092-8674(03)00162-4
https://doi.org/10.1016/s0092-8674(03)00162-4
https://doi.org/10.1016/s0092-8674(03)00162-4
https://doi.org/10.1016/s0092-8674(03)00162-4
https://doi.org/10.1038/nature07098
https://doi.org/10.1016/s0092-8674(00)00130-6
https://doi.org/10.1016/s0092-8674(00)00130-6
https://doi.org/10.1016/s0092-8674(00)00130-6
https://doi.org/10.1126/science.1061376
https://doi.org/10.1038/21831
https://doi.org/10.1016/s0092-8674(00)00132-x
https://doi.org/10.1016/s0092-8674(00)00132-x
https://doi.org/10.1016/s0092-8674(00)00132-x
https://doi.org/10.1016/j.cub.2022.03.041
https://doi.org/10.1016/j.devcel.2021.06.019
https://doi.org/10.1038/s41586-020-2187-y
https://doi.org/10.1038/s41586-020-2187-y
https://doi.org/10.1038/s41586-020-2187-y
https://doi.org/10.1038/s41586-020-2187-y
https://doi.org/10.1038/s41586-020-2187-y
https://doi.org/10.1016/j.cub.2012.03.048
https://doi.org/10.4161/cc.20878
https://doi.org/10.1038/ncomms10076
https://doi.org/10.1002/jcb.25835
https://doi.org/10.1002/jcb.25835
https://doi.org/10.3390/cells11213399
https://doi.org/10.3390/cells11213399
https://doi.org/10.1101/gad.1470407
https://doi.org/10.1111/brv.12321
https://doi.org/10.1038/bjc.2017.301
https://doi.org/10.1093/emboj/16.19.5977
https://doi.org/10.1083/jcb.133.1.85
https://doi.org/10.1126/science.285.5426.418
https://doi.org/10.1016/s0960-9822(02)01073-4
https://doi.org/10.1016/s0960-9822(02)01073-4
https://doi.org/10.1016/s0960-9822(02)01073-4
https://doi.org/10.1016/s0092-8674(01)00603-1
https://doi.org/10.1016/s0092-8674(01)00603-1
https://doi.org/10.1016/s0092-8674(01)00603-1
https://doi.org/10.1242/jcs.03083
https://doi.org/10.1016/j.molcel.2005.05.022
https://doi.org/10.1038/s41586-020-2182-3
https://doi.org/10.1038/s41586-020-2182-3
https://doi.org/10.1038/s41586-020-2182-3
https://doi.org/10.1038/s41586-020-2182-3
https://doi.org/10.1074/jbc.M114.615310
https://doi.org/10.1038/s41586-021-03764-0
https://doi.org/10.1038/s41586-021-03764-0
https://doi.org/10.1038/s41586-021-03764-0
https://doi.org/10.1038/s41586-021-03764-0
https://doi.org/10.1038/nature17402
https://doi.org/10.1038/nature21061
https://doi.org/10.1038/nature21061
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2023) 51 1225-1233

PORTLAND

L)
https://doi.org/10.1042/BST20221400 ... PRESS

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
60

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Boland, A., Martin, T.G., Zhang, Z., Yang, J., Bai, X.-C., Chang, L. et al. (2017) Cryo-EM structure of a metazoan separase-securin complex at
near-atomic resolution. Nat. Struct. Mol. Biol. 24, 414—418 https://doi.org/10.1038/nsmb.3386

Hellmuth, S., Rata, S., Brown, A., Heidmann, S., Novak, B. and Stemmann, 0. (2015) Human chromosome segregation involves multi-layered regulation
of separase by the peptidyl-prolyl-isomerase Pin1. Mol. Cell 58, 495-506 https://doi.org/10.1016/j.molcel.2015.03.025

Holland, A.J., Béttger, F., Stemmann, O. and Taylor, S.S. (2007) Protein phosphatase 2A and separase form a complex regulated by separase
autocleavage. J. Biol. Chem. 282, 24623-24632 https://doi.org/10.1074/jbc.M702545200

Zou, H., Stemman, 0., Anderson, J.S., Mann, M. and Kirschner, M.W. (2002) Anaphase specific auto-cleavage of separase. FEBS Lett. 528, 246—250
https://doi.org/10.1016/s0014-5793(02)03238-6

Shindo, N., Kumada, K., lemura, K., Yasuda, J., Fujimori, H., Mochizuki, M. et al. (2022) Autocleavage of separase suppresses its premature activation
by promoting binding to cyclin B1. Cell Rep. 41, 111723 https://doi.org/10.1016/j.celrep.2022.111723

Sullivan, M., Hornig, N.C.D., Porstmann, T. and Uhlmann, F. (2004) Studies on substrate recognition by the budding yeast separase. J. Biol. Chem. 279,
1191-1196 https://doi.org/10.1074/jbc.M309761200

Rosen, L.E., Klebba, J.E., Asfaha, J.B., Ghent, C.M., Campbell, M.G., Cheng, Y., Morgan, D.0. et al. (2019) Cohesin cleavage by separase is enhanced
by a substrate motif distinct from the cleavage site. Nat. Commun. 10, 5189 https://doi.org/10.1038/s41467-019-13209-y

Alexandru, G., Unimann, F., Mechtler, K., Poupart, M.A. and Nasmyth, K. (2001) Phosphorylation of the cohesin subunit Scc1 by Polo/Cdc5 kinase
regulates sister chromatid separation in yeast. Cell 105, 459-472 https://doi.org/10.1016/s0092-8674(01)00362-2

Hauf, S., Roitinger, E., Koch, B., Dittrich, C.M., Mechtler, K. and Peters, J.-M. (2005) Dissociation of cohesin from chromosome arms and loss of arm
cohesion during early mitosis depends on phosphorylation of SA2. PLoS Biol. 3, €69 https://doi.org/10.1371/journal.pbio.0030069

Kudo, N.R., Anger, M., Peters, A.H.F.M., Stemmann, O., Theussl, H.-C., Helmhart, W. et al. (2009) Role of cleavage by separase of the Rec8 Kleisin
subunit of cohesin during mammalian meiosis |. J. Cell Sci. 122, 2686—-2698 https://doi.org/10.1242/jcs.035287

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O. et al. (2021) Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589 https://doi.org/10.1038/s41586-021-03819-2

Liang, M., Chen, X., Zhu, C., Liang, X., Gao, Z. and Luo, S. (2022) Identification of a novel substrate motif of yeast separase and deciphering the
recognition specificity using AlphaFold2 and molecular dynamics simulation. Biochem. Biophys. Res. Commun. 620, 173-179 https://doi.org/10.1016/j.
bbrc.2022.06.056

Agarwal, R. and Cohen-Fix, 0. (2002) Phosphorylation of the mitotic regulator Pds1/securin by Cdc28 is required for efficient nuclear localization of
Esp1/separase. Genes Dev. 16, 1371-1382 https://doi.org/10.1101/gad.971402

Sun, Y., Kucej, M., Fan, H.-Y., Yu, H., Sun, Q.-Y. and Zou, H. (2009) Separase is recruited to mitotic chromosomes to dissolve sister chromatid cohesion
in a DNA-dependent manner. Cell 137, 123-132 https://doi.org/10.1016/j.cell.2009.01.040

Nagao, K. and Yanagida, M. (2006) Securin can have a separase cleavage site by substitution mutations in the domain required for stabilization and
inhibition of separase. Genes Cells 11, 247-260 https://doi.org/10.1111/).1365-2443.2006.00941.x

Asfaha, J.B., Ord, M., Carlson, C.R., Faustova, I, Loog, M. and Morgan, D.0. (2022) Multisite phosphorylation by Cdk1 initiates delayed negative
feedback to control mitotic transcription. Curr. Biol. 32, 256—263.e4 https://doi.org/10.1016/j.cub.2021.11.001

Hauf, S. (2021) Two giants of cell division in an oppressive embrace. Nature 596, 41—42 https://doi.org/10.1038/d41586-021-01944-6

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G. et al. (2022) Alphafold protein structure database: massively expanding
the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50, D439-D444 https://doi.org/10.1093/nar/
gkab1061

Hellmuth, S., Bottger, F., Pan, C., Mann, M. and Stemmann, 0. (2014) PP2A delays APC/C-dependent degradation of separase-associated but not free
securin. EMBO J. 33, 1134—1147 https://doi.org/10.1002/embj.201488098

Wardlaw, C.P. (2010) Protein phosphatase 2A contributes to separase regulation and the co-ordination of anaphase. Biosci. Horiz.: Int. J. Stud. Res. 3,
66—-76 https://doi.org/10.1093/biohorizons/hzq010

Hertz, E.P.T., Kruse, T., Davey, N.E., Lépez-Méndez, B., Sigurdsson, J.0., Montoya, G. et al. (2016) A conserved motif provides binding specificity to the
PP2A-B56 phosphatase. Mol. Cell 63, 686—695 https://doi.org/10.1016/j.molcel.2016.06.024

Shindo, N., Kumada, K. and Hirota, T. (2012) Separase sensor reveals dual roles for separase coordinating cohesin cleavage and Cdk1 inhibition. Dev.
Cell 23, 112—123 https://doi.org/10.1016/}.devcel.2012.06.015

Oliveira, R.A., Hamilton, R.S., Pauli, A., Davis, |. and Nasmyth, K. (2010) Cohesin cleavage and Cdk inhibition trigger formation of daughter nuclei. Nat.
Cell Biol. 12, 185-192 https://doi.org/10.1038/nch2018

Ghiara, J.B., Richardson, H.E., Sugimoto, K., Henze, M., Lew, D.J., Wittenberg, C. and Reed, S.I. (1991) A cyclin B homolog in S. cerevisiae: chronic
activation of the Cdc28 protein kinase by cyclin prevents exit from mitosis. Cell 65, 163—174 https://doi.org/10.1016/0092-8674(91)90417-w

Parry, D.H. and O’Farrell, P.H. (2001) The schedule of destruction of three mitotic cyclins can dictate the timing of events during exit from mitosis. Curr.
Biol. 11, 671-683 https://doi.org/10.1016/50960-9822(01)00204-4

Baker, N.A., Sept, D., Joseph, S., Holst, M.J. and McCammon, J.A. (2001) Electrostatics of nanosystems: application to microtubules and the ribosome.
Proc. Natl Acad. Sci. U.S.A. 98, 10037-10041 https://doi.org/10.1073/pnas.181342398

Schrédinger, LLC, ‘The AxPyMOL Molecular Graphics Plugin for Microsoft PowerPoint, Version 1.8’, Nov. 2015

Pettersen, E.F., Goddard, T.D., Huang, C.C., Meng, E.C., Couch, G.S., Croll, T.I. et al. (2021) UCSF chimerax: structure visualization for researchers,
educators, and developers. Protein Sci. 30, 70-82 https://doi.org/10.1002/pr0.3943

1233


https://doi.org/10.1038/nsmb.3386
https://doi.org/10.1016/j.molcel.2015.03.025
https://doi.org/10.1074/jbc.M702545200
https://doi.org/10.1016/s0014-5793(02)03238-6
https://doi.org/10.1016/s0014-5793(02)03238-6
https://doi.org/10.1016/s0014-5793(02)03238-6
https://doi.org/10.1016/j.celrep.2022.111723
https://doi.org/10.1074/jbc.M309761200
https://doi.org/10.1038/s41467-019-13209-y
https://doi.org/10.1038/s41467-019-13209-y
https://doi.org/10.1038/s41467-019-13209-y
https://doi.org/10.1038/s41467-019-13209-y
https://doi.org/10.1016/s0092-8674(01)00362-2
https://doi.org/10.1016/s0092-8674(01)00362-2
https://doi.org/10.1016/s0092-8674(01)00362-2
https://doi.org/10.1371/journal.pbio.0030069
https://doi.org/10.1242/jcs.035287
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/j.bbrc.2022.06.056
https://doi.org/10.1016/j.bbrc.2022.06.056
https://doi.org/10.1101/gad.971402
https://doi.org/10.1016/j.cell.2009.01.040
https://doi.org/10.1111/j.1365-2443.2006.00941.x
https://doi.org/10.1111/j.1365-2443.2006.00941.x
https://doi.org/10.1016/j.cub.2021.11.001
https://doi.org/10.1038/d41586-021-01944-6
https://doi.org/10.1038/d41586-021-01944-6
https://doi.org/10.1038/d41586-021-01944-6
https://doi.org/10.1038/d41586-021-01944-6
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1002/embj.201488098
https://doi.org/10.1093/biohorizons/hzq010
https://doi.org/10.1016/j.molcel.2016.06.024
https://doi.org/10.1016/j.devcel.2012.06.015
https://doi.org/10.1038/ncb2018
https://doi.org/10.1016/0092-8674(91)90417-w
https://doi.org/10.1016/0092-8674(91)90417-w
https://doi.org/10.1016/0092-8674(91)90417-w
https://doi.org/10.1016/S0960-9822(01)00204-4
https://doi.org/10.1016/S0960-9822(01)00204-4
https://doi.org/10.1016/S0960-9822(01)00204-4
https://doi.org/10.1073/pnas.181342398
https://doi.org/10.1002/pro.3943
https://creativecommons.org/licenses/by/4.0/

	The molecular mechanisms of human separase regulation
	Abstract
	Introduction
	Substrate recognition by separase
	Modes of separase inhibition by securin or the CDK1–cyclin B complex
	Regulation of separase activity by PP2A
	Conclusions
	Competing Interests
	Funding
	Open Access
	References


