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Abbreviations

53BP1 = p53-binding protein 1

Ac = acetyl-

APC/C = anaphase promoting complex or cyclosome
APD = active protease domain

ATM = ataxia telangiectasia mutated

Bad = BCL2 associated agonist of cell death

Bak = BCL2 antagonist/killer

Bax = BCL2 associated X, apoptosis regulator

Bcl2 = B-cell lymphoma 2

Bcl-xL = B-cell lymphoma-extra large (gene: BCL2-like 1)
BH-domain = Bcl-2 homology domain

Bim = BCL2-interacting mediator of cell death

Bub3 = budding uninhibited by benzimidazole
BubR1 = Bubl related kinase 1

CAD = caspase activated DNAse

Cdc20 = cell division cycle 20

Cdk1 = cyclin dependent kinase

ChIP = chromatin immunoprecipitation

Chk2 = checkpoint kinase 2

CLD = Cdc6-like domain

D-box = destruction box

DDR = DNA damage response

DiM = death in mitosis

DMBA= 7,12-Dimethylbenzo[a]anthracen

DMC = minimal duration of early mitosis checkpoint
DMSO = dimethyl sulfoxide

DRB = doxorubicin

DSB = double strand break

E1A = adenovirus early region 1A

EGCG = Epigallocatechin gallate

ER = estrogen receptor

GFP = green fluorescent protein

YH2AX = H2A histone family member X phosphorylated at Ser-139
HCT116 = human colonic carcinoma tumorigenic 116
HDR = homology directed repair

Hek293 = human embryonic kidney 293

Hek293T = Hek293 expressing SV40 large T antigen
hRas (V12) = transforming protein p21 (a GTPase), Val instead of Gly at position 12
hTERT = human telomere reverse transcriptase
ICAD = inhibitor of CAD

IFM = immunofluorescence microscopy

IP = immunoprecipitation

KEN = Lys-Glu-Asn

Mad1/2 = mitotic arrest deficient 1/2

MCC = mitotic checkpoint complex

Mcll = myeloid cell leukemia 1



MDC1 = mediator Of DNA Damage Checkpoint 1

Me = methyl-

MEF = mouse embryonic fibroblasts

mKEB/mBD = mutated KEN- and destruction boxes
Mms21 = Methyl methanesulfonate-sensitivity protein 21
MOM = mitochondrial outer membrane

MOMP = mitochondrial outer membrane permeabilization
M-phase = mitosis + cytokinesis

MPS1 = monopolar spindle protein 1 (Ser/Thr-protein kinase required for SAC)
MR tail = C-terminal Met-Arg

Nek2a = NIMA Related Kinase 2a

NES = nuclear export signal

NHEJ = non-homologous end joining

NPC = nuclear pore complex

OHT = 4-Hydroxytamoxifen

PARP = poly ADP-ribose polymerase

PBE = polar body extrusion

PCS = premature sister chromatid separation

Pin1 = peptidyl prolyl cis/trans isomerase, NIMA-interacting 1
PP2A = protein phosphatase 2A

PPD = pseudo protease domain

PPlase = peptidyl-prolyl isomerase

PRMT1 = protein arginine N-methyltransferase 1

PTM = posttranslational modification

gPCR = quantitative polymerase chain reaction

RG-repeat = Arg-Gly-repeats

RNAi = RNA interference

RNC = ribosome nascent chain complex

RPE = retinal pigment epithelium

SAC = spindle assembly checkpoint

Sccl = sister chromatid cohesion 1

Sgol1/2 = shugoshin 1 or -2

SILAC = stable isotope labeling with amino acids in cell culture
SIM = structured illumination microscopy

SiRNA = small interfering RNA

SPD = alpha-solenoid protease domain

SMC = structural maintenance of chromosomes

SUMO = small ubiquitin-like modifier

Tev = tabacco etch virus

TM = transmembrane

Tom20 = Translocase of the outer membrane 20

TPA = 12-O-Tetradecanoylphorbol-13-acetate

TPR = translocated promoter region (nuclear basket protein) or tetratricopeptide repeat
Trip13 = thyroid hormone receptor interacting protein 13
UPS = ubiquitin-proteasome-system

Wapl = Wings apart-like protein homolog

WW =Trp-Trp



Zusammenfassung

Separase I6st alle eukaryotischen Anaphasen aus, indem sie kohasionsvermittelndes Cohesin
spaltet. Bis dahin wird diese essentielle Protease durch Securin inhibiert. Separase kann
alternativ durch Assoziation mit Cdk1-Cyclin B1 gehemmt werden, aber der entsprechende
Komplex ist in der frihen Mitose wenig abundant und kann nicht erklaren, warum Securin in
Vertebraten entbehrlich ist. Die Proteinphosphatase 2A (PP2A) bindet Separase ebenfalls,
aber die physiologische Rolle dieser Interaktion bleibt ratselhaft. Durch die Inaktivierung des
'spindle assembly checkpoint' (SAC) in der Metaphase kann die Ubiquitin-Ligase APC/C die
proteasomale Zerstdrung von Securin (und Cyclin B1) vermitteln und dadurch Separase
aktivieren.

Obwohl sie strukturell mit Caspasen verwandt ist, wurde Separase bisher nicht mit der
Apoptose in Verbindung gebracht. Stattdessen wurde in zwei Studien eine Rolle der Hefe-
Separase bei der Reparatur von DNS-Schaden vorgeschlagen. Die Frage, ob diese nicht-
kanonische Interphase-Funktion von Separase in Sdugern konserviert ist, blieb jedoch
unbeantwortet.

Meine Untersuchung von Regulationsmechanismen und Funktionen der Wirbeltier-Separase
ergab die folgenden Ergebnisse:

1) Securin assoziiert kotranslational mit Separase und verhindert ihre Aggregation. Dies legt
nahe, dass es die korrekte Faltung dieser riesigen Protease unterstiitzen kénnte, und bietet
eine erste mechanistische Erklarung fir den genetischen Nachweis, dass Securin nicht nur
ein Inhibitor, sondern auch ein Aktivator von Separase ist.

2) APC/C bevorzugt als Substrat phosphoryliertes gegentiber unphosphoryliertem Securin.
Wahrend freies Securin in der Mitose phosphoryliert wird, wird das an Separase gebundene
Securin durch assoziierte PP2A in einem unphosphorylierten Zustand gehalten. Dies bewirkt,
dass Uberzahliges Securin zuerst abgebaut wird und weitgehend verschwunden ist, wenn die
Proteolyse von Separase-assoziiertem Securin beginnt. Dadurch wird eine vorzeitige
Aktivierung der Separase verhindert und der Metaphase-Anaphase-Ubergang gescharft.

3) Einmal freigesetzt, unterliegt Separase einer Konformationsanderung durch die Peptidyl-
Prolyl-lsomerase Pinl. Dies macht sie gegen restliches Securin resistent. Gleichzeitig wird
dadurch die Aktivitdt von Separase zeitlich begrenzt, so dass Cohesin bereits in Telophase
erneut auf Chromatin geladen werden kann ohne gespalten zu werden.

4) Die Pinl1-katalysierte Separase-lsomerisierung von trans nach cis ist fur die Cdk1-Cyclin B1-
abhangige Inhibition essentiell und erklart, warum die Kinase und Securin nicht gleichzeitig
mit Separase assoziieren kénnen.

5) Die Bildung des Cdk1-Cyclin B1-Separase-Komplexes wird durch Phosphorylierung von
Cyclin B1 in der friihen Mitose gehemmt. Die Dephosphorylierung fiihrt zu einem zweiten
Maximum von Cdk1-Cyclin-B1-Separase in der spaten Mitose, obwohl zu diesem Zeitpunkt
das meiste Cyclin B1 bereits abgebaut ist.

6) Bei der Zerstorung dieses letzten Cyclin B1 in der friihen G1-Phase wird Separase aus dem
spaten Cdk1-Cyclin B1-Separase-Komplex freigesetzt und 16st dann die Entkopplung der
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Zentriolen aus, wodurch eine spatere Zentrosomen-Duplikation lizensiert wird.

7) Humanes Shugoshin 2 (Sgo2), ein Protektor von meiotischem Cohesin mit bisher
unbekannter Funktion in somatischen Zellen, stellt einen entscheidenden zweiten Zweig der
Anaphasenregulation dar. Es wird durch SAC-aktiviertes Mad2 in die Lage versetzt, Separase
inhibitorisch zu binden und kann Securin funktionell ersetzen. Eine akute Depletion von Sgo2
und Securin (aber nicht die einzelnen Verluste) fiihren zu einer Deregulierung von Separase
gefolgt von vorzeitigem Verlust der Schwesterchromatid-Kohasion.

8) Der AAA-ATPase-Trip13 disassembliert den Separase-Sgo2-Mad2-Komplex nach SAC-
Inaktivierung in der Metaphase. Wahrend also der kanonische, Securin-abhangige Zweig der
Anaphasekontrolle Proteolyse erfordert, tut dies die Freisetzung aktiver Separase von Sgo2-
Mad2 nicht.

9) Humane Separase fordert die Reparatur von DNS-Doppelstrangbriichen (DSBs) durch
homologe Rekombination. Eine Reihe von posttranslationalen Modifikationen fihrt zur
Rekrutierung von Separase aus dem Zytoplasma hin zu DSBs. Hier wird Separase aktiviert
und spaltet lokal Cohesin. Dies konnte der Reparaturmaschinerie den Zugang zur
beschadigten DNS erleichtern.

10) Die Spaltung von Mcl1 und Bcl-xL durch Separase wandelt diese anti-apoptotischen
Faktoren in pro-apoptotische Fragmente um und I6st Giber den intrinsischen Weg der
Apoptose den Tod in Mitose aus. Das C-terminale Spaltfragment von Mcl1 bildet Cytochrom
c leitende Poren in der mitochondrialen AuRenmembran, eine Fahigkeit, von der man bisher
annahm, dass sie auf Bak und Bax beschrankt ist.

11) Mcl1 und Bcl-xL sind nur dann Substrate flir Separase, wenn sie durch Nek2a
phosphoryliert vorliegen. Eine gleichzeitige Aktivitat beider Enzyme tritt nur dann auf, wenn
die Zellen aufgrund eines pathologischen Verlustes des SAC ungehindert schnell durch die
Mitose gehen. Nek2a und Separase stellen daher einen 'minimal duration of early mitosis
checkpoint' (DMC) dar, welcher die Apoptose von Zellen ausldst, die ansonsten zur

Chromosomen-Fehlsegregation verdammt waren.
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Summary

Separase universally triggers eukaryotic anaphases by cleavage of sister chromatid cohesion
mediating cohesin. Until then, this essential protease is kept inactive by association with
securin. Separase can alternatively be inhibited by association with Cdk1-cyclin B1 but the
corresponding complex is scarce in early mitosis and cannot explain why vertebrate securin
is dispensable. Protein phosphatase 2A (PP2A) also binds separase but the physiological role
of this interaction remains enigmatic. Silencing of the spindle assembly checkpoint (SAC) in
metaphase enables the ubiquitin ligase APC/C to mediate the proteasomal destruction of
securin (and cyclin B1), thereby activating separase.

Despite being structurally related to caspases, separase has not been previously linked to
apoptosis. Instead, two studies suggested a role of yeast separase in DNA damage repair but
left unanswered whether this non-canonical interphase function of separase is conserved in

mammals.

Studying upstream regulations and downstream functions of vertebrate separase, |
discovered the following:

1) Securin associates co-translationally with separase and prevents its aggregation. This
suggests that it might assist the proper folding of this giant protease and offers a first
mechanistic explanation for the genetic evidence that securin is not only an inhibitor but
also an activator of separase.

2) APC/C prefers phosphorylated securin over un-phosphorylated securin as a substrate.
While free securin is phosphorylated in mitosis, separase-bound securin is kept in an un-
phosphorylated state by associated PP2A. This effecuates supernumerous securin to be
degraded first and largely gone by the time separase-associated securin is targeted for
proteolysis. Thereby, premature activation of separase is prevented and the metaphase-to-
anaphase transition sharpened.

3) Once liberated, separase is subject to conformational change by the peptidyl-prolyl
isomerase Pinl and thereby rendered resistant against residual securin. At the same time,
this limits separase's proteolytic half-life and allows cohesin to be reloaded onto telophase
chromatin without being cleaved.

4) Pin1 catalyzed trans-to-cis isomerization of separase is essential for Cdk1-cyclin B1-
dependent inhibition and explains why the kinase and securin bind separase in a mutually
exclusive manner.

5) Formation of the Cdk1-cyclin B1-separase complex is counter-acted by phosphorylation of
cyclin B1 in early mitosis. Dephosphorylation results in a second peak of Cdk1-cyclin B1-
separase complex formation in late mitosis when most cyclin B1 has already been degraded.

6) Upon destruction of this last cyclin B1 in early G1 phase, separase is released from the late



Cdk1-cyclin B1-separase complex and triggers centriole disengagement, thereby licensing
later centrosome duplication.

7) Human shugoshin 2 (Sgo2), a protector of meiotic cohesin with hitherto unknown
function in somatic cells, represents a crucial second branch of anaphase regulation. It is
enabled by SAC-activated Mad2 to bind and inhibit separase and can functionally replace
securin. Acute depletion of Sgo2 and securin (but not the individual knock-downs) result in
separase deregulation and premature loss of cohesion.

8) The AAA-ATPase Trip13 actively disassembles the separase-Sgo2-Mad2 complex upon SAC
silencing in metaphase. Thus, while the canonical, securin-dependent branch of anaphase
control requires proteolysis, the release of active separase from Sgo2-Mad2 does not.

9) Human separase facilitates the repair of DNA double strand breaks (DSBs) by homologous
recombination. A number of post-translational modifications result in the recruitment of
separase from the cytoplasm to DSBs. Here, separase is activated and locally cleaves
cohesin, which might grant the repair machinery access to the damaged DNA.

10) Cleavage of Mcl1 and Bcl-xL by separase transforms these pro-survival factors into pro-
apoptotic fragments and triggers death in mitosis via the intrinsic pathway of apoptosis. The
C-terminal cleavage fragment of Mcl1 forms cytochrome c conducting pores into the
mitochondrial outer membrane, an ability which was previously thought to be limited to Bak
and Bax.

11) Mcl1 and Bcl-xL are substrates for separase only when phosphorylated by Nek2a.
Simultaneous activity of both enzymes only occurs when cells rush through mitosis due to
pathological loss of the SAC. Nek2a and separase therefore represent a 'minimal duration of
early mitosis checkpoint' (DMC), which triggers apoptosis of cells that are doomed to

chromosome missegregation.
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Introduction and state of the art

The cohesin cycle

The invention of sister chromatid cohesion enabled eukaryotic (as opposed to prokaryotic)
cells to timely separate the reduplication of chromosomes in S-phase from their segregation
in M-phase (Nasmyth and Haering, 2009). Cohesion is established in a co-replicative manner
and mediated by a ring-shaped multi-protein complex, cohesin, which encircles and thereby
pairs the two copies of each chromosome (Figure 1) (Gruber et al., 2003; Haering et al.,
2008; Uhlmann and Nasmyth, 1998). Cohesion facilitates the tension-dependent monitoring
of proper microtubule-kinetochore interactions in early mitosis and, as such, is instrumental

for the error-free distributive halving of the genetic material during cell division.

B

Cohesin

‘Hinge’

Mitosis

S G

Non-cohesive

Interphase

S-phase
—o— O
DNA-synthesis

‘Heads’

Figure 1: Establishment and dissolution of cohesion throughout the chromosome cycle.

A) Structure of the cohesin ring (see Gligoris and Lowe, 2016; Nasmyth and Haering, 2009 for details). Smc1 and Smc3 are
highly elongated SMC (structural maintenance of chromosomes) proteins, in which an ATPase head domain is connected via
an antiparallel coiled-coil to a hinge domain that mediates their heterodimerization. Binding of the ATPase to the kleisin
subunit Rad21/Sccl closes the ring. Note that ATP hydrolysis, which impacts loading and non-proteolytic release of cohesin,
requires the head domains to come together (not shown). Rad21 serves as landing platform for interacting Scc3/stromal
antigen and Pds5, which in turn bind to either Sororin and shugoshin or Rad61/Wapl (not shown). B) Starting in late
telophase, vertebrate cohesin is loaded onto DNA. Upon entry into S-phase, sister chromatid cohesion is established in a
co-replicative manner and stabilized by acetylation (Ac) of Smc3, which leads to recruitment of the cohesin protector
sororin (not shown). In early mitosis, cohesin is removed from chromosome arms in a non-proteolytic manner, i.e. by
opening of the Smc3-Rad21 'gate’. A small pool of cohesin is preserved at centromeres. Sister chromatids finally separate
when this centromeric cohesin is opened by Separase-dependent cleavage of Rad21 at anaphase (see figure 2 for details).
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However, before the two sister chromatids of each chromosome can separate, cohesin has
to be quantitatively removed from chromatin, which, in metazoans, occurs in two waves
(Figure 2) (Waizenegger et al., 2000). Activation of mitotic kinases results in
phosphorylation-dependent inactivation of the cohesin protector sororin in prophase (Liu et
al., 2013). Phosphorylated sororin is displaced by anti-cohesive Wapl, which causes ring
opening by dissociation of the cohesin subunits Smc3 and Rad21/Sccl (Buheitel and
Stemmann, 2013; Chan et al., 2012; Eichinger et al., 2013; Kueng et al., 2006; Ouyang and
Yu, 2017). This removes cohesin from chromosome arms. However, sister chromatid
cohesion within (peri-)centromeric regions is preserved because, here, protein phosphatase
2A (PP2A), which is recruited to cohesin by the adaptor protein shugoshin 1 (Sgo1), keeps
sororin in the active, de-phosphorylated state (Kitajima et al., 2006; Liu et al., 2013; Riedel et
al., 2006). Triggering of anaphase essentially requires destruction of this remaining
centromeric cohesin by separase, a caspase-related Cys-endopeptidase that cleaves Rad21
(Figure 2) (Uhlmann et al., 1999; Uhlmann et al., 2000; Wirth et al., 2006). Already shortly
thereafter, in telophase, cohesin is reloaded onto the decondensing chromatin (Losada et
al., 1998; Sumara et al., 2000). (This reloading does not require cohesin re-synthesis because

only a very small fraction of total Rad21 is cleaved by separase.)

Prophase Metaphase Anaphase Telophase + Cytokinesis

NEBD

Figure 2: Stepwise removal of cohesin from metazoan chromosomes in mitosis.

In early mitosis sororin at chromosome arms is inactivated by phosphorylation, thus enabling the cohesin-release factor
Wapl to open the Smc3-Rad21 gate. Sgol-dependent recruitment of PP2A ensures continued dephosphorylation of sororin
at centromeres, thereby preserving cohesion. Sister chromatids are finally separated and anaphase is triggered when the
Rad21 subunit of centromeric cohesin is cleaved by Separase. Kollerin (not shown) reloads vertebrate cohesin onto
chromatin in late telophase. (Note that cohesin is not drawn to scale in this cartoon and does embrace chromatin loops
rather than entire, condensed chromatids. Note also that mammalian kinetochores bind 15-30 microtubles rather than just
1, as depicted here for sake of clarity.)



Late mitotic events are driven by proteolysis

Despite its essential function as universal trigger of eukaryotic anaphase, separase is also a
dangerous protease. Its proteolytic activity must be tightly controlled in order to prevent
premature sister chromatid separation (PCS) which would be followed by chromosome
missegregation and/or cell death. Prior to anaphase onset, vertebrate separase is inhibited
by (mutually exclusive) association with securin or Cdk1-cyclin B1 (Figure 3, left) (Gorr et al.,
2005; Stemmann et al., 2001; Zou et al., 1999). Securin may not have separase-independent
functions. In contrast, Cdk1-cyclin B1 is the master regulatory kinase of mitosis and
phosphorylates a multitude of proteins. Its activation and inactivation, respectively, is
necessary and sufficient for entry into and exit from mitosis (Murray and Kirschner, 1989;
Murray et al., 1989). Separase is activated at the metaphase to anaphase transition when
both securin and cyclin B1 are degraded via the ubiquitin-proteasome pathway (Figure 3,
right) (Ciosk et al., 1998; Glotzer et al., 1991). The corresponding ubiquitin-ligase (E3) is the
anaphase-promoting complex or cyclosome (APC/C) in conjunction with its essential co-
activator Cdc20 (Holloway et al., 1993; Irniger et al., 1995; King et al., 1995; Sudakin et al.,
1995). APC/C9?0 recognizes an amino acid motif of the consensus sequence R-x-a-L-g-x-1-x-
n, the so-called destruction box (or D-box), which is located close to the N-termini of securin
and cyclin B1 (King et al., 1996; Zou et al., 1999). In addition (or alternatively), the APC/C
recognizes a second degron, the so-called KEN-box, which is located upstream of securin's D-

box (but is missing from cyclin B1) (Pfleger and Kirschner, 2000).
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Figure 3: Regulation of separase throughout mitosis.

Early in mitosis, separase is still held inactive by mutually exclusive interaction with either securin or Cdk1-cyclin B1. At the
metaphase-to-anaphase transition, activation of the E3 ligase APC/CCd<20 results in the degradation of securin and cyclin B1
via the ubiquitin-proteasome-system (UPS), thus releasing separase in its proteolytically active form.



Late mitotic events are supervised by the spindle assembly checkpoint (SAC)

APC/C420 activity is controlled by the spindle assembly checkpoint (SAC), which is of prime
importance for timing of mitosis and chromosome segregation fidelity in metazoans (Michel
et al., 2001; Taylor and McKeon, 1997). As long as chromosomes have not yet properly
attached to microtubules of the spindle, this essential surveillance mechanism generates a
diffusible 'wait-anaphase' signal at kinetochores, which inhibits APC/C®?° (Musacchio, 2015;
Nasmyth, 2005). How does this work? A multitude of factors, among them the kinases
Aurora B and Mps1, mediate the recruitment of a Mad1-Mad2 complex to un- or mis-
attached kinetochores (Ditchfield et al., 2003; Tighe et al., 2008; Yamagishi et al., 2012). This
kinetochore-bound Mad2 catalyzes the conformational activation of soluble Mad2, thereby
enabling it to bind and sequester Cdc20 (Musacchio, 2015; Nasmyth, 2005). The subsequent
recruitment of the checkpoint factors BubR1 and Bub3 results in formation of the hetero-
tetrameric mitotic checkpoint complex (MCC), and the continued inactivation of APC/C

(Figure 4, upper panel) (Alfieri et al., 2016; Chao et al., 2012; Sudakin et al., 2001).
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Figure 4: The spindle assembly checkpoint (SAC) and its silencing.

A) Unattached kinetochores are decorated with Mad1-bound Mad2, which catalyzes the conversion of diffusible Mad2
from its inactive 'open' (0) into its active 'closed' (c) conformation. Sequestration of Cdc20 by Mad2¢ and the SAC
components BubR1 and Bub3 results in the formation of the mitotic checkpoint complex (MCC) and hinders Cdc20 to
activate the anaphase-promoting complex/cyclosome (APC/C). B) Bi-orientation of all sister-kinetochore pairs by proper
amphitelic attachment to microtubules displaces Mad1-Mad2 and terminates the conformational activation of Mad2.
Subsequent disassembly of the MCC by the AAA-ATPase Trip13 and the Mad2-specific adaptor protein p31cmet |iberates
Cdc20 and activates APC/C.
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Upon proper amphitelic attachment of the chromosomes, Mad1-Mad2 is displaced from
kinetochores and the generation of active Mad2 ceases (Musacchio, 2015). Mechanisms that
constitutively challenge the SAC then quickly lead to the de-repression of Cdc20. Of prime
importance here is the AAA-ATPase Trip13. With the aid of p31¢™¢t a Mad2-specific adapter
molecule, this molecular machine actively dismounts the MCC, thereby liberating Cdc20
(Figure 4, lower panel) (Alfieri et al., 2018; Eytan et al., 2014). Cdc20-activated APC/C then
mediates the ubiquitin-dependent proteasomal degradation of securin and cyclin B1,

thereby releasing separase in its proteolytically active form.

The separase-securin complex

Separase is a large Cys-endopeptidase which, like caspases, belongs to the CD superfamily of
proteases (Uhlmann et al., 2000). It is encoded by an essential gene and represents the
universal trigger of eukaryotic anaphase (Wirth et al., 2006). Separase varies greatly in
length and sequence between different eukaryotes with the exception of its conserved C-
terminal protease domain. Human separase is a 233 kDa protein and consists of 2120 amino
acids. It starts with a vertebrate-specific a-helical domain (residues 1-650) that is followed
by a structurally conserved, large tetratricopeptide repeat (TPR)-like domain (residues 651-
1641, see Figure 5) (Boland et al., 2017). This a-solenoid domain contains two disordered
insertions (residues 1070-1140 and 1307-1561) that are of relevance for separase regulation
(see below). A nuclear export sequence (NES) centered around amino acid 1665 separates
the a-solenoid- from the C-terminal protease domain (SPD). The SPD can be subdivided into
a pseudoprotease domain (PPD, residues 1755-1890) and the active protease domain (APD,
residues 1891-2120), with the latter containing the catalytic dyad consisting of His-2003 and
Cys-2029. The APD is similar in fold to caspases, which are activated by re-organization of
loop 4 (L4) upon homo-dimerization and auto-cleavage (Boland et al., 2017; Lin et al., 2016).
Interestingly, L4 of separase structurally resembles the activated conformation of L4 in
caspases - even when separase is in complex with securin. Consistently, after the removal of

securin separase does not need further processing in order to become proteolytically active.
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Figure 5: Separase structure.

A) Domain structure and important regulatory elements of human separase (modified from Boland et al., 2017). TPR =
tetratricopeptide repeat; CLD = Cyclin B interacting Cdc6-like domain; RG = Arg-Gly or PP2A interaction; NES = nuclear
export signal. B) Overall shape of human separase in complex with securin as revealed by electron microscopy (Boland et
al., 2017; Viadiu et al., 2005).

Securin, which by itself is an intrinsically disordered protein, binds separase in a highly
elongated, antiparallel fashion and entertains contacts to all domains of the protease (with
the possible exception of the N-terminal domain that is specific for vertebrates) (Boland et
al., 2017; Viadiu et al., 2005). Importantly, securin employs a pseudo-substrate sequence to
competitively inhibit separase (Lin et al., 2016; Nagao and Yanagida, 2006). While cohesin is
cleaved by separase after an E-x-x-R motif, the Arg is missing in securin and - depending on
the species - replaced by Pro, Met or Phe. This exchange distorts the arrangement of
residues within the catalytic site of separase, thereby explaining why the pseudo-substrate
sequence is not cleaved (Boland et al., 2017; Lin et al., 2016).

Genetics tells us that securin also exerts a positive effect on separase, which, curiously, is
even more important than the inhibitory effect. In species like S. pombe and D.
melanogaster, in which securin is essential, the loss of function phenotypes of securin and
separase are the same (Funabiki et al., 1996; Stratmann and Lehner, 1996). And when
securin is not essential, like in S. cerevisiae and mammals, its absence does not result in
premature cleavage of cohesin but instead in reduced amount/activity of separase
(Pfleghaar et al., 2005; Yamamoto et al., 1996). It has been suggested that securin might act
as a separase specific chaperone and assists proper folding of the giant protease (Hornig et
al., 2002). However, this hypothesis has never been experimentally addressed, which is why,

mechanistically, the positive effect of securin on separase remains enigmatic.
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Securin-independent regulation of separase

A study on chromosome segregation in Xenopus egg extracts, first identified separase
inhibition by Cdk1-cyclin B1-dependent phosphorylation (Stemmann et al., 2001).
Subsequent work revealed that phosphorylation of separase is necessary but not sufficient
for its inhibition by Cdk1-cyclin B (Gorr et al., 2005). The kinase also has to stably associate
with the protease. Securin and Cdk1-cyclin B cannot bind to separase at the same time and,
thus, represent co-existing rather than synergistic inhibitory mechanisms at the molecular
level. Somewhat unexpected, the stable binding of the kinase to separase is not mediated by
the catalytic subunit itself but rather by the regulatory cyclin. Crosslinking experiments
demonstrated that cyclin B is in direct contact with the so-called CLD motif centered around
position 1370 of human separase (Boos et al., 2008). Why this explained the need of CLD
phosphorylation, it left the essential requirement of Ser-1126 phosphorylation for complex

formation unresolved (Boos et al., 2008; Stemmann et al., 2001).

Interestingly, metazoan separase cleaves itself upon activation (Waizenegger et al., 2000;
Zou et al., 2002). In human separase three auto-cleavage sites were mapped between
residues 1486 and 1535 (Zou et al., 2002). The auto-cleavage sites overlap with a binding site
for protein phosphatase 2A (PP2A). Thus, it comes at no surprise that auto-cleavage
prevents PP2A binding and vice versa (Holland et al., 2007). Furthermore, it was
demonstrated 1) that auto-cleavage is dispensable for the proteolytic activity of separase in
vitro and 2) that within the separase-PP2A complex both enzymes retain activity (Holland et
al., 2007; Zou et al., 2002). There were two reports about putative functions of auto-
cleavage and PP2A binding (Holland et al., 2007; Papi et al., 2005) but the Stemmann lab was

unable to reproduce these results.

Non-canonical substrates and functions of separase

As outlined above, separase cleaves mitotic and meiotic cohesin and - in metazoans - itself.
In addition, a total of three additional substrates were reported so far. 1) C. elegans
expresses two versions of CENP-A, the centromer-specific histone H3 variant: HCP-3 and
CPAR-1. Of these, CPAR-1 is cleaved by separase at the end of meiosis |. However, no
function could be assigned to this cleavage (Monen et al., 2015). 2) S. cerevisiae separase

cleaves a non-essential, yeast specific protein, SIk19. Preventing its cleavage results in
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minimal destabilization of the mitotic spindle (Sullivan et al., 2001). 3) As first demonstrated
in Xenopus egg extracts, separase has a role in centriole disengagement, which constitutes a
licensing step for later centrosome duplication (Tsou and Stearns, 2006). While the
Stemmann group reported that cleavage of centrosomal cohesin triggers centriole
disengagement (Schockel et al., 2011), two other groups claimed that kendrin/pericentrin-B
is the relevant substrate (Lee and Rhee, 2012; Matsuo et al., 2012). Moreover, it remains
unclear how separase could trigger centriole disengagement, which occurs in early G1
phase, whereas the reloading of cohesin in telophase suggests rapid inactivation of the
protease after anaphase. Finally, yet another study reported that the absence of separase
merely delays but does not prevent centriole disengagement (Tsou et al., 2009). Recent data
from the Stemmann group suggest that the cleavage of centrosomal cohesin or kendrin is
each sufficient for centriole disengagement (Kahlen and Stemmann, unpublished). This
observation could (partially) resolve the contradiction and, important in this context, it

confirms kendrin as a bona fide substrate of vertebrate separase.

In addition, two yeast studies reported an unexpected function of separase in interphase
rather than M-phase (McAleenan et al., 2013; Nagao et al., 2004). The authors found that
DNA double strand breaks (DSBs) result in the activation of separase and cleavage of cohesin
in the vicinity of the break. However, overwhelming evidence shows that in response to
DSBs cohesin is re-loaded onto chromatin and accumulates especially around the damaged
sites (Kim et al., 2010; Strom et al., 2004; Unal et al., 2007). Given this seeming
contradiction, the field did not believe the two reports mentioned above.

Finally, metazoan separase seems to play a role in cytokinesis. Data from C. elegans
demonstrate that separase is required for the fusion of vesicles with the plasma membrane
at the cleavage furrow and midbody (Bembenek et al., 2010). Furthermore, vertebrate
separase is required for the highly asymmetric cytokinesis during polar body extrusion at the
end of female meiosis | (PBE 1). Interestingly, PBE | in the absence of separase is restored by
proteolytically inactive variants, thereby revealing the first function of separase that is
independent of its proteolytic activity (Gorr et al., 2006; Kudo et al., 2006). Cdk1-cyclin B-
separase might play a role, here, because within the complex the kinase, which is a known

antagonist of cytokinesis, is also inhibited (Gorr et al., 2005).
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In summary, finding additional substrates and functions of separase has proven exceedingly
difficult. Whether this is due to technical reasons or whether there are simply no more

substrates/functions to be discovered for this protease was not clear.

Aims of this thesis

Given the many unresolved issues outlined above, the goal of this thesis was simply to
1) unravel hitherto unknown upstream regulations of separase and 2) identify novel
downstream functions and substrates of this essential protease. In doing so, | hoped to
better understand how a complete and undamaged complement of chromosomes is

maintained in a healthy cell and what might go awry during disease.
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Synopsis

Separase regulatory mechanisms
Investigating the positive effect of securin on separase (Hellmuth et al., 2015a)

Genetics clearly shows that securin not only antagonizes separase but simultaneously exerts
a positive effect on the protease (Funabiki et al., 1996; Stratmann and Lehner, 1996).
However, what molecular mechanism is behind this positive effect has remained enigmatic.
Given that securin was reported to function in transcriptional regulation, we tested whether
it promoted separase expression. Using an electrochemical chip developed by the Sprinzl
group, we could show that the SEPARASE mRNA levels were the same in human SECURIN-/-
cells and parental HCT116s. Moreover, based on Western analysis of total cell contents
separase protein levels were also very similar between SECURIN-/- and parental HCT116
cells. Thus, securin does not seem to affect transcription, mRNA stability, or translation
efficiency of separase. Interestingly, strong differences between both cell lines appeared
when total cell lysates were cleared by centrifugation prior to immunoblotting: While most
separase from SECURIN-/- cells ended up in the insoluble pellet, most separase from wild
type cells was found in the soluble supernatant. Likewise, co-expression of securin greatly
increased the solubility of transgene encoded, over-expressed separase. The Uhlmann lab
had proposed - but never experimentally addressed - that 'securin might act as a chaperone,
possibly facilitating proper folding of the large separase polypeptide' (Hornig et al., 2002).
Misfolding and aggregation of separase could well explain its insolubility in SECURIN-/- cells.
To clarify whether securin might bind to the protease co-translationally, | studied whether
recombinant securin would co-purify with ribosome-nascent chain-complexes (RNCs) in a
separase-dependent manner. Indeed, securin co-purified with separase translating RNCs,
and this association was specific because it did not occur when a stop codon within the
mMRNA allowed dissociation of separase from ribosomes or when exportin instead of
separase was being translated. (Exportin was chosen as control because, similar to the N-
terminal half of separase, it also contains a superhelical structure.) Based on these results
we proposed that the co-translational association of securin with separase serves the dual
purpose of assisting proper folding of the giant protease while simultaneously ensuring its

immediate inhibition. This situation is reminiscent of caspase activated DNAse (CAD)
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requiring co-translational association with its inhibitor, ICAD, to reach a natively folded state,
from which it can later be activated by caspase-dependent cleavage of ICAD (Sakahira et al.,
2000; Sakahira and Nagata, 2002). Thus, use of an inhibitor as a folding helper seems to be a

recurrent mechanism in Nature to ensure tight regulation of dangerous enzymes.

Protein phosphatase 2A times the liberation of separase from securin

(Hellmuth et al., 2014)

When | started my thesis, it remained controversial whether PP2A (and which isoform
thereof) was interacting with securin or separase or both (Gil-Bernabe et al., 2006; Holland
et al., 2007). To clarify this issue, | conducted consecutive immunoprecipitation (IP)
experiments: Separase was immuno-depleted from lysates of mitotic cells before excessive,
free securin was immuno-precipitated from the corresponding supernatants. (Securin is
about 5 fold more abundant than separase.) Subsequent immunoblotting analyses clarified
that 1) PP2A associates with human separase-securin complex but not free securin and that
2) it is the B56 (B') and not the B55 isoform that does so (Figure 6A, right). Catalytic activity
of separase-securin associated PP2A suggested separase and/or securin as putative
substrates of the phosphatase (Holland et al., 2007). The previous identification of a PP2A
binding deficient separase variant (Holland et al., 2007) enabled us to use SILAC and mass
spectrometry to quantitatively assess phosphorylation of separase and securin in the
absence and presence of bound PP2A. This approach identified four phosphorylation sites
within securin that were substrates of separase-associated PP2A. The relevant Ser/Thr
residues were changed to Ala or phosphorylation mimicking Asp, and the resulting securin-
4A and -4D were compared to wild type securin in terms of their degradation kinetics. To
this end, single transgene copies were stably integrated into parental Hek293 cells such that
both alleles were expressed at the same, near physiological level upon induction with
doxycycline. In addition, a C-terminal tag allowed to discern securin-4A and -4D from
endogenous securin, which served as an internal control. (Controls had previously shown
that the C-terminal tag had no effect on securin stability.) Both cell lines were then
supplemented with the translation inhibitor cycloheximide and synchronously released from
a prometaphase arrest. Time-resolved consecutive IP-Western analyses (see above) revealed
that in its free form securin-4A was stabilized relative to wild type, whereas securin-4D was

turning over with normal kinetics. This picture changed when separase-associated securin
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was looked at: Here, securin-4D exhibited a shortened half-life relative to wild type and
securin-4A, which were degraded with similar kinetics. Together, these observations led to a
model, in which free securin is rendered short-lived by phosphorylation whereas separase-
associated securin is stabilized by PP2A-dependent dephosphorylation (Figure 6).
Consistently, free and separase-associated wild type securin were destroyed with the same

kinetics when endogenous separase was replaced by the PP2A binding deficient variant.
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Figure 6: Separase-bound PP2A stabilizes associated securin.

A) The B56 isoform of PP2A interacts with separase and constitutively dephosphorylates bound securin. In contrast, free
securin is hyperphosphorylated in mitosis. B) APC/CC4<20 prefers phosphorylated over de-phosphorylated securin as a
substrate. C) As a consequence of A) and B), free securin is largely degraded before the ubiquitylation of separase-bound
securin commences.

Phosphorylation-dependent protein degradation is typically mediated by ubiquitin ligases of
the SCF family and, indeed, it had been reported that SCFFT"®® mediates proteasomal
destruction of securin in UV irradiated cells (Limon-Mortes et al., 2008). However, the
canonical E3 of securin clearly is the APC/C, which recognizes a KEN- and destruction box
within the N-terminal 3rd of human securin (Zou et al., 1999). To clarify which ubiquitin

ligase is responsible for the phosphorylation-dependent degradation of securin, the KEN-
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and D-box were destroyed by point mutations; this did not affect any putative
phosphorylation sites. Importantly, the corresponding securin-mKEN/mDB was dramatically
stabilized in anaphase. Cycloheximide-shut off experiments revealed that wild type securin
was slowly turned over even in cells that were arrested in G2 or prometaphase, when APC/C
activity is very low. Still, securin-mKEN/mDB was stable also during these cell cycle phases.
Consistently, the half-life of wild type securin was profoundly extended by siRNA-mediated
depletion of the essential APC/C co-factor Cdc20. In order to underline my findings also with
some biochemical data, | established a new method for the isolation of active APC/C from
anaphase human cells. (This method also resulted in a fruitful collaboration, in which we
studied how mutational inactivation of APC/C subunits suppressed the otherwise lethal loss
of the SAC component Mad2 (Wild et al., 2018).) Using the purified APC/C for in vitro-
ubiquitylation assays, | was able to show that pre-phosphorylated wild type securin and
securin-4D are better APC/Ct9?0 substrates than un-phosphorylated wild type securin or
securin-4A, respectively. Thus, while | did not study and therefore cannot exclude a minor
contribution of SCF, my experiments clearly demonstrate that the preferred proteolysis of
phosphorylated human securin chiefly depends on APC/C. My finding that APC/C-dependent
protein degradation kinetics is modulated by phosphorylation on the level of the substrates
was unexpected. However, a recent study reports that the APC/C-dependent destruction of
human FBX031 is also regulated by its phosphorylation (Choppara et al., 2018).
Furthermore, S. cerevisiae APC/C requires some of its substrates (like CIb5) to be de-
phosphorylated and others (like Cdc5) to be phosphorylated (Simpson-Lavy et al., 2015).
Curiously, the ubiquitin-dependent degradation of S. cerevisiae securin (Pds1) is boosted by
de-phosphorylation (Holt et al., 2008). However, given that there is no sequence homology
between yeast and human securin, this poses no contradiction to the findings reported here.
The common denominator is that the phosphorylation status of APC/C substrates impacts
the degradation timing of proteins and sub-pools thereof, thereby contributing to the proper

order of downstream events in late mitosis.

To study the physiologic relevance of securin stabilization by separase-associated PP2A,
endogenous securin was knocked-down by RNAi and replaced by doxycycline-induced
expression of securin-4D. Importantly, corresponding cells suffered from premature
activation of separase both during a G2- and a prometaphase arrest. Thus, prolonging the

half-life of separase-bound securin seems to be important to prevent the unscheduled
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unleashing of separase’s essential but dangerous proteolytic activity during cell cycle arrests.
The same approach was used to replace endogenous securin with securin-4A and to study
the consequences of slowed degradation of free securin. Interestingly, cell that relied solely
on this phosphorylation site mutant securin exhibited delayed separase activation as
revealed by expression of a fluorescent separase activity sensor (Hellmuth et al., 2014;
Shindo et al., 2012). This went along with a prolonged early anaphase and the formation of
anaphase bridges indicative of difficulties to separate sister chromatids of individual
chromosomes. Free securin is expected to compete with separase-bound securin for APC/C
when both are degraded at the same time, and this offers an explanation for the observed
phenotypes. Alternatively or in addition, lingering of free securin should result in repeated
re-inhibition of separase, thereby increasing the effective size of the separase-associated
pool and retarding overall separase activation. Consistent with this explanation, the share of
securin-4A in the separase-bound securin pool transiently increased after APC/C activation
when it was expressed on top of endogenous securin. In this context, it is interesting to note
that the PP2A binding site on separase overlaps with the auto-cleavage sites, which is why
PP2A binding and self-cleavage are mutually exclusive (Holland et al., 2007). Auto-cleavage
of once activated separase would prevent further recruitment of PP2A, thereby ensuring
that any residual securin that might re-inhibit this separase molecule would stay
phosphorylated and, hence, be degraded more quickly. In this manner, auto-cleavage might

contribute to the abruptness of anaphase onset.

In summary, | could show that the separase-PP2A interaction constitutes an additional layer
of separase regulation that operates through stabilization of complexed securin by de-
phosphorylation. This renders securin-dependent inhibition of separase more robust and

helps to sharpen the metaphase-to-anaphase transition (Figure 6).

Positive and negative regulation of separase by Cdk1-Cyclin B1 (Hellmuth et al., 2015a)

Viability of SECURIN-/- human cells and mice demonstrate that the aforementioned co-
translational association of securin with separase is not essential. A small but large enough
fraction of separase obviously reaches a natively folded state in the absence of securin.
Moreover, this separase must still be regulated because SECURIN-/- cells do not suffer from

premature sister chromatid separation (PCS) but rather undergo anaphase with normal
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timing. Here, an obvious candidate was Cdk1-cyclin B1 because this master regulatory
mitotic kinase had previously been identified as a securin-independent inhibitor of
vertebrate separase (Stemmann et al., 2001). | made the interesting observation that the
insolubility of separase under securin-limiting conditions (see above) was more pronounced
in mitosis than interphase, which suggested that mitotic phosphorylation renders separase
particularly prone to aggregation/precipitation. Work from our lab had suggested that
Ser1126 phosphorylation induces a conformational change that exposes a Cdc6-like domain
(CLD) on separase (Boos et al., 2008; Gorr et al., 2005; Stemmann et al., 2001). Subsequent
binding of Cdk1-cyclin B1 via its regulatory cyclin to phosphorylated CLD then results in
separase inhibition (Figure 5). To relate these findings to the behavior of separase in the
above pelleting assay, | assessed the effects of a Ser1126Ala exchange and of a CLD-deletion.
Although both variants are resistant to inhibition by Cdk1-cyclin B1, they behaved very
differently here: While separase-S1126A was much more soluble than the wild type, the
insolubility of separase-ACLD was aggravated. To correlate solubility with proteolytic
activity, both variants were affinity-purified under securin-limiting conditions from
prometaphase-arrested Hek293T cells before equal amounts were compared in their ability
to cleave 3°S-labeled Rad21. This analysis revealed cohesin cleaving activity of separase-
S1126A but not -ACLD and demonstrated good accordance of solubility and proteolytic
activity. All these results are best explained by the following model: Upon entry into mitosis,
Cdk1-dependent phosphorylation of Ser1126 triggers a conformational change that renders
securin-less separase even more aggregation-prone. (See below for further mechanistic
insight on this conformational change.) Precipitation and irreversible inactivation are
prevented, however, by association of phosphorylated separase (via its CLD) with Cdk1-
bound cyclin B1. This preserved pool of separase then becomes liberated and proteolytically
active when cyclin B1 is degraded at the metaphase-to-anaphase transition. Thus, much like
securin, Cdk1-cyclin B1 also acts as both inhibitor and specific chaperone of separase. Unlike
securin, however, it does not assist in folding but rather protects from a '‘phosphorylation
shock' (by analogy to 'heat shock') that the kinase itself inflicts onto separase at mitotic
entry. In this manner, it is ensured even in the absence of securin that any separase, which

can later be activated, is first held inactive by association with Cdk1-cyclin B1.
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The peptidyl-prolyl-isomerase Pinl regulates separase by enabling its Cdk1-Cyclin B1-

dependent inhibition and limiting its proteolytic half-life (Hellmuth et al., 2015b)

Pinl is a phosphorylation specific peptidyl-prolyl-cis/trans-isomerase with important mitotic
functions (Liou et al., 2011; Lu et al., 1996; Shen et al., 1998; Yaffe et al., 1997). It consists of
a catalytic PPlase and a regulatory WW domain, both of which bind to phosphorylated
Ser/Thr-Pro motifs (Lu et al., 1999). Given that Cdk1-dependent phosphorylation of Ser1126
likely induces a conformational change in separase (see above) and given that this residue is
followed by a Pro, | asked myself whether Pinl might be involved in the regulation of
separase by Cdkl1-cyclin B1. Indeed, Pinl co-purified with separase from mitotic but not
interphase cells. Binding studies with isolated PPlase and WW domains subsequently
showed that Pinl's affinity to separase is chiefly mediated by its WW domain. Mapping
experiments further revealed that the PPlase domain bound to phosphoSer1126-Pro1127, as
expected, but that the WW domain, surprisingly, did not recognize this motif but rather
phosphoSer1153-Pro1154 (whose phosphorylation had not even been previously

recognized).

Incubation of separase-securin complex in an anaphase-like Xenopus egg extract with high
Cdk1 activity results in APC/C-dependent securin degradation and inhibition of separase by
Cdk1-cyclin B1 (Stemmann et al., 2001). | could show that prior immunodepletion of Pinl
from the egg extract abrogated the inhibitory binding of the kinase to separase. This effect
was specific because Cdk1-cyclin B1-separase complex formation was re-installed and
cohesin cleavage again prevented when bacterially expressed, purified Pin1 was added back
to depleted extract prior to separase. To test for the requirement of Pinl in vivo, | capitalized
on the previous finding that Cdk1-cyclin B1 becomes crucial for separase regulation when
securin is titrated out by overexpression of the protease (Boos et al., 2008; Holland et al.,
2007). Indeed, overexpression of wild type separase in Hek293 cells, which on its own did
have no detrimental effects, caused profound PCS when Pin1 had been depleted by RNAI.
This phenotype was rescued by expression of Pinl from an siRNA resistant transgene and
mimicked by chemical inhibition of Pin1 with EGCG (Urusova et al., 2011). Moreover, over-
expression of WW-binding deficient separase-S1153A also caused PCS and this phenotype
was suppressed by simultaneous over-expression of wild type but not catalytically inactive

PPlase domain. Thus, Pinl in its catalytically active form is required for Cdk1-cyclin B1
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dependent inhibition of separase not only in vitro but also in living cells.

The requirement of Pinl's catalytic activity was consistent with the long proposed
conformational change of separase but did still not prove it. | therefore isolated securin-free
separase from anaphase egg extract supplemented with either EGCG or just carrier solvent,
removed any bound Cdk1-cyclin B1 by a high salt wash (Gorr et al., 2005), and then
subjected both preparations to limited proteolysis with trypsin. Notably, this resulted in
different separase digestion patterns, thus lending the first experimental support to the (up
to then speculative) conformational change and, further, to its catalysis by Pin1.

These and previous results taken together lead to the following multi-step model of Cdk1-
dependent separase inhibition: Initial phosphorylation of separase by Cdk1 is followed by
docking of Pinl via its WW domain onto phosphorylated Ser1153. This places the PPlase
domain at the right position to then catalyze the isomerization of the phosphorylated
Ser1126-Pro1127 peptide bond - likely from trans into cis. The resulting different
conformation of cis-separase enables Cdk1 to stably bind via its regulatory cyclin B1 to the

CLD, thereby blocking separase’s proteolytic activity (Figure 7).

Phosphorylation
by Cdk1-cyclinB1 + P
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Aggregation resistant

Isomerization
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Figure 7: Pin1 facilitates Cdk1-cyclin B1-separase complex formation and destabilizes separase.

Cdk1-cyclinB1 mediated phosphorylation at serine 1126 recruits Pin1, which subsequently catalyzes isomerization of
separase from its trans- into its cis-conformer. This renders separase aggregation prone but, at the same time, de-masks
the CLD, thereby enables binding of cyclin B1 to separase.
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Does Pinl act also on separase that is regulated by securin instead of Cdk1-cyclin B1?
Beginning to address this issue, | conducted (co-)IP experiments, which demonstrated that a
Pinl-separase-securin complex does not exist, whereas Pinl and Cdk1-cyclin B1 can
simultaneously associate with separase. This left me with the question of whether Pinl
might act on separase that has just been liberated from securin's grip? | noted that in cells,
which were synchronously driven through anaphase, liberated separase did not associate
with free securin-mKEN/mDB whose expression had just been induced. In the presence of
EGCG, however, separase was sequestered almost quantitatively by the newly produced,
stable securin. Thus, once the SAC is silenced and APC/C activated, Pinl converts the
majority of separase into a securin-resistant state, which we propose corresponds to the cis-

conformer.

Next, | scrutinized the mutually exclusive binding of securin and Cdk1-cyclin B1 to separase
by a biochemical approach: Phosphorylated separase that was in complex with securin was
unable to bind Cdk1-cyclin B1, as expected. However, when the securin was cut in half by
cleavage of an engineered site with human rhinovirus 3c protease and when active Pinl was
present at the same time, then Cdk1-cyclin B1 (and Pinl) interacted with separase (despite
the securin fragments remaining associated with the protease). Thus, Cdk1-dependent
phosphorylation of Ser1126 (which is quantitative in mitotic cells, (Stemmann et al., 2001))
renders the cis-conformation of separase energetically favorable. Isomerization of the
phosphoSer1126-Pro1127 peptide bond within separase-securin complexes is impossible,
however, because securin locks separase in the trans-conformation. Once securin is
destroyed by site specific proteolysis (here) or ubiquitin-dependent degradation (in vivo),
Pinl converts the 'spring-loaded', phosphorylated separase from trans into the Cdk1-cyclin

B1-binding cis conformer.

What - if any - are the physiological consequences of trans-to-cis isomerization of separase
in late mitosis? Although free securin is preferentially degraded over separase-bound securin
(see above), it is much more abundant. Hence, when separase-associated securin is being
destroyed, some residual, free securin still persists (Hellmuth et al., 2014). Pin1 dependent
conversion of separase into the securin-resistant cis-isomer prevents its re-inhibition by this
lingering securin, which should otherwise slow overall separase activation. Cis-separase,

while being resistant to securin, can be sequestered by Cdk1-cyclin B1, of course. But for the
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reasons given below, separase, which has been liberated from securin, associates with
residual Cdk1-cyclin B1 only after it has cleaved cohesin (Hellmuth et al., 2015b; Shindo et
al., 2012). It is therefore tempting to speculate that resistance of once activated separase to
persisting, free securin helps to sharpen the transition into anaphase (although | did not yet

investigate this further).

A second consequence of the trans-to-cis isomerization of separase should be a shortened
half-life of separase's catalytic activity because my previous experiments suggested an
increased propensity of the cis-conformer to aggregate (Hellmuth et al., 2015a). To
investigate whether isomerization would affect the stability of separase in vitro, | produced
active separases, which were either in the trans or the cis conformational state. Subsequent
incubations followed by time-resolved cohesin cleavage assays demonstrated that, indeed,
the activity of cis-separase rapidly declined, while trans-separase proved a stable enzyme.
Next, | asked whether presence of separase-S1126A or chemical inhibition of Pin1 during
late mitosis would have any cellular phenotypes. As | suspected prolonged proteolytic
activity of separase under these conditions, | analyzed cohesin, which in unperturbed cells
reloads onto chromatin already in telophase without being cleaved (Losada et al., 2000;
Sumara et al., 2000). | performed immunofluorescence microscopy and immunoblotting of
chromatin isolated in a time-resolved manner from synchronized cells. Control Hek293Ts,
which expressed separase-ACLD or had been treated with DMSO instead of EGCG, behaved
as expected - reloading cohesin in telophase. However, cohesin failed to re-associate with
telophase chromatin in cells, in which the trans-to-cis isomerization of separase was
blocked. This is likely explained by the continued cleavage of cohesin in these cells and
suggests that a normal cohesin cycle requires that the burst-like activation of separase at the
end of metaphase is followed by rapid inactivation of the protease in anaphase.

In summary, Pinl is not only essential for the inhibition of separase by Cdk1-cyclin B1. The
Pin1-facilitated conformational switch of separase also acts like a time fuse that leads to

rapid, aggregation-driven self-inactivation of most separase in late mitosis.

When cells are synchronously released from prometaphase, then the Cdk1-cyclin B1-
separase complex first disappears to then appear again in late mitosis, i.e. at a time when
most of securin and cyclin B1 has already been degraded. Mathematical modeling could not

explain why the Cdk1-cyclin Bl-separase complex would transiently disappear prior to its re-
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accumulation, hence predicting that we were missing 'something'. This 'something' turned
out to be phosphorylation/de-phosphorylation of cyclin B1. | could show that early mitotic
phosphorylation of cyclin B1 at multiple sites weakens its affinity for separase, thereby
explaining why in prometaphase cells only a small fraction of separase is in complex with
Cdk1-cyclin B1. With the advent of APC/C activity and the concomitant degradation of cyclin
B1, the Cdk1-cyclin Bl-separase complex totally disappears at the metaphase-to-anaphase
transition. Then, however, the continued decay in activity of Cdkl and other mitotic kinases
results in de-phosphorylation of residual cyclin B1 during anaphase (by hitherto unknown
phosphatases). Because this dramatically increases cyclin B1's affinity for separase, the
Cdk1-cyclin Bl-separase complex forms anew despite the fact that only trace amounts of
cyclin B1 are left at this late stage of mitosis (Figure 8A). When the phosphorylation/de-
phosphorylation parameter is integrated into the mathematical simulation, then the in vivo
observations can faithfully be recapitulated in silico. Moreover, a phosphorylation site
mutant cyclin B1-8A out-competes endogenous cyclin B1 and clings to separase even longer
than wild type cyclin. Expression of this separase-super-binding cyclin B1-8A also prevented

the transient decline in abundance of the Cdk1-cyclin B1-separase complex.

Does the late Cdk1-cyclin B1-separase complex have any biological function? It cannot
impact on sister chromatid separation because correlating its presence with cleavage of a
fluorescent separase activity sensor showed that it forms when cohesin has already been
cleaved by separase (Hellmuth et al., 2015b; Shindo et al., 2012). Within the Cdk1-cyclin B1-
separase complex, both the protease and the kinase are held inactive (Gorr et al., 2005). A
corollary is that the final disassembly of this late complex will unleash a small pool of active
separase. In fact, my data suggest that this delayed, second activation of separase is
important for separase-mediated centriole disengagement during early G1 phase (Hellmuth
et al., 2015a). While this reveals one function of the Cdk1-cyclin B1-separase complex that
forms in late mitosis, it might serve yet another purpose during cytokinesis at the end of

female meiosis | (Gorr et al., 2006).
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Figure 8: Formation of the Cdk1-cyclin B1-separase complex after sister chromatid segregation suggests late functions for
the complex.

A) The Reciprocal relation between abundance and phosphorylation of cyclin B1 (blue curve) and its affinity towards
separase (red curve) explains why Cdk1-cyclin B1-separase complex re-forms late in mitosis (green curve). B) After separase
activation by securin and cyclin B1 degradation Rad21 is cleaved and sister chromatids are segregated. Pin1l-dependent
isomerization of separase and de-phosphorylation of remaining cyclin B1 then facilitates late Cdk1-cyclin B1-separase
complex formation. This stabilizes the otherwise aggregation-prone cis-separase and holds it in a re-activatable state. At
the same time, remaining Cdk1 kinase activity is inhibited. Formation of this late Cdk1-cyclin B1-separase complex might
facilitate cytokinesis during murine female meiosis |, and its disassembly in early G1 phase is important for separase-
dependent centriole disengagement.

A second branch of spindle assembly checkpoint-dependent anaphase control: Inhibition

of separase by Mad2-activated shugoshin (Hellmuth et al., 2020)

Double knock-out mice lacking the APC/C activator Cdc20 and securin terminally arrest as
two cell embryos with separated sister chromatids (Li et al., 2007). Loss of cohesion is
suppressed, however, by constitutive SAC activation. This observation was surprising
because APC/C®?0 (back then the only known downstream target of the SAC) was defective
in these embryos to begin with. It therefore suggested the existence of a securin-
independent but SAC-dependent inhibitor of separase. Cdk1-cyclin B1 was an unlikely
candidate here because its separase inhibitory capacity is debilitated by early mitotic
phosphorylation of cyclin B1 (Hellmuth et al., 2015b). However, our lab subsequently
identified human Sgo2 as a Cdc20-like interactor of the key SAC effector component Mad2
suggesting that Sgo2 might be the sought-after SAC-activated regulator of separase (Orth et
al., 2011). What seemed to contradict this hypothesis, however, was that Sgo2 localizes to

kinetochores/pericentromeres where the soluble separase is not to be found. Shugoshins
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bind via their conserved, C-terminal SGO-C box to Bub1-phosphorylated histone H2A at
kinetochores/pericentromeres (Kawashima et al., 2010; Liu et al., 2013). To my surprise |
found that binding of a phosphorylated H2A peptide to Sgo2 is mutually exclusive with
Mad2-Sgo2 complex formation. Vice versa, pre-loading of Sgo2 with Mad2 blocked phospho-
H2A binding. This suggested the existence of two Sgo2 pools: A kinetochore/peri-
centromere-associated one and a soluble, Mad2-associated one, which might regulate
separase. Indeed, separase and Sgo2 interacted as judged by co-IP experiments. Importantly,
this interaction depended on the prior association of Sgo2 with Mad2 and did not take place,
for example, when the Mad2-interaction motif of Sgo2 had been destroyed by mutation of
Arg-153 to Asp.

The separase-Sgo2-Mad2 complex was present in G1-, early S-, G2-, and prometaphase
arrested cells, which coincides with the presence of Cdc20-Mad2 throughout the cell cycle.
This is consistent with the re-localization of Mad1-Mad2 from kinetochores to nuclear pore
complexes (NPC) in interphase and the continued conformational activation of Mad2
(Rodriguez-Bravo et al., 2014). Consistently, separase-Sgo2-Mad2, like Cdc20-Mad2, became
(almost) undetectable upon depletion of Mad1 and/or the NPC component TPR.
Importantly, addition of in vitro-expressed Sgo2 and E. coli-expressed, purified Mad2 to
active, recombinant separase prevented it from cleaving Rad21. Sgo2-R153D and a C-
terminally truncated, Sgo2-binding deficient Mad2 were both inactive in this separase
inhibition assay, which demonstrated that - at least in vitro - Sgo2 is enabled to inhibit
separase only upon association with Mad2.

When highly overexpressed, the hypermorphic, Cdk1-resistant Separase-S1126A triggers PCS
(Boos et al., 2008; Holland and Taylor, 2006). This phenotype was partially rescued by
overexpression of Sgo2 and exacerbated by its siRNA-mediated depletion, which made it
possible to assess Sgo2 variants for their ability to restrict separase activity in living cells.
Confirming the biochemical results, Sgo2-R153D was unable to suppress PCS in this system.
The above results implied Sgo2-Mad2 as a 3rd separase inhibitor - next to securin and Cdk1-
cyclin B1. Do these inhibitors bind separase simultaneously or in a mutually exclusive
manner? Inability to detect any interaction between securin, Sgo2-Mad2 and Cdk1-cyclin B1
in IP-experiments suggested the latter, i.e. that these anaphase inhibitors act in parallel
rather than synergistically on one and the same separase molecule. But how much separase

is sequestered by each of the three inhibitors? IPs of securin, cyclin B1, and Sgo2 from
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various human cell lines were compared by immunoblotting in terms of the amount of
associated separase. These analyses revealed that on average 59, 6, and 35% of total
separase is sequestered by securin, cyclin B1, and Sgo2, respectively, in a prometaphase-
arrest. These quantifications suggested that Sgo2-Mad2 is a much more important regulator
of separase than Cdk1-cyclin B1, and, indeed, 85% of separase was in complex with Sgo2 in
SECURIN-/- cells. (Interestingly, Sgo2 and Mad2 appear to be overexpressed in SECURIN-/-

relative to parental HCT116 cells.)

Based on their prominent association with separase, | next tested whether loss of securin
and Sgo2 was sufficient to induce untimely separase activity. Consistent with this proposal,
co-depletion of securin and Sgo2 1) was highly cytotoxic as judged by colony formation
assay, 2) triggered premature centriole disengagement in G2-phase arrested cells, 3) caused
an otherwise uncommon absence of cohesin from early mitotic chromatin, 4) strongly
compromised the cell's ability to form proper metaphase plates, and 5) resulted in marked
PCS, which could be further enhanced by preventing also the Cdk1-cyclin B1-dependent
inhibition of separase. Importantly, simultaneous absence of securin and Sgo2 was also
associated with 6) premature cleavage of Rad21 and the separase activity sensor in
prometaphase-arrested cells. Moreover, individual depletions of either securin or Sgo2 were
well tolerated and did not cause any of these phenotypes. Thus, while securin and Sgo2 can
functionally replace each other, the acute loss of both renders (most) separase constitutively
active.

The remote possibility remained that the redundancy of Sgo2 with securin was due not to
direct inhibition of separase but some other function of this shugoshin. (In fact, the
Watanabe lab had reported that somatic Sgo2 contributed to the protection of centromeric
cohesion from the prophase pathway (Kitajima et al., 2006; Tanno et al., 2010), although
several publications challenge this statement (Llano et al., 2008; Orth et al., 2011; Wolf et
al., 2018).) Importantly, when endogenous separase was replaced by either one of two Sgo2-
binding deficient variants, then the depletion of securin alone was sufficient to cause

profound PCS.

What is the mechanism of Sgo2-Mad2-dependent separase inhibition? The protection of
Rec8 by Sgo2 throughout meiosis | essentially depends on its ability to recruit PP2A to

pericentromeric cohesin (Kitajima et al., 2006; Rattani et al., 2013; Riedel et al., 2006).
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However, a PP2A-binding deficient Sgo2-N58I (Orth et al., 2011) retained the ability to
inhibit separase both in vitro and in vivo, thus indicating that PP2A-mediated
dephosphorylation is not involved in this newly discovered function of Sgo2.

Securin acts as a competitive inhibitor and is turned into a separase substrate when a
cleavage-resistant pseudo-substrate sequence, which occupies the protease's active site, is
changed into a consensus cleavage site (Boland et al., 2017; Lin et al., 2016; Nagao and
Yanagida, 2006). To test whether the same might apply to Sgo2, | screened several pExxX-to-
OExxR variants of Sgo2 for their cleavage by separase. Indeed, Sgo2-M114R (but no other
variant) was cleaved by separase both in vitro and in vivo. Thus, Sgo2 resembles securin in
that it is a competitive separase inhibitor but differs in that it essentially requires Mad2

binding in order to do so.

Another difference between securin and Sgo2-Mad2 is that the former is degraded in
metaphase whereas the latter are stable proteins. This begs the question of whether and - if
yes - how Sgo2-Mad2-inhibited separase is liberated upon silencing of the SAC? When
prometaphase-arrested cells were synchronously driven through late mitosis by chemical
inhibition of an essential SAC kinase, then the degradation of securin and the auto-cleavage
of separase coincided with dissociation of Sgo2 and Mad2 from the protease. Thus, the
separase-Sgo2-Mad2 complex is indeed dismounted at the metaphase-to-anaphase
transition. At this time, the Cdc20-Mad2 containing MCC is actively disassembled by the
AAA-ATPase Trip13 in conjunction with the Mad2-specific adaptor p31«°™t (Eytan et al.,
2014). Inspired by this insight, | incubated isolated, immobilized separase-Sgo2-Mad?2
complex with bacterially expressed, purified Trip13 and p31¢™¢t and then analyzed, which
proteins were mobilized and which ones remained bound to the beads. Remarkably, wild
type Trip13 and p31™et quantitatively displaced Sgo2 and Mad2 from separase, thereby
leaving it proteolytically active towards Rad21. This effect was specific because Sgo2-Mad?2
stayed bound and separase inhibited, when wild type Trip13 was replaced by Walker-A or -B
mutant variants or when wild type p31°™¢t was replaced by Mad2- or Trip13-binding
deficient variants. In addition, siRNA mediated depletion of Trip13 and p31®°™t prevented

the usual disassembly of separase-Sgo2-Mad2 in anaphase cells.
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Figure 9: The SAC controls separase activity by two different mechanisms.

Both branches of anaphase regulation are controlled by the balance between SAC signaling and Trip13-dependent silencing

of the checkpoint. They differ, however, in that only the canonical pathway essentially requires proteolysis for separase
activation.

The above results suggest that under condition when separase is chiefly controlled by Sgo2-
Mad2, like in SECURIN-/- cells, sister chromatid separation should (at least partially) be
uncoupled from APC/C. To test this prediction, SECURIN-/- and parental HCT116 cells were
released from a SAC arrest in presence of APC/C inhibitors. In both cell lines this blocked the

degradation of securin and cyclin B1 but not the dissociation of Sgo2-Mad2 from separase.
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Notably, separase cleaved itself and sister chromatids separated in SECURIN-/- cells, while

both processes were largely prevented in parental HCT116s.

The SAC-shugoshin link is conserved in Xenopus with the curious difference that here Sgo1l
rather than Sgo2 binds Mad2 (Orth et al., 2011). | could confirm and extend these earlier
findings by showing that Xenopus laevis Sgol also binds separase in a Mad2-dependent
manner and also uses a non-cleavable pseudo-substrate sequence (131-LEmaS-135) to
competitively inhibit the protease.

Despite the high divergence of human Sgo2 and X./. Sgol in length and sequence, the Mad2
and separase interaction sites are conserved in position and distance relative to the coiled
coil domain and SGO-C box. This argues that Mad2 binding and separase inhibition are
characteristics that evolved prior to duplication of the primordial vertebrate SHUGOSHIN

gene.

In summary, | discovered an unanticipated, second branch, by which the SAC controls
separase activity. This branch is (largely) independent of securin and APC/C-mediated
proteolysis. It is represented by shugoshin (Sgo2 in mammals and Sgol in amphibians),

which is turned into a direct, competitive inhibitor of separase by SAC-activated Mad2.

Non-canonical separase functions

Local activation of human separase in interphase facilitates repair of double strand breaks

by homolous recombination (Hellmuth et al., 2018)

Motivated by two yeast studies (McAleenan et al., 2013; Nagao et al., 2004), | started to
investigate whether separase might play a role in the DNA damage response of human cells.
Expression of a restriction endonuclease, the 8-bp cutter AsiSl, in fusion with an estrogen
receptor (ER) results in defined DSBs upon treatment of cells with 4-Hydroxytamoxifen
(OHT) (Caron et al., 2012; lacovoni et al., 2010). Using this system enabled me to perform
ChIP experiments, which | then analysed by multiplex- or gPCR. These analyses
demonstrated that human separase - much like the established DNA damage marker yH2AX

- is recruited to DSBs. IP of separase from total cell lysates containing benzonase-fragmented
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chromatin extended this finding because it exemplified the DNA damage-dependent co-
purification of YH2AX with separase. In a complementary approach, cells treated with the
topoisomerase Il inhibitor doxorubicin (DRB) to inflict DSBs were analyzed by
immunofluorescence microscopy (IFM). In some cells, anti-separase labeled nuclear foci
stained positive also for yYH2AX. The signals were specific because they were absent from
separase-depleted or undamaged cell cultures. Interestingly, most DRB treated cells
exhibited YH2AX- but no separase foci. DRB treatment and subsequent IFM of pre-
synchronized cell populations unraveled that separase was recruited to DSBs only in G2- but
not G1-phase. DSBs are repaired by one of two major pathways, error-prone non-
homologous end-joining (NHEJ) or error-free homology directed repair (HDR). While NHEJ
can take place at any time during interphase, HDR depends on presence of an undamaged
sister chromatid and, hence, is possible only after replication (Polo and Jackson, 2011).
Might separase take part only in HDR but not NHEJ? To clarify this issue, | capitalized on
pathway specific reporter cell lines, in which repair of a single, specific DSB gives rise to GFP
only if it occurs by either NHEJ or HDR (Gunn and Stark, 2012; Pierce et al., 1999). Using
these two reporter lines, | could show that siRNA-mediated depletion of separase left NHEJ

unaffected but compromised HDR.

Next, | investigated whether separase becomes proteolytically active during HDR. To this
end, AsiSI-ER expressing Hek293 cells were synchronized in G2-phase, treated with OHT or
carrier solvent, and then subjected to IP using a Rad21 antibody (or unspecific IgG as control)
to enrich putative cleavage fragments. Final Western analysis demonstrated that separase-
specific Rad21 fragments were indeed present in DSB containing cells but absent from
undamaged cells. By the same approach, | could further show that a chromatin associated
separase activity sensor was likewise cleaved in a DNA damage-dependent manner. When
cells expressing this fluorescent separase sensor were treated with DRB and nocodazole in
G2 phase and subjected to chromosome spreading some hours later, then some condensed
chromosomes with YH2AX-positive foci were detectable indicating that the corresponding
cells had slipped from the DNA damage checkpoint into a SAC-mediated mitotic arrest.
Importantly, YH2AX-foci coincided with regions of separase activity as judged by
fluorescence microscopy. Thus, during HDR separase is activated only locally at/around

DSBs.
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Separase contains an active nuclear export signal (NES) and is usually restricted to the
cytoplasm in interphase (Sun et al., 2006). How then does it get into the nucleus during DNA
damage response (DDR) to begin with? Furthermore, the active protease does not seem to
diffuse, thus raising the question of how it is tethered to the sites of damage? Numerous
experiments that were inspired by known recruitment mechanisms of established DDR
factors led to the following answers (Galanty et al., 2009; Sacher et al., 2006; Thandapani et
al., 2013; Zhang and Xiong, 2001): Separase's NES is inactivated by phosphorylation of
Ser1660. In addition, separase is sumoylated at Lys1034 and Arg-methylated at an RG-repeat
motif centered around position 1426 in response to DSBs (Figure 10). Enzymatic assays with
recombinant proteins showed that in vitro these post-translational modifications (PTMs) can
be put onto separase by the DNA damage relevant ATM kinase, the SUMO-ligase Mms21,
and protein arginine methyltransferase 1 (PRMT1), respectively (Boisvert et al., 2005a;

Boisvert et al., 2005b; Potts and Yu, 2005; Zhang and Xiong, 2001).

Cytoplasm
Separase
Yy,
/
— AlM s

—p Me ‘:|r5> Sumo2 ) 4—
1 1
Separase

Cohesin
DNA-damage specific: SUMOylation Methylation ~ Phosphorylation
RG-repeat
K1034 R1426 S$1660
1 v \/ 2120
TPR-repeats CLD NES Ps?,‘;)do' Active PD

Separase protease domain (SPD)

Figure 10: Post-translational modifications direct separase to DSBs where it cleaves cohesin to support homology
directed repair.

In undamaged interphase cells separase is excluded from the nucleus. In response to DSBs, the nuclear export signal (NES)
of separase is inactivated by ATM-dependent phosphorylation. Once in the nucleoplasm, PRMT1-dependent methylation
(Me) of RG-repeats and Mms21-dependent sumoylation of Lys-1034 direct separase to DSBs. Here, it is locally activated,
cleaves cohesin around the damaged sites and facilitates HDR - possibly by granting DNA access to the repair machinery.
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Preventing these PTMs by corresponding point mutations prevented separase from
associating with damaged chromatin and to interact with yH2AX. Following the wash-out of
DRB, YH2AX- and MDC1-positive foci disappeared from wild type separase expressing cells,
which then also continued to progress through the cell cycle. In contrast, cells that solely
relied on the above separase variants exhibited continued presence of YH2AX- and MDC1-
positive foci and arrest in G2 phase. Thus, preventing these PTMs not only prevented the
recruitment of separase to DSBs but also rendered it unable to support HDR.In parallel to
our investigation of human separase in HDR, the Pendas-lab generated and analyzed mice
that were heterozygous for SEPARASE. Transduction of two oncogenes, E1A and hRas"'?,
into MEFs from SEPARASE+/- and SEPARASE+/+ mice enabled the former but not the latter
to form colonies from single cells, which is indicative of neoplastic transformation of these
primary cells. In addition, SEPARASE+/- and SEPARASE+/+ mice were compared in a two-step
skin carcinogenesis assay that uses DMBA as inductor and the mitogen TPA as tumor
promoter (Abel et al., 2009). A time-resolved histological assessment revealed a markedly
increased number and size of skin lesions for the SEPARASE+/- over the wild type mice. The
Pendas group could not pinpoint a molecular basis for these cancer-relevant
haploinsufficiency phenotypes: SEPARASE+/- mice had a normal life span with no obvious
increase in spontaneous tumorigenesis. Moreover, SEPARASE+/- MEFs exhibited normal
proliferation and cell cycle progression rates and did not suffer from any measurable
increase in aneuploidies or lagging chromosomes in anaphase relative to wild-type cells.
They therefore turned to us, and | studied the proficiency of SEPARASE+/- MEFs in HDR
looking at the cleavage of Rad21 upon DRB addition and the disappearance of the DSB
markers YH2AX, 53BP1, and phosphorylated Chk2 during the recovery from DRB.
Importantly, Rad21 cleavage was reduced and DSB repair markedly retarded in the
SEPARASE+/- relative to wild type MEFs. | conclude that 1) taking an active part in DDR is a
conserved feature of mammalian separase and 2) this function - in contrast to sister
chromatid separation - is strikingly dependent on SEPARASE dosage.

In summary, SEPARASE heterozygosity is hallmarked by both debilitated HDR and propensity
to cellular transformation. This correlation suggests that the function of mammalian

separase in HDR might help to prevent carcinogenesis.

It is well established that DNA damage results in replication-independent de-novo loading of

cohesin and that accumulation of cohesin around DSBs is required for efficient HDR (Kim et
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al., 2002; Potts et al., 2006; Strom et al., 2004; Unal et al., 2004). Using the aforementioned
HDR reporter cell line, | observed a comparable drop in repair efficiency upon depletion of
either separase or cohesin subunits, which is in line with these previous findings. Enrichment
of cohesin and activation of separase at the same sites seem counterintuitive at first.
However, hyper-recruitment of cohesin and its simultaneous separase-dependent removal is
not per se contradicting each other but will result in DSB-associated cohesin to be more
dynamic. This could serve the dual purpose of keeping the sister chromatid close for
effective homologous recombination, while still granting the repair machinery access to the
DNA. In support of this speculative model, separase-resistant Rad21 was reported to impair

DNA end-resection during DSB repair in S. cerevisiae (McAleenan et al., 2013).

Nek2A- and separase constitute a checkpoint that transforms anti- into pro-apoptotic

factors when early mitosis falls below a minimal duration (Hellmuth and Stemmann, 2020)

Securin- and Sgo2 depleted human cells exhibit PCS upon entry into mitosis (Hellmuth et al.,
2020). | noted that this was followed by apoptosis shortly thereafter. This phenotype was
due to separase deregulation rather than loss of cohesion because Sgol- or sororin-less
cells, which maintain normal separase regulation and suffer from PCS due to quantitative
removal of cohesin via the prophase pathway, did not die but exhibited a SAC-mediated
mitotic arrest instead. If cohesin cleavage is not the trigger of this death in mitosis (DiM),
then what could be the relevant separase target(s)? Taking an educated guess, | tested
whether the two anti-apoptotic Bcl2 family proteins Mcl1 and Bcl-xL could be cleaved by
active separase in vitro. Knowing that Rec8 is recognized by separase as a substrate only
when it is phosphorylated (Katis et al., 2010; Kudo et al., 2009), | included various mitotic
kinases in the cleavage assays. These experiments revealed that phosphorylation of Mcl1
and Bcl-xL by Nek2a enabled their endo-proteolysis by separase. In addition, cyclin A2-
dependent Cdk1/2 facilitated some separase-dependent cleavage of Bcl-xL (but not Mcl1).
Subsequent mapping of both the relevant phosphorylation- and cleavage sites by candidate
approaches revealed the following: 1) When Mcl1 is phosphorylated by Nek2a at S-60, S-159
and T-163, it can be cleaved by separase after 173-ExxR-176. 2) The separase-dependent
cleavage of Bcl-xL after 31-ExxR-34 is enabled by phosphorylation of S-4 and S-164 by Nek2a
and of S-62 by Cdk1/2-cyclin A2 (Figure 11).
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Immunoblotting of siSECURIN/siSGO2-transfected cells confirmed that Mcl1 and Bcl-xL were
fragmented also in vivo - not only in various human cancer cell lines but also in
untransformed hTERT RPE1 and murine NIH/3T3 cells. Mcl1 and Bcl-xL had been reported to
be cleaved during apoptosis (Clem et al., 1998; Michels et al., 2004) and, indeed, in my
hands caspase 3 cleaved Mcl1 after D-157 and Bcl-xL after D-61 in vitro. However, in cells
Mcl1 and Bcl-xL are cleaved directly by separase and not by downstream caspases as judged
by the following observations: 1) Using in vitro expressed fragments as length standards, |
could show that the two in vivo generated Mcl1 fragments perfectly matched cleavage by
separase rather than caspase. 2) Replacing the relevant ExxR by a Tev site, rendered Mcl1
and Bcl-xL resistant to separase and susceptible to Tev protease but did not affect their
cleavage by caspase 3 in vitro. Importantly, these variants were no longer processed in cells
that underwent separase-dependent DiM. 3) A pan-specific caspase inhibitor blocked
cleavage of the established caspase substrate PARP but did not affect Mcl1 and Bcl-xL

cleavage in Securin- and Sgo2 depleted mitotic cells.
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Figure 11: Cleavage- and phosphorylation sites within the anti-apoptotic Bcl2 family members Mcl1 and Bcl-xL.
Note that it is not clear whether aurora B is the kinase relevant for in vivo-phosphorylation of Thr-301; the labeling is
merely based on corresponding in vitro kinase assays. BH1-4 = Bcl-2 homology domains 1 to -4; TM = transmembrane
domain.
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What is the functional consequence of Mcl1 and Bcl-xL cleavage by separase? Mcll and Bcl-
xL interact via their hydrophobic groove with the BH3-domains of Bak or Bax, thereby
preventing them from homo-oligomerization and formation of pores into the mitochondrial
outer membrane. Pro-apoptotic BH3-only proteins, like Bim and Bad, compete with Bak and
Bax for binding to Mcl1 and Bcl-xL but, in healthy cells, Mcl1/Bcl-xL-Bak/Bax complexes
prevail (Figure 12). Consistent with the existing literature, | found that full-length Mcl1
interacted with Bak rather than co-expressed Bim. Upon its cleavage at position 176,
however, the resulting C-terminal Mcl1 fragment preferred Bim over Bak as binding partner.

Similarly, separase-dependent removal of its N-terminus transformed Bcl-xL from a Bak- into

a Bad-binder.
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Figure 12: Cleavage by separase transforms Mcl1's action from anti- into a pro-apoptotic.

A) The mitochondrial intermembrane space contains the electron carrier cytochrome c, which initiates intrinsic apoptosis
upon its release into the cytoplasm. In healthy cells, Mcl1 or Bcl-xL sequester pro-apoptotic Bak and Bax, thereby
preventing them from pore formation. Apoptotic stimuli frequently result in upregulation of BH3-only proteins like Bim or
Bad. These compete for binding to Mcl1 and Bcl-xL, thus releasing Bak and Bax. Alternatively, they transiently interact with
Bak and Bax to facilitate their homotypic interaction and mitochondrial outer membrane permeabilization (MOMP). B)
Schematic composition of the three classes of Bcl-2 family proteins. C) Three different mechanisms to release Bak from the
inhibitory grip of Mcl1: 1) Decline of Mcl1 levels during extended mitotic arrest (Haschka et al., 2015; Sloss et al., 2016). 2)
Increased levels of BH3-only proteins like Bim (Galluzzi et al., 2018; Villunger et al., 2003). 3) Cleavage of Mcl1 by separase,
which destroys the cooperative binding of the hydrophobic groove and the N-terminus of Mcl1 to Bak (this work).

Cleavage by separase leaves the hydrophobic groove of Mcl1 and Bcl-xL intact. (It is situated

in the C-terminal fragments, Mcl1-C and Bcl-xL-C.) This raises the question of how the
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cleavage-dependent change in affinities can be explained? For Mcl1, | found that,
interestingly, the N-terminal fragment stayed associated with Bak and was expelled only
upon homotypic interaction of the latter. Contact of Mcl1-N with Bak has not been reported
before but is consistent with the reported contribution of Bcl-2's BH4 domain to Bax binding
(Barclay et al., 2015). | therefore propose that Mcll entertains contacts to Bak with both its
N-terminal domain and the hydrophobic groove within its C-terminal half. Cleavage by
separase between the two contact sites breaks the cooperativity of binding, thereby
enabling Bim to out-compete Bak from Mcl1-C (Figure 12C, 2.). The same mechanism
presumably applies also to the separase-dependent cleavage of Bcl-xL, although | did not yet

test whether Bcl-xL-N interacts with Bak.

| noticed that the depletion of Mcl1 and/or Bcl-xL suppressed DiM in Securin- and Sgo2
depleted mitotic cells. This observation seemed counterintuitive and suggested 1) that these
two Bcl-2 family proteins are the crucial - if not the only - targets during separase mediated
DiM and 2) that their cleavage might not only inactivate them as Bak/Bax antagonists but
transform them from survival into death factors. This possibility was scrutinized further for
Mcll. Indeed, both Mcl1-N and Mcl1-C proved apoptogenic upon their overexpression, with
Mcl1-C having the stronger pro-apoptotic effect. Mcl1-N competes with the N-terminal
domains of endogenous, full-length Bcl-xL/Mcl1 for the binding to Bak/Bax (Figure 13). Much
like cleavage by separase, this destroys avidity and enables BH3-only proteins to supersede
Bak/Bax from the hydrophobic groove of Bcl-xL/Mcl1. Moreover, Bcl-xL/Mcl1 seem to be
slightly better separase substrates when in complex with a BH3-only protein as opposed to

Bak/Bax.

For Mcl1-C, | found the following: 1) Mcl1-C (but not full-length Mcl1) can interact with itself
(Figure 13). Homotypic interaction is prevented by addition of a Mcl1-specific BH3-mimetic
and by deletion of the C-terminal transmembrane domain. 2) Bim interacts with Mcl1-C only
transiently and disengages upon Mcl1-C self-interaction. 3) BAK/BAX double knock-out cells
were compared to parental HCT116s by time-resolved separation of soluble cytosol from
pelleted cell contents including mitochondria. Subsequent immunoblotting analyses
revealed that separase induced DiM was delayed but still occurred in the absence of Bak and
Bax as judged by release of cytochrome c into the cytosol (and PARP cleavage). Notably,

Mcl1-C induced release of cytochrome ¢ from mitochondria was unaffected by the absence
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of Bak and Bax. 4) 2D structural illumination microscopy (SIM) showed that at late stages of
apoptosis Mcl1-C forms large (200-400 nm) rings, which likely represent macro-pores
because they lack the MOM protein Tom20 in their center. All these characteristics were
previously reported for the pore formation by Bak/Bax (Brouwer et al., 2014; Czabotar et al.,
2013; Dai et al., 2011; Grosse et al., 2016; McArthur et al., 2018; Salvador-Gallego et al.,

2016). Thus, Mcl1-C itself permeabilizes the mitochondrial outer membrane by pore

formation.
A CXXR B
P Nek2A Bad
| D
Active
separase Bcl-xL
-Bad @
{ @
D
C Homotypic oligomerization, pore formation and MOMP

Dimer formation via
interaction

Homooligomerization via BH3-in-groove interaction

Figure 13: Both separase cleavage fragments of Mcl1 promote apoptosis.

A) Simultaneous activity of Nek2a and separase result in cleavage of Mcl1 after Arg-176, giving rise to N- and C-terminal
fragments. This enables Bim to supersede Bak from Mcl1-C. Both the interaction of Bim with Mcl1-C and of Bak with Mcl1-N
are transient. Bim and Mcl1-N are expelled when Mcl1-C and Bak each form homodimers during pore formation. B) Like
separase-dependent cleavage, Mcl1-N also breaks the cooperative binding of Bcl-xL to Bak. Competitive displacement of
Bcl-xL's BH4 domain from Bak by Mcl1-N enables Bad to liberate Bak. C) Proposed order of events during MOMP-causing
pore formation. Homotypic oligomerization starts with dimerization of a-helix 6, which requires a negative charge at the
end of this a-helix. This being phosphorylated Thr-301 in Mcl1-C and Glu-146 in Bax explains why Mcl1-C (but not Bax)
requires mitotic phosphorylation for pore formation. Multimerization then occurs by BH3-in-groove interaction of dimers.
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Despite the many parallels between Bak/Bax and Mcl1-C, one important difference is that
Bak and Bax form pores independent of cell cycle stage, while Mcl1-C can trigger MOMP
only in mitosis. Furthermore, Mcl1-N's pro-apoptotic effect is also limited to M-phase. |
suspected mitotic phosphorylations as a reason and indeed could identify Ser/Thr to Ala
mutations that weakened Mcl1-N induced DiM and extinguished Mcl1-C induced DiM. Thus,
there are two kinds of phosphorylations: Those that turn Mcl1 and Bcl-xL into separase
substrates and those that activate the pro-apoptotic character of the cleavage fragments.
While the former are put into place by Nek2a (with a minimal contribution of Cdk1/2-cyclin
A2 in case of Bcl-xL), in vitro assays suggest that the latter might be mediated by aurora B

kinase (Figure 11).

Thr-301 of Mcl1 turned out to be especially interesting: Detection of affinity-purified Mcl1-C
by a phospho-Thr specific antibody was possible for mitosis but abolished by Thr-301-Ala
mutation, suggesting in vivo phosphorylation at this position. Changing this single site into
Ala was sufficient to render Mcl1-C unable to self-interact and inactive in MOMP, while
changing it to Glu enabled Mcl1-C to induce apoptosis also in interphase. Based on sequence
alignments and structural information, the Thr-301 equivalent position in Bax is occupied by
a Glu. Interestingly, changing this Glu-146 to Ala inactivates Bax, while changing it to Thr
limits Bax's pro-apoptotic effect to mitosis. Thr-301 and Glu-146 reside at the end of a-helix
6 within Mcl1 and Bax, respectively, and dimerization of this helix was reported to be
required for the homo-oligomerization of Bak (Day et al., 2005; Dewson et al., 2009) (Figure
13). | propose that a negative charge (carboxyl- or phosphate group) at this position is
required for pore formation and that this explains why MOMP by Mcl1-C is restricted to

mitosis.

Mcl1 and Bcl-xL are present when separase becomes active on schedule. This begs the
guestion of why cells do not die when undergoing a normal metaphase to anaphase
transition? The explanation must be that Mcl1 and Bcl-xL are no longer cleavable by
separase at this stage of mitosis. Consistently, Nek2a and Cyclin A are degraded in early
mitosis and gone by the time when SAC inactivation triggers the events that culminate into
release of separase (Hayes et al., 2006; Wolthuis et al., 2008). A corollary is that any
temporal overlap of the enzymatic activities of Nek2a and separase should kill cells. The

early mitotic degradation of Nek2a requires its C-terminal, so-called MR tail (Hayes et al.,
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2006) and, indeed, expression of a stabilized Nek2a-AMR (but not the wild type kinase) was
sufficient to trigger DiM in anaphase. Cells also died in late mitosis when Nek2a
phosphorylation mimicking variants of Mcl1 or Bcl-xL were expressed (instead of Nek2a-
AMR). Interestingly, DiM upon Nek2a stabilization was all the more effective, the higher the
expression level of Mcll was. This graded response is potentially relevant for cancer therapy

because Mcl1 is frequently over-expressed in many human tumors (Beroukhim et al., 2010).

If Nek2a and separase are usually not active at the same time, then what - if any - is the
physiological role of separase dependent DiM? Does it ever occur in vivo, i.e. without highly
artificial manipulations like separase deregulation or Nek2a stabilization? Timing of mitotic
progression in vertebrates is chiefly determined by the SAC (Taylor and McKeon, 1997). |
therefore tested whether SAC abrogation and the consequent shortening of M phase would
result in simultaneous activity of Nek2a and separase. To this end, | either depleted the SAC
components Mad2 and/or BubR1 by RNAi or supplemented cells with reversine, an inhibitor
of the SAC kinase Mps1. As expected, this caused securin/cyclin B1 degradation and
separase auto-cleavage to occur earlier than in corresponding controls. At the same time,
Nek2a destruction was delayed - probably due to competition by other substrates for the
APC/C. Importantly, this was accompanied by cleavage of Mcl1, Bcl-xL and PARP and by
fragmentation of genomic DNA. Based on these results, we proposed that Nek2a and
separase form a 'minimal duration of early mitosis checkpoint'. The biological function of
this DMC would be to supervise the integrity of the SAC or, put differently, to sacrifice cells
that have lost this surveillance mechanism. This might protect the organism from
tumorigenic chromosome mis-segregations and explain the counter-intuitive observation

that mutations in SAC genes are rare in cancer (Hernando et al., 2001; Tighe et al., 2001).
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PP2A delays APC/C-dependent degradation of
separase-associated but not free securin

Susanne Hellmuth$, Franziska Bottger™ ™S, Cuiping Pan®*, Matthias Mann? & Olaf Stemmann®"

Abstract

The universal triggering event of eukaryotic chromosome segrega-
tion is cleavage of centromeric cohesin by separase. Prior to
anaphase, most separase is kept inactive by association with secu-
rin. Protein phosphatase 2A (PP2A) constitutes another binding
partner of human separase, but the functional relevance of this
interaction has remained enigmatic. We demonstrate that PP2A
stabilizes separase-associated securin by dephosphorylation,
while phosphorylation of free securin enhances its polyubiquityla-
tion by the ubiquitin ligase APC/C and proteasomal degradation.
Changing PP2A substrate phosphorylation sites to alanines slows
degradation of free securin, delays separase activation, lengthens
early anaphase, and results in anaphase bridges and DNA damage.
In contrast, separase-associated securin is destabilized by intro-
duction of phosphorylation-mimetic aspartates or extinction of
separase-associated PP2A activity. G2- or prometaphase-arrested
cells suffer from unscheduled activation of separase when endog-
enous securin is replaced by aspartate-mutant securin. Thus,
PP2A-dependent stabilization of separase-associated securin
prevents precocious activation of separase during checkpoint-
mediated arrests with basal APC/C activity and increases
the abruptness and fidelity of sister chromatid separation in
anaphase.
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Introduction

In eukaryotes, other than in prokaryotes, the duplication and
segregation of the genetic material are separated in time, taking
place during S- and M-phase, respectively. This decoupling is
made possible because the two sister chromatids of each

chromosome are paired and thus treated as one unit beginning
from the time of their generation in S-phase until their segrega-
tion in mitosis. Sister chromatid cohesion is mediated by the
multi-protein complex cohesin. Its long coiled-coil subunits Smcl
and Smc3 together with the kleisin Sccl (Rad21) form a tripar-
tite ring, 50 nm in diameter, that provides a topological linkage
by entrapping both DNA double strands (Haering et al, 2008). In
early metazoan mitosis, cohesin rings at chromosome arms are
removed by prophase pathway signaling which triggers the phos-
phorylation-dependent opening of the Smc3-Sccl gate (Buheitel &
Stemmann, 2013; Eichinger et al, 2013). However, sister chroma-
tid cohesion is maintained because protein phosphatase 2A
(PP2A) is recruited by shugoshin 1 (Sgol) to centromeric cohe-
sin and keeps it in a dephosphorylated state (Watanabe, 2005).
At metaphase-to-anaphase transition, the Sccl subunit of remain-
ing cohesin is cleaved by separase and sister chromatids spring
apart (Uhlmann et al, 2000). Separase is a large Cys-endopepti-
dase with a conserved C-terminal catalytic domain. It is encoded
by an essential gene and represents the universal trigger of
eukaryotic anaphase (Kumada et al, 2006; Wirth et al, 2006).
Hyper- or hypo-activity of separase results in premature separa-
tion of sister chromatids or chromosome non-disjunction, respec-
tively (Huang et al, 2005; Holland & Taylor, 2006; Boos et al,
2008). Separase also cleaves centrosomal cohesin and pericen-
trin-B  (kendrin), which promotes centriole disengagement and
licensing of subsequent centrosome duplication (Schockel et al,
2011; Lee & Rhee, 2012; Matsuo et al, 2012). The well-tuned
regulation of separase activity is therefore crucial to ensure a
stable inheritance of genomic information and to prevent aneu-
ploidies that might otherwise result in cell death or malignant
transformation.

Prior to anaphase onset, vertebrate separase is inhibited by
mutually exclusive association with Cdkl-cyclin Bl or securin
(Gorr et al, 2005; Stemmann et al, 2006). Cdkl-cyclin Bl is the
master regulatory kinase of mitosis and phosphorylates a multi-
tude of proteins. Its activation and inactivation, respectively, is
necessary and sufficient for entry into and exit from mitosis. For
unknown reasons, the relevance of Cdkl-cyclin B1 versus securin
for the inhibition of separase varies in different cells and
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developmental states. For example, murine post-migratory primor-
dial germ cells and early embryos chiefly rely on Cdkl-cyclin Bl
to control separase, whereas in mouse female meiosis II and
cultured human cancer cells, most of the protease is held in check
by association with securin (Gorr et al, 2005; Huang et al, 2008,
2009; Nabti et al, 2008). Separase is activated at the metaphase-
to-anaphase transition when both securin and cyclin Bl are
degraded via the ubiquitin-proteasome pathway. The correspond-
ing ubiquitin ligase is a multi-subunit RING E3, the anaphase-
promoting complex or cyclosome (APC/C), in conjunction with
Cdc20, its mitosis specific co-activator (Peters, 2006). Cdc20 (but
also Cdhl, a related co-activator of interphase APC/C) recognizes
a motif of the minimal consensus sequence R-x-x-L, the so-called
destruction box (or D-box), located close to the N-terminus of
securin and cyclin Bl. Securin (but not cyclin Bl) contains an
additional N-terminal motif called KEN-box, which is named after
its core amino acid sequence and also binds to Cdc20 (and Cdh1).
APC/C®420 activity is controlled by the spindle assembly check-
point (SAC), which, in metazoans, is of prime importance for
timing of mitosis and chromosome segregation fidelity (Lara-
Gonzalez et al, 2012). As long as chromosomes have not yet
properly attached to spindle microtubules, this essential
surveillance mechanism generates a diffusible ‘wait-anaphase’
signal at kinetochores, which inhibits APC/CCdCZO.

Despite our knowledge of the basic SAC-APC/C-separase axis,
other aspects of separase regulation remain poorly understood. For
example, it has recently been noted that, relative to total securin,
the separase-bound fraction is proteolysed more slowly (Shindo
et al, 2012). However, both the putative function and the underlying
mechanism of this phenomenon are unknown. Largely unresolved
is also the question of why higher eukaryotic separase cleaves itself
upon liberation from its inhibitors (Waizenegger et al, 2000; Herzig
et al, 2002). In vitro this auto-cleavage does not influence the prote-
olytic activity or the re-inhibition of separase by securin or Cdkl-
cyclin Bl (Stemmann et al, 2001; Waizenegger et al, 2002; Zou
et al, 2002). Finally, PP2A was identified as another binding partner
of human separase (Holland et al, 2007). The separase-PP2A
complex seems to exist throughout most of the cell cycle and disso-
ciates only transiently upon auto-cleavage of separase in anaphase
until re-synthesis of full-length protease in the next Gl phase.
Despite these initial characterizations, the in vivo relevance of the
separase-PP2A complex formation remains again largely enigmatic.
PP2A is a heterotrimeric serine/threonine phosphatase consisting of
a scaffolding A subunit, a catalytic C subunit, and a variable regula-
tory B subunit that mediates subcellular targeting and substrate
specificity (Janssens et al, 2005). Of the four subfamilies of B
subunits that exist (B, B/, B”, and B"), it is B’ (also called PR56) in
all its isoforms which is found in association with separase (Holland
et al, 2007).

Here, we show that PP2A restricts separase activity. It does so by
dephosphorylation of separase-bound securin, thereby stabilizing it
relative to the free, phosphorylated pool of securin. This function of
PP2A not only prevents precocious activation of separase in cells
that are arrested in G2- or prometaphase. It also ensures that virtu-
ally all excess securin is degraded before the separase-associated
pool is targeted. In this way, PP2A prevents repeated activation and
re-inhibition of separase and increases the overall abruptness and
fidelity of anaphase.
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Results

Separase-bound securin is a substrate for
separase-associated PP2A

The B’ (PR56) regulatory subunit containing isoform of protein
phosphatase 2A (PP2A) was previously identified as an interaction
partner of human separase (Holland et al, 2007). It was also
reported that the B (PR55) isoform of PP2A can directly interact
with human securin (Gil-Bernabe et al, 2006). Therefore, it
remained to be clarified whether PP2A interacts directly with
separase, securin, or both, and which isoform of the phosphatase
would do so. First, a separase antibody was used for immuno-
precipitation (IP) of all separase-securin complexes from a lysate of
mitotically arrested HeLa cells. Then, a securin antibody was used
in a second step to isolate free securin from the separase-depleted
supernatant. Western blot analysis of the immunoprecipitated
material revealed that the constitutive PP2A subunits A and C
specifically co-purified with separase-securin complexes, but not
with free securin (Fig 1A). Similar IP-Western experiments from
cells expressing Myc-separase and Flag-tagged versions of either
PP2A-B or PP2A-B’ furthermore demonstrated that it is only the B
(PR56) containing isoform of PP2A which interacts with separase
(Fig 1B).

Within the complex of separase, securin, and PP2A, the phos-
phatase is catalytically active (Holland et al, 2007). This begs
the question whether securin might be a direct target of separase-
bound PP2A. To address this issue, we capitalized on a separase
variant with a small internal deletion (A) that largely abrogates
PP2A binding without affecting proteolytic activity in vitro
nor association with securin or Cdkl-cyclin B1 (Holland et al,
2007). We used SILAC (stable isotope labeling with amino acids
in cell culture) followed by mass spectrometry to quantitatively
assess the phosphorylation status of securin associated with
either wild-type (WT) or PP2A-binding deficient (A) separase
affinity-purified from prometaphase-arrested HEK293T cells (Ong
& Mann, 2007). This analysis revealed that Ser-31, Thr-66,
Ser-87, and Ser-89 of human securin were 2.3- to 4.3-fold hyper-
phosphorylated when binding of PP2A to separase was compro-
mised (Fig 1C). (Somewhat unexpected, these changes did not
coincide with upregulation of separase phosphorylations critical
for binding of Cdkl-cyclin B1.) The observed differences in secu-
rin phosphorylation likely represent underestimations because the
small deletion within separase-A greatly compromises, but does
not fully abrogate its ability to recruit PP2A (Holland et al,
2007). Thus, securin is a substrate of separase-associated PP2A.
Together with the inability of PP2A to bind securin directly
(Fig 1A), these findings further suggested that—relative to separase-
bound securin—free securin should be in a hyperphosphorylated
state.

To test this prediction and whether we had mapped major
phosphorylation sites, we used site-specific recombination to
generate stable Hela lines that inducibly expressed either WT
securin or a variant that had the Ser/Thr residues at positions 31,
66, 87, and 89 replaced by alanines (securin-4A). Both alleles were
expressed to the same and near physiological level upon doxycy-
cline (Dox) addition (Supplementary Fig S1A). C-terminal Flag-tags
reduced the motility of the transgene-encoded securins in SDS—
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Figure 1. The indirect association of separase-bound securin with PP2A-B'56 correlates with its hypophosphorylation and increased stability over

free securin.

A

PP2A associates with separase-securin complex, but not with free securin. Separase antibody was used to immunoprecipitate separase-securin from lysates (input)
of mitotic HeLa cells overexpressing separase, securin, PP2A-A, and PP2A-C. Unspecific 1gG served as control (ctrl.). Subsequently, free securin was isolated from
the separase-depleted lysate using anti-securin. IPs were analyzed by immunoblotting as indicated. *light chain of unspecific 1gG.

The B’- and not the B-isoform of PP2A interacts with separase-securin. Lysates (input) of mitotic HEK293T cells overexpressing Myc-tagged variants of wild-type
(WT) separase or a PP2A-binding deficient deletion mutant (A) and Flag-tagged versions of either PP2A-B55 (o isoform) or PP2A-B’56 (8 isoform) were subjected to

anti-Myc IP and immunoblotting.

Rationale and summary of the SILAC-MS experiment to quantitatively compare the phosphorylation of securin bound to separase-WT or separase-A. The table

shows the five phospho-peptides with the largest difference in phosphorylation state. The ratios of heavy (H; separase-A) and light (L; separase-WT)
phospho-peptides were normalized (norm.) to those of unrelated, unphosphorylated peptide pairs. Shown below is the positioning of the mapped
phosphorylation sites (bold letters, light gray shading) relative to the APC/C recognition sites (dark gray shading) within securin (amino acid positions

given on top).

synchronized in prometa- or late G2-phase by taxol or RO3306 (RO). Whole cell
immunoblotting as indicated (H3-pS10 = Ser-10 phosphorylated histone H3).
Accelerated degradation of free over separase-bound securin. Pre-synchronized

Separase-less securin is hyper-phosphorylated. Transgenic Hela cells were induced to express C-terminally Flag-tagged securin-WT or securin-4A and

extracts (WCE) and sequential IPs of separase and securin were analyzed by

Hela cells were released from a taxol arrest by addition of ZM447439 (ZM) and

CHX att = 0 min and harvested in aliquots at the indicated time points. Whole cell extracts and sequential IPs of separase and securin were analyzed by

immunoblotting as indicated.
Securin immunoblot signals were quantified relative to the band at t = 0 min.

PAGE, thereby allowing the faster migrating endogenous securin to
serve as an internal reference. Cultures of the two lines were pre-
synchronized in G2 by the Cdkl inhibitor RO3306 (RO) or in
prometaphase by taxol and used for the consecutive IPs of first
separase-bound and then free securin. Comparative Western analy-
sis using an antibody specific for phosphorylated serine revealed
(i) that free securin indeed exhibits a pronounced hyperphosphory-
lation relative to separase-associated securin in both G2- and
prometaphase and (ii) that serine phosphorylation in securin-4A is
greatly diminished in G2 and virtually undetectable in prometa-
phase (Fig 1D). These results are consistent with the SILAC-MS
analysis and confirm Ser-31, Ser-87, and/or Ser-89 as major phos-
phorylation sites of securin that are effectively dephosphorylated
by separase-associated PP2A.
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Shown are mean values of three independent experiments.

Free securin is degraded more rapidly than
separase-bound securin

It has recently been reported that HeLa cells that are released from a
prometaphase arrest exhibit delayed degradation kinetics of separ-
ase-associated relative to total securin (Shindo et al, 2012). Given
that in prometaphase-arrested HeLa cells, free securin is 4- to 5-fold
more abundant than separase-associated securin (Fig 1A), the accel-
erated disappearance of total securin might largely be attributed to
preferential proteolysis of free over separase-bound securin. To test
this prediction, taxol-arrested HeLa cells were treated with cyclohex-
imide (CHX) to prevent re-synthesis of securin and with the aurora
B kinase inhibitor ZM447439 (ZM) to synchronously drive them
through an anaphase- into a Gl-like state (Shindo et al, 2012).
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Confirming the success of the release, cyclin Bl and Ser10-phos-
phorylation of histone H3 both disappeared, and separase cleaved
itself (Fig 1E). As before, aliquots taken at different time points
were used to purify separase-securin complexes and free securin by
two consecutive rounds of IP. Quantitative immunoblotting
confirmed the predicted faster degradation kinetics of free over
separase-associated securin (Fig 1E and F). As a result, about 75%
of separase-bound securin still persists when 75% of free securin
has already been cleared from the cell. An earlier disappearance of
free relative to separase-bound securin is also observed in the
absence of CHX albeit with slowed overall kinetics (unpublished
observation).

Interestingly, free securin is less stable than separase-associated
securin even in checkpoint-arrested cells. Upon CHX addition to
nocodazole-treated HeLa cells, free securin started to decline after
2 h and was undetectable after 8 h (Supplementary Fig S2A). In
contrast, separase-bound securin remained largely stable over 8 h in
these SAC-arrested prometaphase cells and began to slowly disap-
pear only after 10 h, probably as a consequence of apoptosis as
judged by the increase in number of cells with sub-G1 DNA content.
We also assessed the stability of the two securin pools during a
DNA-damage checkpoint-mediated arrest in G2 phase. To this end,
HeLa cells were arrested in early S-phase with thymidine, released
for 6 h, and then treated with doxorubicin (DRB), which causes
DNA double-strand breaks due to poisoning of topoisomerase II.
The success of these synchronization procedures was confirmed by
flow cytometry and immunoblotting (Supplementary Fig S3). Subse-
quent CHX shutoff experiments revealed that free securin was short-
lived also during a G2 arrest, with a half-life of about 1 h, while
separase-bound securin was stable for at least 5 h (Supplementary
Fig S2B). Thus, irrespective of the very different degradation kinet-
ics at different cell cycle phases, free securin is always less stable
than separase-associated securin.

PP2A stabilizes separase-bound securin by dephosphorylation

Is the difference in stability between free and separase-bound secu-
rin due to a different phosphorylation status of both pools? If phos-
phorylation turns securin into a better substrate for the ubiquitin-
proteasome system (UPS), then preventing its phosphorylation by
mutation should stabilize free securin. Vice versa, mimicking
constitutive phosphorylation with a negatively charged amino acid
might destabilize separase-bound securin, which is normally held
in a dephosphorylated state by action of associated PP2A. To test
these predictions, we generated also a HeLa line that inducibly
expressed a (C-terminally Flag-tagged) securin variant with aspar-
tates at positions 31, 66, 87, and 89 (securin-4D) but was otherwise
isogenic with the aforementioned securin-WT and securin-4A lines
(Supplementary Fig S1B). When prometaphase cells were released
with ZM into CHX-containing medium, strikingly, the free pool of
securin-4A exhibited greatly retarded degradation kinetics (Fig 2A).
Importantly, the behavior of securin-4D was the exact opposite.
This phosphorylation-mimicking variant disappeared with WT
kinetics in its free form but was greatly destabilized relative to
endogenous securin in its separase-associated form (Fig 2B). Of
note, separase-associated securin-4A was detectable even longer
than free securin-4A or separase-associated endogenous securin
(Fig 2A and Supplementary Fig S7B). This could be due to
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additional phosphorylation sites, which escaped our mapping analy-
sis, but the fact that securin-4D is degraded with nearly the same
kinetics in its separase-associated and free forms (Fig 2B) argues
against this possibility. Instead, we attribute this phenomenon to
the association of lingering free securin-4A with separase that has
already been stripped of endogenous securin (see Discussion). None
of the above effects was caused by the tagging per se because trans-
gene-encoded tagged securin-WT was degraded with kinetics identi-
cal to the endogenous protein (Fig 2A and B).

A securin variant which lacks its first 100 amino acids retains
normal ability to bind and inhibit separase but can no longer be
degraded. Given that the N-terminal half of securin contains not
only the KEN- and D-box but also the identified PP2A substrate sites
(Fig 1C), it is conceivable that phosphorylation of the corresponding
residues could impact securin’s clearance via the UPS. At this point,
it could not be excluded, however, that the changed degradation
properties of securin-4A and securin-4D were caused not by blocked
or mimicked phosphorylation but rather by the mutations per se. To
rule out this possibility, we capitalized on separase-A with impaired
PP2A binding ability. Securin in association with this separase vari-
ant should be phosphorylated and exhibit a reduced half-life if phos-
phorylation does indeed turn the anaphase inhibitor into a better
UPS substrate. Transgenic HeLa cells were induced to express Myc-
tagged separase-WT or separase-A, synchronized in prometaphase
with taxol, and then released by ZM into medium containing CHX
and trace amounts of okadaic acid (OAA) to inhibit residual PP2A
still associated with separase-A. Time-resolved anti-Myc IPs
followed by quantitative immunoblotting revealed that endogenous
securin in complex with transgenic separase-WT and separase-A
had mean half-lives of 38 and 29 min, respectively (Fig 2C). This
result is fully consistent with the behavior of the phosphorylation
site mutant securins and validates the 4A and 4D variants as probes
to study the effects of no or constitutive securin phosphorylation,
respectively. In summary, the above experiments demonstrate
that securin is destabilized by phosphorylation and stabilized by
separase-based PP2A-dependent dephosphorylation.

Phosphorylation of securin enhances its
APC/C-dependent polyubiquitylation

What are the kinases that destabilize securin by phosphorylation?
According to a scansite prediction (Obenauer et al, 2003), one
candidate is Ca2+/calrnodulin—dependent kinase II (CaMKII) which
might target Ser-87 of human securin because this site ranks among
the top 0.071% of putative CaMKII motifs across all vertebrate
proteins (percentile 0.071). Indeed, recombinant CaMKII readily
phosphorylated bacterially expressed, affinity-purified human secu-
rin-WT (Fig 3A). The CaMKII-dependent labeling of securin-4A was
3.7-fold less efficient consistent with Ser-87 representing a chief
phosphorylation site for this kinase. Next we asked whether chemi-
cal inhibition of CaMKII with KN-93 would impact the degradation
kinetics of securin in vivo. To this end, securin-WT-expressing,
taxol-arrested HeLa cells were treated with either KN-93 or its
carrier solvent DMSO (control) for 4 h and then released into
anaphase with ZM. Time-resolved immunoblotting demonstrated
that the CaMKII inhibitor extended the half-life of free securin by
about 15 min while leaving the overall exit from mitosis unaffected
(Fig 3B). KN-93 treatment had also no overt effect on the proteolysis
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Figure 2. Securin is destabilized by phosphorylation and stabilized by PP2A-dependent dephosphorylation on separase.

A Preventing its phosphorylation stabilizes free securin. Transgenic HeLa cells induced to express C-terminally Flag-tagged securin-WT or securin-4A were treated
as described in Fig 1E and subjected to sequential IPs that separated separase-bound securin (top panels) from free securin (bottom panels). The graph represents
the mean degradation kinetics of endogenous and transgenic free securin. Western signals of three independent experiments were quantified by densitometry

and blotted as percent of the value at ZM addition (t = 0).

B Mimicking its phosphorylation destabilizes separase-associated securin. Transgenic Hela cells induced to express C-terminally Flag-tagged securin-WT or securin-4D

were treated and analyzed as described in (A).

C Preventing PP2A binding to separase accelerates the degradation of associated securin. Mitotic Hela cells induced to overexpress Myc-tagged separase-WT or
separase-A were incubated with trace amounts of okadaic acid shortly before ZM addition to inactivate residual PP2A on separase-A but leave gross PP2A
activity unaffected. Transgenic separases were immunoprecipitated with anti-Myc, and associated endogenous securin was quantified as

described in (A).

of separase-bound securin, probably because this pool is constantly
being dephosphorylated by PP2A.

Securin is a well-established substrate of APC/C. Its KEN- and D-
box are recognized by Cdc20 and Cdhl, APC/C’s co-activators in
mitosis and interphase, respectively. However, the pronounced
phosphorylation dependence of securin degradation is reminiscent
of proteolysis mediated by SCF-complexes, another class of multi-
subunit ubiquitin ligases. In fact, the same study that reported the
existence of a direct interaction between PP2A and securin also
claimed that phosphorylated securin was degraded in an SCF-depen-
dent manner (Gil-Bernabe et al, 2006). To clarify this issue, we
asked whether mutational inactivation of the KEN- and D-box or
depletion of Cdc20 by RNAi would affect the rapid degradation of
free, phosphorylated securin in late mitosis. When securin with

mutated KEN- and D-boxes (mKEN/mDB) was inducibly expressed
in corresponding transgenic HeLa cells, this variant appeared to be
fully stable during a ZM-mediated SAC override, that is, at a time
when endogenous securin and transgenic securin-WT were rapidly
degraded (Fig 3C). Upon its addition to HeLa cells or Xenopus egg
extracts, the PP2A inhibitor okadaic acid (OAA) induces a pseudo-
anaphase state with active APC/C®%?°, While WT securin was
rapidly degraded under these conditions, the mKEN/mDB variant
was again not proteolysed but merely hyperphosphorylated leading
to reduced and less uniform electrophoretic mobility that could be
reversed by A-PPase treatment (Fig S4). Furthermore, upon ZM
addition to Cdc20-depleted, taxol-treated cells, separase-free securin
did not decline over at least 45 min (Fig 3D). In contrast, mock-
depleted control cells fully degraded this securin population within
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Figure 3. Rapid degradation of free securin depends on CaMKII and APC/C.

A CaMKIl phosphorylates securin at PP2A substrate site(s). Recombinant securin-WT or securin-4A was incubated with active (+) or heat-inactivated (—) CaMKIl in
presence of y->3P-ATP and then analyzed by SDS-PAGE, auto-radiography, and Coomassie staining (CBB).

B Inhibition of CaMKIl decelerates the degradation of free securin in vivo. Transgenic Hela cells were induced to express Flag-tagged securin-WT, arrested with taxol
and then treated with the CaMKIl inhibitor KN-93 or DMSO 4 h prior to addition of ZM and CHX (t = 0 min). Aliquots harvested at the indicated time points were
analyzed as described in Fig 1E.

C Free securin is stabilized by mutation of its KEN- and D-box. Transgenic Hela cell lines were induced to express Flag-tagged securin-WT or securin-mKEN/mDB,
released from a taxol arrest by ZM (and CHX) at t = O min, harvested in aliquots at the indicated times and analyzed as in (B). Coomassie-stained IgG-heavy chain
(hc) served as a loading control for the securin IP.

D Free securin is stabilized by Cdc20 depletion. Hela cells transfected with siRNA against CDC20 or GL2 were otherwise treated and analyzed as described in (B). Note
that the Cdc20 panels are directly comparable as the corresponding samples were run on one gel and blotted onto the same membrane. Crosses indicate lost
samples.

E Affinity purification of APC/CS42%, APC/CU° was immunoprecipitated from taxol-ZM-treated Hela cells with an antibody directed against the C-terminus of Cdc27
and competitively eluted with the antigenic peptide. Sup. = supernatant.

F Phosphorylation of securin with CaMKIl enhances its APC/C““>°-dependent polyubiquitylation. Bacterially expressed, purified human securin was pre-phosphorylated
with CaMKIl where indicated and then incubated for the indicated times in an ubiquitylation assay containing wild-type (WT) or dominant-negative (DN) UbcH10
and APC/C?° [from (E)]. Reactions were analyzed by SDS—PAGE and anti-securin Western. Ub,, = ubiquitin chains.

G Increased processivity of multi-ubiquitylation of securin-4D versus securin-4A. An APC/C“%2°-dependent ubiquitylation assay was performed and analyzed as
described in (F).

30 min. Securin-mKEN/mDB-expressing or Cdc20-less, taxol- form of active APC/C at this stage (Bassermann et al, 2008), securin

arrested cultures were also supplemented with CHX alone, that is,
without simultaneous addition of ZM. These experiments revealed
that even the slow degradation of free securin during a prolonged
prometaphase arrest required an intact KEN- and D-box as well as
the presence of Cdc20 (Supplementary Fig S5A). Finally, we tested
the requirements of securin proteolysis in DNA-damage checkpoint-
arrested G2 cells. Consistent with APC/C“®"! being the predominant
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degradation was hardly affected by depletion of Cdc20 (unpublished
observation). However, securin was again strongly stabilized in
DRB-treated cells by mutational inactivation of its KEN- and D-box
(Supplementary Fig S5B). Taken together, these experiments
demonstrate that, irrespective of kinetic differences, the degradation
of securin in G2-, prometa-, and anaphase is largely, if not entirely,
dependent on APC/C.
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To clarify whether the APC/C-catalyzed ubiquitylation reaction
itself or a different step of the degradation pathway is positively
influenced by securin phosphorylation, we immuno-affinity-purified
the APC/C subunit Cdc27 (Apc3) from HeLa cells that were released
from a taxol arrest by treatment with ZM for 25 min (Fig 3E).
Combining the resulting APC/C®? preparation with ATP, ubiqu-
itin, E1 (Ubel), and UbcH10 (Ube2C) led to ubiquitylation of bacte-
rially expressed, purified securin (Fig 3F). This reaction was specific
as it was blocked by replacement of WT UbcH10 with a dominant-
negative (DN) variant of this E2. Importantly, ubiquitin chain
formation was enhanced if securin was pre-treated with CaMKII and
ATP (Fig 3F). Similarly, phosphorylation-mimicking securin-4D was
subject to much more pronounced multi-ubiquitylation than phos-
phorylation site mutant securin-4A under otherwise identical condi-
tions (Fig 3G). Together, these reconstitution assays demonstrate
that N-terminal phosphorylations indeed render human securin a
better APC/C substrate, a notion that is fully consistent with the
observed in vivo-degradation kinetics.

Phosphorylation site mutant securin compromises timing and
fidelity of anaphase

Why are separase-bound and free, excessive securin degraded with
such different kinetics? And does interference with this phosphory-
lation-dependent difference have any physiological consequences?
To address these questions, we first asked whether expression of
securin-4A resulted in any effect on the timing and fidelity of
mitosis. Transgenic cells were transiently transfected to label their
chromosomes with histone 2B-eGFP and then filmed by video
fluorescence microscopy in the presence or absence of Dox (Fig 4A).
Subsequent quantification showed that induced expression of secu-
rin-4A (but not of securin-WT) caused an averaged lengthening of
early anaphase from 3.4 to 9.2 min, while all other phases of mito-
sis were normal in timing. This specific effect was accompanied by
the frequent occurrence of anaphase bridges. Immunofluorescence
microscopy (IF) of fixed cells confirmed that individual chromo-
some arms and/or Hecl-stained kinetochores lagged behind in more
than 50% of securin-4A-expressing anaphase cells, while these
defects were rarely observed (<13%) in the corresponding controls
(Fig 4B). Chromosome segregation defects are associated with an
increase in DNA double-strand breaks (DSBs) which is due to
lagging chromosomes being frequently damaged through cytokine-
sis and/or the formation of micronuclei (Janssen et al, 2011; Crasta
et al, 2012). To clarify whether DSBs would also occur as an indi-
rect consequence of blocked securin phosphorylation, transgenic
securin-WT or securin-4A were expressed for 3 days or left unin-
duced before the corresponding cells were analyzed by immunoblot-
ting and IF for DSB-specific phosphorylations of histone variant
H2AX on Ser-139 (yH2AX) and checkpoint kinase 2 on Thr-68
(pChk2). Indeed, long-term expression of securin-4A caused a
strong up-regulation of these DSB-markers (Fig 4C). More specifi-
cally, yH2AX- and pChk2-positive nuclear foci were detected in 45%
of securin-4A-expressing cells but only in about 10% of uninduced
cells or those that expressed transgenic securin-WT. Thus, prevent-
ing securin phosphorylation at four key sites results in impaired
chromosome segregation followed by DNA damage.

The above phenotypes could be explained by slowed or delayed
activation of separase in presence of securin-4A. To test this
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directly, we adapted a recently published separase activity sensor
(Shindo et al, 2012), which consists of a separase-cleavable Sccl
fragment fused N-terminally to histone 2B-mCherry and C-termi-
nally to eGFP (Fig 5A). The chromosomes of sensor-expressing cells
fluoresce red and green (yellow in merge) early in mitosis but lose
their green fluorescence when separase becomes active (Fig 5B).
We used transient transfection to express this sensor in our stable
transgenic securin lines, arrested the cells in prometaphase with
taxol, and then released them with ZM. Interestingly, the cleavage
of the reporter was clearly delayed and less complete in securin-4A
relative to securin-WT expressing cells as judged by time-resolved
immunoblotting and live cell microscopy (Fig 5C and D). Thus,
physiological amounts of a securin variant which can no longer be
phosphorylated dampen the otherwise switch-like activation of
separase, thereby interfering with the abruptness and accuracy of
sister chromatid separation in anaphase.

Mimicking constitutive securin phosphorylation results in
premature activation of separase

Does selective destabilization of separase-associated securin by
phosphorylation mimicking also have any cellular consequences?
We performed video microscopy as before, which demonstrated that
ectopic securin-4D expression by itself did not affect mitotic timing
(Fig 6A). Endogenous securin might suppress potential phenotypes
by replacing precociously proteolysed securin-4D. Therefore, we
combined knockdown of endogenous securin with induction of the
(siRNA resistant) transgene (Fig 6B). Consistent with separase-
bound securin now being degraded as quickly as free securin
(Fig 2B), the replacement of endogenous securin by securin-4D
resulted in a modest shortening of metaphase relative to the WT
control (Fig 6A). However, despite the slightly earlier advent of
anaphase, cells segregated their chromosomes surprisingly normal
(data not shown).

Each time a separase-associated securin molecule is degraded,
the corresponding separase molecule will briefly become active
before being re-inhibited by excessive, free securin. Given that the
securin-4D variant has a higher turn-over rate on separase than WT
securin, unscheduled cohesin cleavage is expected to be enhanced
in cells expressing the former as compared to the latter. To test
whether this might cause problems over time, we assessed how well
sister chromatid cohesion was maintained in a prometaphase arrest.
Replacement of endogenous securin by securin-4D indeed caused
partial or complete loss of cohesion in 14% of the cells after 3 h in
taxol and in 30% after 9 h (Fig 6C). At these time points, control
cells, in which endogenous securin was either replaced by trans-
genic securin-WT or left undepleted, displayed on average merely 4
and 8% premature sister chromatid separation, respectively. While
precocious loss of cohesion was further enhanced by simultaneous
CHX treatment, importantly, it did not essentially require inhibition
of translation and even occurred without visible decline of securin-
4D (Fig 6C and D). Thus, the PP2A-dependent stabilization of the
separase-securin complex is crucial to prevent transient activation
of the cohesin-cleaving protease in SAC-arrested cells.

Finally, we asked whether replacing endogenous securin by secu-
rin-4D might also cause problems in cells that are arrested in G2
phase. Because separase is excluded from the nucleus (Sun et al,
2006), cleavage of chromosomal cohesin cannot serve as an

© 2014 The Authors
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Figure 4. Phosphorylation site mutant securin compromises proper anaphase and elicits DNA damage.

A Expression of securin-4A (but not of securin-WT) prolongs the process of sister chromatid separation. Transgenic Hela cells transiently transfected to express histone
H2B-eGFP were released from a double-thymidine arrest and induced (+Dox) to express securin-WT or securin-4A or left uninduced. Live cell imaging was started
10 h later and conducted at 180-s intervals over a period of 12 h. Early anaphase was defined as the time between the first broadening of the metaphase plate until
the first discernable separation of chromosomes into two masses. Arrowhead labels an anaphase bridge. Lower two panels on right represent merges of green
fluorescence and DIC images. The graph shows mean values (bars) of four independent experiments (dots) quantifying at least 100 cells per line and state of

induction. Scale bar, 5 um.

B Expression of securin-4A (but not of securin-WT) results in anaphase bridges. Cells were released from thymidine for 13 h, fixed, and stained for Hecl and DNA.
Impaired chromosome segregation was identified by lagging DNA (arrowheads) and/or lagging Hecl signals (arrows) in anaphase cells. The graph shows mean values
(bars) out of three independent experiments (dots). Between 250 and 600 cells were analyzed per line and state of induction. Scale bar, 5 um.

C Long-term expression of securin-4A (but not of securin-WT) results in DNA-damage. Asynchronous Hela cells induced to express securin-WT or securin-4A for 3 days
were analyzed by immunoblotting and IF as indicated. Foci positive for yH2AX and phospho-Thr68 Chk2 (pChk2) were counted. Represented are mean values (bars)
out of three independent experiments (dots) quantifying at least 200 cells per line and state of induction. Scale bar, 5 pm.
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Figure 5. Phosphorylation site mutant securin impairs timely activation of separase.

A, B Structure (A) and cell-based read-out (B) of the separase activity sensor as adopted from (Shindo et al, 2012). The appearance of the eGFP containing cleavage

fragment (2b) in an immunoblot (see (C)) is indicative of separase activity.

C,D Delayed separase activation in presence of phosphorylation site mutant securin. Hela cells transiently expressing histone H2B-mCherry-Scc1*%7-2%8_eGFP were
thymidine arrested, released into transgene inducing medium, and re-arrested by taxol. Upon addition of ZM, separase activity was followed by time-resolved
immunoblotting analysis of whole cell extracts (C) and live cell fluorescence microscopy (D). Scale bar, 5 pm.

indicator of separase activity in these interphasic cells. However,
separase not only triggers sister chromatid separation in anaphase
but also centriole disengagement in late mitosis/early G1 (Tsou &
Stearns, 2006; Schockel et al, 2011). Indeed, cells arrested by DRB or
RO undergo unscheduled centriole disengagement in an APC/C- and
separase-dependent manner (Prosser et al, 2012). Synchronization
by consecutive treatments with thymidine and DRB or RO were
combined with transfection of siRNA against endogenous securin (or
GL2 as a control) and induction of transgenic securin-WT or securin-
4D (Fig 7A and D, Supplementary Fig S1B). After different times in
DRB or RO, cells were harvested and centriole engagement status
was quantified by immunofluorescence microscopy of isolated
centrosomes stained for the markers centrin-2 (distal) and C-Napl
(proximal). These analyses not only confirmed the recent findings by
the Fry and Morrison laboratories (Prosser et al, 2012) but also
revealed that substitution of WT securin by the 4D variant aggra-
vates the premature centriole disengagement phenotype. Specifi-
cally, cells which expressed securin-4D but lacked the endogenous
anaphase inhibitor suffered from 22% centriole disengagement after
5 h in DRB, while the corresponding WT control displayed only 10%
disengagement (Fig 7B). Similarly, after 10 h in RO, cells that lacked
endogenous securin exhibited 27% versus 11% centriole disengage-
ment, respectively, if they expressed transgenic securin-4D instead
of securin-WT (Fig 7C). Despite the omission of CHX in these experi-
ments, securin-4D (but not securin-WT) visibly dropped in abun-
dance once cells were incubated for 5 h in DRB or 14 h in RO
(Fig 7A and D). However, the pronounced centriole disengagement
in securin-4D-expressing cells lacking endogenous securin became

The EMBO Journal Vol 33| No 10 | 2014

apparent earlier, that is, prior to a detectable drop of securin-4D
levels, which is consistent with the observation made on prometa-
phase-arrested cells (Fig 6D). We conclude that elevating the
turnover of separase-associated securin by mimicking its constitu-
tive phosphorylation is associated with premature activation of
separase and cellular defects during checkpoint-mediated cell cycle
arrests.

Discussion

Here, we report that separase-associated securin is longer-lived
than free securin, a finding that is consistent with a recent study by
Hirota and co-workers (Shindo et al, 2012). We expand these
findings and provide evidence that differences in phosphorylation
status form the basis for this difference in stability. Phosphorylation,
which may in part be inflicted by CaMKII, turns free securin into a
better UPS substrate. In contrast, the B’56 isoform of PP2A keeps
separase-associated securin in a dephosphorylated state, thereby
selectively stabilizing this protease-bound pool of the anaphase
inhibitor.

Separase-bound securin exhibits a greater half-life than free secu-
rin even in G2-arrested cells, in which Cdkl-cyclin Bl activity is
low. Furthermore, the four phosphorylation sites mapped herein are
not followed by a proline on the +1 position and hence do not match
the consensus sequence of Cdkl substrates. Both notions suggest
that securin is phosphorylated on degradation-promoting positions
not by Cdkl but rather by other kinases. CaMKII might represent

© 2014 The Authors
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Figure 6. Mimicking constitutive phosphorylation of securin results in premature sister chromatid separation.

A Video fluorescence microscopy of histone 2B-eGFP-expressing cells reveals a slightly advanced onset of anaphase upon replacement of endogenous securin by
securin-4D. Stable HelLa lines were transfected with siRNA against endogenous SECURIN or GL2 12 h prior to a thymidine block. Following release, cells were
transfected to express histone H2B-eGFP and re-arrested with thymidine. Live cell imaging was started 10 h after release from the second block and induction of
securin-WT or securin-4D expression. Images were taken in 180-s intervals over a period of 12 h. Shown are mean values (bars) of three independent experiments

(dots, triangles, squares) quantifying at least 100 cells per line and siRNA.

B Efficient replacement of endogenous securin by (siRNA resistant) transgenic variants as judged by immunoblotting analysis. Cells from (A) were analyzed by

immunoblotting 10 h after the second release.

C, D Replacing endogenous securin by securin-4D causes sister chromatid separation in prometaphase-arrested cells (C) without a detectable drop in separase-
associated securin levels (D). Cells transfected with siRNA against SECURIN or GL2 were released from a thymidine block and induced to express securin-WT
or securin-4D expression. 10 h after release and 2 h after addition of taxol, mitotic cells were harvested by shake-off, put in fresh medium with taxol,
caspase 1/3 inhibitor and, where indicated, CHX and analyzed by chromosome spreads (C) and immunoprecipitation of separase-bound securin (D) at the
indicated times. Shown are mean values (bars) of three independent experiments (dots) quantifying at least 100 cells per line and siRNA. Loss of cohesion
was categorized as ‘full’ (striation) or ‘partial’, respectively, depending on full separation of all or only some (but at least 3) chromosomes within a

given spread.

one such kinase. In vitro it efficiently phosphorylates securin-WT
(but not securin-4A) and enhances the APC/C®4°*’-dependent
multi-ubiquitylation of this anaphase inhibitor. In vivo CaMKII
might accelerate the destruction of free securin. Given that Ser-87,
but not the other three identified phosphorylation sites match the
consensus sequence of CaMKII substrates, it appears likely that
additional kinases (and possibly a different set in G2 than in mito-
sis) contribute to the modulation of securin’s overall stability. Based
on a scansite analysis (Obenauer et al, 2003), it might be worth
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testing whether protein kinase C delta can target Thr-66 of securin
(percentile 0.521). Securin is poorly conserved in sequence and
exhibits, for example, merely 38% identity (10% gaps) between
Homo sapiens and Xenopus laevis. The divergence within the struc-
turally disordered N-terminal half is even higher and includes most
phosphorylation sites. This raises the question whether the prefer-
ential destruction of phosphorylated securin is conserved. Beginning
to address this issue, we studied the degradation kinetics of human
securin-4A and securin-4D in Xenopus egg extract and found the
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Figure 7. Mimicking constitutive phosphorylation of securin results in premature activation of separase in G2-arrested cells.

A Separase-bound securin-4D suffers from decreased stability in doxorubicin-treated cells. Transgenic Hela cells transfected with siRNA against endogenous
SECURIN or GL2 and synchronized with thymidine were released and induced to express securin-WT or securin-4D. 8 h thereafter, doxorubicin (DRB) was added to
induce DNA damage and G2 arrest (in the absence of CHX). At indicated times, whole cell extracts (WCE) and corresponding separase IPs were immunoblotted as

indicated.

B Replacing endogenous securin by securin-4D causes premature centriole disengagement during a DNA-damage checkpoint-mediated G2 arrest. WCE from (A)
additionally served as starting material for centrosome purification followed by co-staining of centrin-2 and C-Napl and IF. Depending on a centrin-2 to C-Napl
signal ratio of 2:1 or 2:2, centrioles were classified as engaged or disengaged, respectively. In three independent experiments (dots, triangles, squares), the
engagement status of at least 100 centrosomes per cell line and condition was analyzed and blotted as mean value (bars). Scale bar, 0.5 um.

C Replacing endogenous securin by securin-4D aggravates premature centriole disengagement in RO3306-treated cells. Transgenic Hela cells were essentially treated
as described in (A) except that instead of DRB RO3306 was added 4 h after removal of thymidine. Centriole engagement status was assessed as described in (B). Bars
represent mean values of three independent experiments quantifying at least 100 centrosomes per cell line, siRNA and time point.

D Degradation of separase-bound securin-4D, but not securin-WT, in G2 arrested cells. Whole cell extracts (WCE) from (C) were subjected to separase IPs and

immunoblotting.

phosphorylation-mimetic variant to be less stable—similar to the
situation in human cells (Supplementary Fig S6). Thus, the ubiqu-
itin-proteasome system of the frog interprets the additional negative
charges within the N-terminal half of human securin just like its
human counterpart. This observation argues that the more rapid
degradation of phosphorylated versus dephosphorylated securin
might indeed be conserved among vertebrates.

Preferred degradation of phosphorylated substrates is usually a
hallmark of SCF-type ubiquitin ligases. In fact, it has even been
reported that UV irradiation results in SCFFT"“"-dependent degrada-
tion of securin which requires the binding of the F-box protein fTrCP
to an unconventional recognition motif (DDAYPE) centered around
position 110 of human securin (Limon-Mortes et al, 2008). However,
for the proteolysis of phosphorylated securin under the conditions
tested herein, the APC/C remains the crucial E3. This is strongly
suggested by the following lines of evidence: (i) When OAA is used
to force Xenopus egg extracts or HeLa cells into a pseudo-anaphase
state, WT securin is readily degraded. APC/C’s recognition sites
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within securin, the KEN- and D-box, can be inactivated by point
mutations that do not affect any phosphorylation sites, the OAA-
induced hyperphosphorylation of securin, or the integrity of the
aforementioned DDAYPE motif. Yet, this exchange of 5 amino acids
renders securin completely stable in the presence of OAA. (ii) The
same securin-mKEN/mDB is also fully resistant to degradation
during a ZM-induced release of pre-synchronized metaphase cells
into anaphase, a taxol-induced prometaphase arrest, or a DNA-
damage-induced G2 arrest. (iii) siRNA-mediated depletion of Cdc20,
the essential co-activator of mitotic APC/C, greatly stabilized securin
in prometa- and anaphase cells. (iv) APC/C®%**-dependent poly-
ubiquitylation of securin is strongly boosted by both CaMKII-dependent
phosphorylation and introduction of phosphorylation-mimetic acidic
residues. Thus, while we did not address and therefore cannot
exclude a minor contribution of SCFF™™" to securin degradation, our
analyses clearly underline that the preferred proteolysis of phosphor-
ylated securin is largely, if not entirely, dependent on APC/C. Our
findings are consistent with those of Clarke and co-workers who

© 2014 The Authors
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reported that the efficient APC/C-dependent clearance of Mcl-1 from
mitotically arrested cells likewise requires prior phosphorylation of
this anti-apoptotic Bcl-2 family member (Harley et al, 2010).

How can the effects in the in vitro ubiquitylation assay be
explained at the mechanistic level? Phosphorylation of securin
might increase its affinity toward the APC/C, thereby increasing the
processivity of ubiquitin chain formation and, thus, the kinetics of
degradation (Rape et al, 2006). Cdc20 and Cdhl share a WD40
domain that folds into a structurally conserved seven-bladed
B-propeller and specifically binds the KEN and D-Box. A recent
crystal structure of S. cerevisiae Cdhl in complex with a pseudo-
substrate revealed that a conserved basic residue within the WD40
domain faces position +6 (P6) of the D-box (with the Arg of RxxL
representing P1), which nicely explains why in APC/C substrates an
acidic amino acid is most commonly found at this position (He et al,
2013). Interestingly, P6 of human securin’s D-box corresponds to
Thr-66. Phosphorylation at this position might therefore stabilize
the interaction by giving rise to a salt bridge with the juxtaposed
basic residue of APC/C’s co-activator. Alternatively or in addition,
the enhanced processivity of chain formation might be due to phos-
phorylation of securin accelerating the frequently rate-limiting initia-
tion of ubiquitylation (Williamson et al, 2011). Interestingly, Ser-87
and Ser-89 lie within the so-called initiation motif of securin that is
targeted by UbcH10 (Williamson et al, 2011). Given that initiation
efficiency can control the timing of substrate degradation, it is
tempting to speculate that phosphorylation of these residues
improves the strength of securin’s initiation motif. Future experi-
ments will have to clarify whether phosphorylation increases the
securin-APC/C affinity or the rate of ubiquitylation initiation or
both, and they will have to dissect the relative contributions of the
individual phosphorylations at the four different positions within
securin’s N-terminal half.

As illustrated by the effects of securin-4A expression, abolishing
the preferential degradation of free securin dampens the otherwise
fitful anaphase and results in aggravated lagging of chromosomes
followed by DNA damage. How can these phenotypes be rational-
ized? If APC/C activity is limiting, then the extended lingering of
free securin will competitively delay the degradation of separase-
bound securin (Supplementary Fig S7A). Alternatively or in addi-
tion to this, surplus securin will re-inhibit any separase which has
just been freed, thereby increasing the effective size of the separase-
associated pool (Supplementary Fig S7A, gray arrow). Consistent
with this second mode of action, the share of securin-4A in the
separase-bound securin pool transiently increases after APC/C acti-
vation and prior to its complete extinction (Supplementary Fig
S7B). Both competitive inhibition of APC/C and re-inhibition of
separase are largely prevented by the actual removal of free securin
prior to degradation of the separase-bound fraction, thus resulting
in a more synchronized, switch-like activation of separase that
likely improves the overall fidelity of sister chromatid separation.
Another circumstance might add to the abruptness of anaphase
onset: Once released from its inhibitor(s), separase immediately
undergoes auto-cleavage which abrogates PP2A binding (Supple-
mentary Fig S8A) (Holland et al, 2007). Therefore, any persisting
free securin that sequesters previously activated separase is
expected to stay phosphorylated and, thus, subject to accelerated
degradation (Supplementary Fig S8B). It is therefore tempting to
speculate that one function of auto-cleavage might be to minimize
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re-inhibition of separase at the metaphase-to-anaphase transition by
traces of free securin that have so far evaded destruction. Interest-
ingly, the sharpness of the metaphase-to-anaphase transition in
S. cerevisiae is also modulated by a phosphorylation-dependent
change of securin degradation kinetics. Curiously however, proteo-
lysis of the budding yeast securin is slowed by its (in this case
Cdk1-dependent) phosphorylation and sped up by dephosphoryla-
tion which occurs only upon activation of Cdcl4 phosphatase in
early anaphase (Holt et al, 2008). Thus, although the involved
kinases, phosphatases, and mechanisms differ, the fine-tuning of
late mitotic events by the impact of securin phosphorylation on its
APC/C-dependent degradation kinetics is conserved from yeast
to man.

At first sight, the expression of securin in excess of separase and
the dephosphorylation-dependent stabilization of separase-associ-
ated securin seem inconsistent with a sharp metaphase-to-anaphase
transition. As outlined above, these characteristics would indeed
spoil the anaphase switch if it was not for the preferential degrada-
tion of free securin. So why does the cell afford these measures to
begin with? Our in vivo analyses suggest that preventing unsched-
uled basal activation of separase during checkpoint-mediated arrests
is the answer to this question. This can be illustrated by the
exchange of endogenous securin with securin-4D, which exhibits an
increased turnover even at times of low APC/C activity. This prop-
erty of the phosphorylation-mimicking variant suffices to cause
premature centriole disengagement and precocious sister separation,
respectively, in G2- and prometaphase-arrested cells.

Why PP2A teams up with separase has long remained enigmatic.
Our observations now strongly suggest that this interaction consti-
tutes an additional layer of separase regulation that operates
through securin and helps to fine-tune the metaphase-to-anaphase
transition. Its main purpose, however, is to prevent the unscheduled
unleashing of separase’s essential but dangerous proteolytic
activity.

Materials and Methods
Cell lines

For inducible expression of securin-Hise-Flag-Hise-Flag (WT: wild-
type; mKEN/mDB: K9R/E10D/N11Q and R61A/L64A; 4A: S31A/
T66A/S87A/S89A; 4D: S31D/T66D/S87D/S89D) or Mycs-separase
(WT: wild-type; APP2A: A1490-93 for Fig 1B and A1408-1478 for
SILAC-MS experiment and Fig 2C), corresponding transgenes were
stably integrated into a HeLa FlpIn TRex cell line. Clones were
selected with 400 pg/ml hygromycin B (PAA). All cells were
cultured in DMEM (PAA) supplemented with 10% FCS (PAA) at
37°C and 5% CO,. Growth medium for the transgenic lines was
additionally supplemented with 4 pg/ml puromycin (Invitrogen)
and 62.5 pg/ml zeocin (Invitrogen).

Immunoprecipitation
1 x 107 cells were lysed in 1 ml lysis buffer (20 mM Tris-HCl pH
7.7, 100 mM NaCl, 10 mM NaF, 20 mM p-glycerophosphate,

5 mM MgCl,, 0.1% Triton X-100, 5% glycerol, 1 mM EDTA)
supplemented with complete protease inhibitor cocktail (Roche).
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To preserve securin phosphorylation status, lysis buffer was addi-
tionally supplemented with 1 pM okadaic acid (Sigma-Aldrich)
and 1 pM microcystin LR (Alexis Biochemicals). Lysates were
cleared by centrifugation at 16,000 g for 30 min. For separase and
securin IPs, 10 pl protein G Sepharose was coupled to 2-5 pg of
specific antibody for 90 min at room temperature. Coupled beads
were washed three times with lysis buffer and incubated with
cleared whole cell extracts (WCE) for 4 h at 4°C. Beads were
washed three times with lysis buffer, and bound proteins were
eluted by boiling in reducing SDS-sample buffer. Note that in
several experiments, separase-depleted lysates were subjected to
another round of IP with immobilized anti-securin. For anti-Myc
and anti-Flag IPs, the corresponding agarose matrices were equili-
brated in lysis buffer, incubated with cleared WCE for 4 h at 4°C,
and washed three times with lysis buffer before bound proteins
were eluted by boiling in non-reducing SDS-sample buffer. For
APC/C purification, pre-synchronized Hela cells were arrested in
taxol, harvested by shake-off, and released for 25 min by addition
of ZM. Cell lysis and anti-Cdc27 immunoprecipitation were
performed as described (Herzog & Peters, 2005) with the following
exceptions: The high salt wash of immobilized APC/C was omit-
ted, and the elution was performed in presence of 2 mg/ml anti-
genic Cdc27 peptide.

In vitro ubiquitylation assay

In vitro ubiquitylation reactions were performed largely as described
(Herzog & Peters, 2005). Immuno-affinity-purified APC/Cc%°
(21 pl corresponding to half of the cell harvest from one 15-cm petri
dish) was combined with 80 png/ml E1 (Boston-Biochem), 50 pg/ml
recombinant UbcH10-WT or UbcH10-DN (C114S), 1.25 mg/ml
ubiquitin (Sigma-Aldrich), energy mix (1 mM ATP, 1 mM MgCl,,
0.1 mM EGTA, 7.5 mM creatine phosphate, 30 U/ml creatine phos-
phokinase type I; Sigma-Aldrich), and 4.5 pg recombinant securin-
WT, securin-4A, or securin-4D in a total reaction volume of 42 pl
and incubated at 37°C. After 15-45 min, 7-pl reaction aliquots were
subjected to SDS-PAGE and anti-securin Western. CaMKII pre-phos-
phorylation of securin-WT was performed in presence of 400 pM
ATP in a total reaction volume of 5 pl.

Supplementary information for this article is available online:
http://emboj.embopress.org
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SUPPLEMENTARY MATERIALS AND METHODS

Antibodies

The following antibodies were used for immunoblotting according to standard protocols:
rabbit anti-separase (Stemmann et al, 2001), mouse anti-securin (1:1,000; MBL), rabbit anti-
securin (1:1,000; Epitopics), mouse anti-Flag M2 (1:2,000; Sigma-Aldrich), mouse anti-Myc
(1:50; 9E10, DSHB, hybridoma supernatant), rabbit anti-phosphoSer10-histone H3 (1:1,000;
Millipore), rabbit anti-phosphoSer139-histone H2A.X (1:1,000; Millipore), mouse anti-cyclin
B1 (1:1,000; Millipore), mouse anti-topoisomerase lla (1:1,000; Enzo Life Sciences), mouse
anti-Cdc20 (1:2,000; Santa Cruz Biotechnology), goat anti-Cdc27 (1:1000), mouse anti-cyclin
A2 (1:200; Santa Cruz Biotechnology), mouse anti-phosphoSer (1:1,000; Invitrogen), mouse
anti-PP2A-C (1:1,000; Millipore), rabbit anti-phosphoThr68-Chk2 (1:800; Cell Signaling) and
mouse  anti-a-tubulin  (1:200; 12G10, DSHB, hybridoma supernatant). For
immunoprecipitation (IP) experiments, the following affinity matrices and antibodies were
used: mouse anti-Myc Agarose (Sigma-Aldrich), mouse anti-Flag M2-Agarose (Sigma-
Aldrich), human IgG Sepharose (GE Healthcare), protein G Sepharose (GE Healthcare)
loaded with mouse anti-separase (A302-214A, Bethyl; used for PP2A interaction
experiments only), rabbit anti-separase (raised against a Hisg-tagged fragment (amino acids
1305-1573) of human separase), rabbit anti-securin (raised against Hisg-tagged human
securin), goat anti-Cdc27 (raised against a peptide with the sequence
CDADDTQLHAAESDEF) or unspecific rabbit IgG (Bethyl). For immunofluorescence (IF)
staining of fixed cells, mouse anti-Hec1 (1:800; Genetex), rabbit anti-phosphoThr68-Chk2
(1:200; Cell Signaling) and mouse anti-phosphoSer139-histone H2A.X (1:2,500; Millipore)
were used. Isolated centrosomes were stained with rabbit anti-centrin-2 and guinea-pig anti-
C-Nap1 as previously described (Schockel et al, 2011). Secondary antibodies (all 1:500):
Cy3 donkey anti-guinea pig IgG (Jackson Immunoresearch Laboratories), Alexa Fluor 488

goat anti-rabbit and Alexa Fluor 488 goat anti-mouse IgGs (both Invitrogen).
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Cell treatments

For synchronization at the G1/S boundary, cells were treated with 2 mM thymidine (Sigma-
Aldrich) for 20 h, released into fresh medium for 10 h, and then exposed to 2 mM thymidine
again for additional 18 h. Synchronization of cells in prometaphase was done by addition of
nocodazole (Sigma-Aldrich) or taxol (Calbiochem) to 0.2 ug/ml each 6 h after release from a
single thymidine block. G2 arrest was achieved by addition of RO3306 (Santa-Cruz
Biotechnology) to 10 uM 4 h after release from a previous thymidine treatment. For the taxol-
ZM override experiments, taxol-arrested mitotic cells were harvested by shake-off and
released for the indicated times by replating into medium supplemented with ZM 447439 (5
MM, Tocris Biosciences), taxol (0.2 ug/ml) and, where indicated, cycloheximide (30 pg/ml,
Sigma-Aldrich). For the long-term prometaphase arrest experiment shown in Figure 6C,
caspase-1 and -3 inhibitors (5 uM each, Calbiochem) were additionally added after mitotic
shake-off. To induce DNA-damage, doxorubicin (0.5 uM, Calbiochem) was added to cells 7 h
after release from a double thymidine block. Transgenic securin and separase variants were
induced using 0.2-1 pg/ml doxycycline (Sigma-Aldrich) from 10 h up to 3 d. For CaMKII
inhibition, KN-93 (4 uM, Calbiochem) was added 4 h before ZM to taxol-arrested cells. For IP
of Myce-separase (WT or APP2A) as shown in Figure 2C, taxol-arrested cells were
additionally treated with okadaic acid (100 nM; Sigma-Aldrich) 10 min prior to ZM addition.
For time-lapse imaging transgenic securin HelLa cells were transiently transfected with
plasmids coding for histone H2B-eGFP (BD Pharmingen) or H2B-mCherry-Scc1,a107-268-
eGFP (separase-sensor). HEK293T and HelLa cells were transfected using calcium

phosphate and Lipofectamine 2000 (Invitrogen), respectively.

Immunofluorescence microscopy

Stable transgenic Hela cells grown on poly-lysine coated glass coverslips were washed

once with 1x PBS, fixed with fixation-solution (1x PBS, 3.7% formaldehyde, 0.3% Triton X-
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100) for 10 min at room temperature, and then washed twice with quenching-solution (1x
PBS, 100 mM glycine). They were then further permeabilized by treatment with
permeabilization-solution (1x PBS, 0.5% Triton X-100) for 5 min which was followed by a
PBS wash and an incubation in blocking-solution (1x PBS, 1% (w/v) BSA) for 20 min at room
temperature. Coverslips were transferred into a wet chamber and then incubated with
primary antibodies for 1 h followed by 4 washes with PBS-Tx (1x PBS, 0.1% Triton X-100).
After incubation with fluorescently labeled secondary antibodies for 40 min, samples were
washed once, stained for 10 min with 1 ug/ml Hoechst 33342 in PBS-Tx and washed again 4
times. Finally, coverslips were mounted in 78% glycerol, 20 mM Tris-HCI pH 8.0, 2,33% (w/v)
1,4-diazabicyclo(2.2.2)octane on a glass slide. Immunofluorescence microscopy of fixed cells
and isolated centrosomes was performed using a HCX PL APO 100x/1.40-0.70 oil objective.
To detect DNA bridges or lagging chromosomes (Figure 4B) Z-stacks of 25-30 images at
0.35 pm increments were collected. For digital 3D deconvolution of Z-axis image series, the
LAS-AF software was used (20 iterations; blind deconvolution algorithm). For quantification
of DNA-damage foci (Figure 4C), Z-stacks series over 4 uM in 0.2 yM increments were
collected and projected onto one focus plane using the LAS-AF software. Chromosome
spreads were prepared using Carnoy's solution as described (McGuinness et al, 2005). To
assess centriole engagement status, centrosomes were isolated from 4x10° cells and stained

as previously described (Schockel et al, 2011).

Live-cell imaging

Cells were seeded into CO,-dependent medium without phenol red onto p-slide 8-well
chambered coverslips (Ibidi). Cells were kept in an atmosphere of 37°C and 5% humidified
CO, during microscopy on a DMI 6000 inverted microscope (Leica). For imaging of
unperturbed mitosis, GFP and DIC images were captured in 180 s intervals over a period of
12 h, through a HCX PL APO 40x/0.85 CORR objective. For taxol-ZM override experiments

separase sensor expressing cells were imaged at minimal light intensity and every 240-300 s
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over a period of 90 min from ZM addition. Changes in focus plane due to mitotic rounding of
the cells were compensated by collecting Z-stacks at each time point. Captured images from

each experiment were analysed using the corresponding LAS-AF software (Leica).

CaMKIl kinase assay

To activate CaMKII autophosphorylation reaction was performed in presence of 200 uM ATP,
1.2 yM calmodulin and 2 mM CaCl,in 1x protein kinase reaction buffer (all components from
NEB) for 10 min at 30°C. For the radioactive phosphorylation assay 1.5 ug recombinant
securin supplemented with 50 pM ATP and 40 uCi y-*P-ATP (Hartmann Analytic) were
combined with 500 U activated CaMKIl and incubated for 1 h at 30°C. Samples were

analysed by SDS-PAGE and autoradiography.

RNA interference

For knockdown of human Cdc20 or human securin, cells were transfected with 70-100 nM
siRNA  duplex (CDC20: 5-CGGAAGACCUGCCGUUACAUU-3, SECURIN: 5
UCUUAGUGCUUCAGAGUUUGUGUGUAU-3%) and RNAiMax (Invitrogen) for 48 h according

to the manufacturers instructions. Luciferase siRNA (GL2) was used as negative control.

SILAC and mass spectrometry analysis

HEK293T cells were calcium phosphate transfected to co-express securin with either
separase-WT or separase-APP2A and arrested in prometaphase by nocodazole (0.2 pg/ml).
Prior to transient transfection the cells were SILAC labeled as previously described (Cox &
Mann, 2008). Briefy, DMEM medium without arginine and lysine (Invitrogen) was

supplemented with either >C/"°N labeled arginine and "*C/"°N labelled lysine (R10/K8) or
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with the unlabeled amino acids (R0O/K0) (Sigma-Aldrich). Cells that were later transfected to
express separase-WT and securin were cultivated in RO/KO medium, while cells that were to
express separase-APP2A and securin were grown in R10/K8 medium over 6 generations

prior to transfection.

Following two days of expression, the SILAC-labeled, mitotic HEK293T cells were
lysed in lysis buffer (20 mM Tris-HCI at pH 7.7, 100 mM NaCl, 10 mM NaF, 20 mM B-
glycerophosphate, 5 mM MgCl,, 0.1 % Triton X-100, 5 % glycerol, 1 mM EDTA)
supplemented with 1 pM okadaic acid and 1 pM microcystin LR (both from Alexis
Biochemicals) to preserve phosphorylations. Lysates were cleared by centrifugation (45 min,
160,000 g, 4°C) and then rotated with IgG sepharose for 4 h at 4°C to capture separase-
securin complexes via the N-terminal ZZ-Tevs-tag on separase (Z = IgG binding domain of
protein A). Beads were washed three times with lysis buffer before bound separase-securin
complexes were eluted by Tev-protease treatment for 2 h at 18°C. Eluates were mixed at a
1:1 ratio and separated by SDS-PAGE. Coomassie-stained separase and securin bands
were subjected to in-gel digestion with trypsin or Asp-N according to standard protocol
(Shevchenko et al, 2006). Phosphorylated peptides were then enriched by titansphere
chromatography. Sample analysis was done by reversed phase LC-MS/MS using the Agilent
Technologies 1200 nanoflow system connected to an LTQ Orbitrap XL system (Thermo
Electron) with a nanoelectrospray ion source (Proxeon Biosystems) as described (Olsen et
al, 2005). Peptides were identified using the Mascot-MatrixScience LLC software and

quantified using MSQuant.

Extract experiments

**S-labeled securin variants (WT, 4A, 4D or mKEN/mDB) were in vitro expressed by
combining corresponding pCS2 plasmids with SP6 RNA polymerase supplemented rabbit
reticulocyte lysate (TNT SP6 Coupled Transcription/Translation System from Promega) in

presence of **S-methionine (Hartmann Analytic) according to the manufacturers' instructions.
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CSF-arrested Xenopus egg extracts were prepared as previously described (Murray,
1991) and combined with cycloheximide (100 ug/ml), recombinant human cyclin B1A90 (10
ng/ul), sperm nuclei (2.000 pl') and *S-labeled securin (16 pl/ml). After 20 min at room
temperature, extracts were additionally supplemented either with 0.6 mM CaCl, and 1 yM
okadaic acid (Figure S4B) or with CaCl, only (Figure S6). At indicated times thereafter, 3 ul
each were analysed by SDS-PAGE and autoradiography. For A-phosphatase treatment of
selected samples (Figure S4B) 3 ul aliquots were treated for 30 min at 30°C with 400 U of A-

phosphatase (NEB) in presence of 2 mM MnCl,.

For A-phosphatase treatment of immunoprecipitated proteins (Figure S4A), the
corresponding beads were washed twice with EDTA-, NaF- and (-glycerophosphate-free but
MnCl, (2 mM) containing lysis buffer and incubated with 400 U A-phosphatase (NEB) for 30

min at 30°C prior to SDS-PAGE and immunoblotting.

Flow cytometry

For analysis of DNA content, cells were fixed with 70% ethanol (-20°C), washed twice with 1x
PBS, 0.1% (w/v) BSA and resuspended in 69 uM propidium iodide, 38 mM tri-sodium citrate,
100 pg/ml RNase A (Qiagen). After incubation for 30 min at 37°C, the cell cycle profiles were
analysed on a Cytomics FC 500 flow cytometer using CXP Analysis software (Beckman

Coulter)
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Figure S1. By combining RNAi and transgene induction, endogenous securin can be

efficiently replaced by C-terminally tagged, phosphorylation site mutant variants.

(A) Transgenic HeLa cell lines were left untreated (-) or induced with doxycycline (+) to express
C-terminally Flag-tagged securin-WT or -4A. Whole cell extracts (WCE) were prepared 10 h
later and subjected to anti-separase immunoprecipitation (IP) to purify separase-securin
complexes. Immunoblotting analysis revealed very similar amounts of endogenous securin
and transgenic variants in association with separase indicating that tagging and amino acid

exchanges left securin's affinity for separase unaffected.

(B) Transgenic HeLa cell lines were transfected with siRNA against (endogenous) SECURIN
(+) or GL2 (-), induced to express (siRNA resistant) transgenic securin-WT or -4D 38 h later
and harvested after an additional 10 h of cultivation. Immunoblotting of whole cell extracts
demonstrated efficient depletion of endogenous securin and expression of the transgenic

variants at near physiological levels. Topoisomerase Il (Topo. Il) served as loading control.
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Figure S2. G2- and prometaphase-arrested cells exhibit decreased stability of free over

separase-associated securin.

(A) HeLa cells were synchronized in prometaphase by consecutive treatments with thymidine
and nocodazole, harvested by shake-off and replated in fresh medium supplemented with
nocodazole and cycloheximide (CHX). At indicated times cells were lysed and separase-bound
and free forms of securin were isolated by immunoprecipitation (IP) with anti-separase and
anti-securin, respectively (m = mock IP). Separase-depleted extracts were supplemented with
trace amounts of *S-labelled securin-A101. This non-degradable variant served as an internal
control for the efficiency of the IP of free securin. The graph represents mean degradation
kinetics of separase-bound and free securin. Western signals of two independent experiments
(dots) were quantified by densitometry and blotted as percent of the value at t = 0. Securin
levels were normalized against the corresponding signals of separase (1) or securin-A101
(2"). Serving as indicators of apoptosis, the percentages of cells with sub-G1 DNA content

(diamonds) were determined by propidium iodide staining and flow cytometry.

(B) At t = 0 h, thymidine pre-synchronized HelLa cells were treated with doxorubicin (DRB) in
the presence (+) or absence (-) of CHX to induce a DNA-damage checkpoint response in G2
phase (see also Figures 7A and S2). Separase-associated and free pools of securin were

isolated as described in (A) and visualized by immunoblotting.
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Figure S3. Efficient synchronization of securin-WT or -4D expressing cells.

(A-B) Sequential thymidine-taxol or thymidine-RO3306/doxorubicin treatments result in
efficient cell synchronization in prometa- or G2 phase, respectively. Transgenic HelLa cell lines
pre-synchronized by a first thymidine block were released into S-phase and induced with
doxycycline to express securin-WT or -4D. 6 h thereafter, cells were exposed to taxol, RO3306,
doxorubucin (DRB), or left untreated (release) and incubated for additional 14 h prior to their
analysis by propidium iodide-staining and flow cytometry (A) and immunoblotting (B). Despite
same DNA contents, G2- and prometaphase-arrested cells could be discerned by

immunoblotting for cyclin A and Ser-10 phosphorylated histone H3 (H3-pS10).
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Figure S4. Okadaic acid induced degradation of securin is blocked by mutation of its

KEN- and D-box.

(A) Stably transgenic HelLa lines were induced with doxycyclin (Dox) to overexpress C-
terminally Flag-tagged securin-WT or securin-mKEN/mDB. 4 h thereafter, cycloheximide
(CHX, 10 ug/ml) was added either alone or together with okadaic acid (OAA) and cells were
harvested 3 h later. Securin was affinity purified from corresponding cell lysates using anti-
Flag beads and, where indicated, treated with A-phosphatase prior to analysis by

immunoblotting. The asterisk (*) corresponds to the light chain of the Flag antibody .

(B) *S-labelled securin was incubated in CHX-supplemented CSF-arrested Xenopus egg
extract and, where indicated, released from metaphase-Il arrest by addition of Ca®* (t = 0 min)
in the presence of OAA. At the indicated times, samples were analysed by SDS-PAGE and

autoradiography with (+) or without (-) prior dephosphorylation with A-PPase.
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Figure S5. Slow but APC/C-dependent turnover of free securin in G2 and prometaphase

arrested cells.

(A) Transgenic HelLa cells were transfected with siRNA against CDC20 or GL2, synchronized
in prometaphase by sequential thymidine-taxol treatment and induced to express securin-WT
or -mKEN/mDB as indicated. Two days after siRNA transfection, mitotic cells were harvested
by shake-off and replated in taxol and cycloheximide (CHX) containing medium (t = 0 h). At
the indicated time points, whole cell extracts (WCE) were prepared, depleted of separase, and
finally used for isolation of free securin as described in figure E1. Despite the fact that Cdc20
depletion was not complete (upper two panels) and cyclin A levels still dropped (data not
shown), wild type securin was significantly stabilized at reduced Cdc20 level but degraded in
mock-depleted cells (lower left panel). In contrast, securin-mKEN/mDB was stable even in
presence of Cdc20 (lower right panel). The asterisk (*) denotes a crossreactive band in the
Cdc20 Western.

(B) Transgenic HelLa cells were released from a thymidine arrest and induced to express
securin-WT or securin-mKEN/mDB. 8 h later doxorubicin and CHX were added (t = 0). At the
indicated times, two consecutive rounds of immunoprecipitation were conducted to purify
separase-bound (1) and free securin (2"). Immunoblotting revealed that only wild type
securin experienced considerable degradation, while separase associated securin as well as

free securin-mKEN/mDB were stable under these conditions.
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Figure S6. Preventing or mimicking phosphorylation of human securin is correctly

interpreted by Xenopus UPS.

Two aliquots of a CSF-arrested Xenopus egg extract were supplemented with an untagged
and a C-terminally Flag-tagged version of different **S-labeled securin variants as indicated
and then released into anaphase by addition of Ca®*. After incubation at 16°C for various times,

samples were analysed by SDS-PAGE and autoradiography.
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Figure S7. The phosphorylation status of securin modulates anaphase.

(A) Model of PP2A-restricted separase activation. Assuming there was no phosphorylation of
securin, then the same (slow) degradation kinetics of free and separase-associated securin
would cause separase activation to start earlier but take longer (top row). Re-inhibition of
separase by remaining free securin would increase the effective pool of separase-associated
securin and contribute to a decelerated metaphase-to-anaphase (see (B) and grey arrow).
Instead, the actually preferred degradation of free, phosphorylated securin over separase-
bound, de-phosphorylated securin ensures that free securin is largely cleared from the cell
before separase is rapidly activated in a switch-like manner (lower row, see text for details).

Color code: Green = active separase, red = inactive separase.

(B) Within the pool of separase-associated securin the percentage of securin-4A transiently
increases upon APC/C activation. Blotted is the amount of separase-bound securin-4A relative
to the amount of separase-bound endogenous securin against time after ZM-addition (t = 0
min) to taxol-arrested cells. Averages of densitometric analysis of three independent

experiments are shown (compare Figure 2A).
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Figure S8. Auto-cleavage may enhance separase activation at the metaphase-to-

anaphase transition.

(A) Auto-cleavage of separase counteracts association with PP2A. Mitotically arrested HelLa
cells induced to overexpress Myc-tagged separase-WT were released from taxol arrest by
addition of ZM. Cells were harvested at indicated time points and transgenic separase was
immunoprecipitated with anti-Myc. Whole cell extracts (WCE) and IPs were analysed by
immunoblotting as indicated. Topoisomerase Il (Topo. Il) and phosphorylated serine 10 of
histone H3 (H3-pS10) served as loading control and mitotic marker, respectively, within WCE

samples.

(B) Model of how auto-cleavage might minimize re-inhibition of previously activated separase.
Once liberated, separase will cleave itself, thereby preventing PP2A binding. Any lingering
securin that re-binds will now stay phosphorylated and therefore be subject to accelerated

APC/C-dependent proteolysis.
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(Background: Separase, the trigger protease of eukaryotic anaphase, remains regulated in the absence of its inhibitor,

Results: Cdkl-cyclin B1 triggers precipitation of separase by phosphorylation but stabilizes it by inhibitory binding.
Conclusion: Only separase that is first complexed by Cdk1-cyclin B1 can later be activated by cyclin B1 degradation.
Significance: These minimal requirements of separase regulation could explain the faithful execution of anaphase in the

J

Sister chromatid cohesion is established during replication by
entrapment of both dsDNAs within the cohesin ring complex. It
is dissolved in anaphase when separase, a giant cysteine endopep-
tidase, cleaves the Scc1/Rad21 subunit of cohesin, thereby trigger-
ing chromosome segregation. Separase is held inactive by associa-
tion with securin until this anaphase inhibitor is destroyed at the
metaphase-to-anaphase transition by ubiquitin-dependent degra-
dation. The relevant ubiquitin ligase, the anaphase-promoting
complex/cyclosome, also targets cyclin B1, thereby causing inacti-
vation of Cdkl and mitotic exit. Although separase is essential,
securin knock-out mice are surprisingly viable and fertile. Capital-
izing on our previous finding that Cdk1-cyclin B1 can also bind and
inhibit separase, we investigated whether this kinase might be suit-
able to maintain faithful timing and execution of anaphase in the
absence of securin. We found that, similar to securin, Cdk1-cyclin
B1 regulates separase in both a positive and negative manner.
Although securin associates with nascent separase to co-transla-
tionally assist proper folding, Cdkl-cyclin B1 acts on native state
separase. Upon entry into mitosis, Cdkl-cyclin B1-dependent
phosphorylation of Ser-1126 renders separase prone to inactiva-
tion by aggregation/precipitation. Stable association of Cdk1-cy-
clin B1 with phosphorylated separase counteracts this tendency
and stabilizes separase in an inhibited yet activatable state. These
opposing effects are suited to prevent premature cleavage of cohe-
sin in early mitosis while ensuring timely activation of separase by
anaphase-promoting complex/cyclosome-dependent degradation
of cyclin B1. Coupling sister chromatid separation with subsequent
exit from mitosis by this simplified mode might have been the com-
mon scheme of mitotic control prior to the evolution of securin.

Separase, a giant cysteine endopeptidase, triggers all eukary-
otic anaphases (1). It cleaves the Scc1/Rad21 subunit of the
ring-shaped cohesin complex, which, up to this point, main-
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tains cohesion by entrapping the two sister chromatids of each
chromosome (2, 3). Prior to anaphase, separase is held in check
by association with securin (4). When the sister kinetochores of
every chromosome have acquired a proper amphitelic attach-
ment to microtubules from opposite spindle poles, separase is
unleashed in its proteolytically active form by ubiquitin-depen-
dent degradation of securin (4). The relevant E3 ligase is the
anaphase-promoting complex/cyclosome, which also sees to
the destruction of cyclin B1, the activating subunit of Cdkl
(cyclin-dependent kinase 1) (5). The resulting concomitant
activation of separase and inactivation of the master regulatory
kinase of mitosis couple sister chromatid separation with
mitotic exit.

Securin and separase also influence each other in a positive
way. This is illustrated by identical loss-of-function phenotypes
for securin and separase in species in which securin is essential
and by elevated levels of securin as a result of separase overex-
pression (6 —8). Phosphorylation turns vertebrate securin into
a better anaphase-promoting complex/cyclosome substrate.
This is counteracted by separase, which mediates the PP2A
(protein phosphatase 2A)-dependent dephosphorylation and
hence stabilization of associated securin (9). Although this pro-
vides an explanation for the positive effect of separase on secu-
rin, data are lacking that address how vertebrate securin posi-
tively affects separase.

Given the essentiality of separase, it is a surprise that mice
and cultured human cells are largely unaffected by the knock-
out of securin (1, 10, 11). Could it be that, under these circum-
stances, regulation of the substrate rather than the protease
takes center stage? Indeed, PIk1 (Polo-like kinase 1)-dependent
phosphorylation of Sccl enhances its cleavage by separase (12,
13). However, this phosphorylation is unlikely to be restricted
to just the small window of metaphase-to-anaphase transition
and does not constitute an absolute requirement for the cleav-
age of mitotic cohesin by separase. Therefore, regulation at the
level of the substrate seems unfit to explain how securin-free
mammalian cells maintain proper timing and fidelity of sister
chromatid separation in mitosis. Instead, it is likely that, in the
absence of securin, at least the inhibitory aspect of separase
regulation is taken over by Cdkl-cyclin B1 (14).
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This securin-independent inhibition of human separase
requires that Ser-1126 and several residues within a Cdc6-like
domain (CLD)? centered around position 1370 are phosphory-
lated by Cdkl-cyclin B1 (and possibly other mitotic kinases)
(15, 16). Although necessary, these phosphorylations are not
sufficient for inhibition of separase, which additionally requires
Cdk1-cyclin Bl to stably associate, via its regulatory cyclin Bl
subunit, with the phosphorylated CLD of separase (17). Within
the Cdk1-cyclin B1-separase complex, Ser-1126 is probably not
in direct contact with the kinase because this residue is dispen-
sable for binding of Cdk1-cyclin B1 to separase fragments (16).
However, Ser-1126 phosphorylation is absolutely required for
Cdk1-cyclin B1 to associate with full-length separase. Interest-
ingly, securin and Cdk1-cyclin B1 bind to separase in a mutually
exclusive manner (17). At the level of an individual separase
molecule, they therefore represent alternative rather than syn-
ergistic inhibitory mechanisms.

Although most of separase is typically controlled by securin,
Cdk1-cyclin B1 can compensate for missing or limited securin.
This is illustrated by the fact that murine embryonic stem
cells with a combined securin knock-out and (heterozygote)
knock-in of a Cdkl-cyclin Bl-resistant separase allele quickly
lose cohesion in a prometaphase arrest, whereas the isolated
defects do not cause such a phenotype (18). Similarly, SI126A
and ACLD variants, but not WT separase, cause premature sep-
aration of sister chromatids upon overexpression in HEK293
cells (8). Although Cdk1-cyclin B1 seems able to always com-
pensate for the loss of securin, securin cannot always substitute
for Cdkl-cyclin Bl in separase regulation. For unknown rea-
sons, murine early embryonic and post-migratory primordial
germ cells express only little securin and fully rely on Cdkl-
cyclin Bl-dependent control of separase (19, 20). Despite the
importance of this securin-independent control of anaphase, it
remains enigmatic whether Cdkl1-cyclin B1, similar to securin,
might exert not only a negative but simultaneously also a posi-
tive effect on separase.

Here, we investigated the positive effect of securin on sepa-
rase and demonstrate that co-translational association of secu-
rin with nascent separase coincides with increased solubility of
the giant protease, indicating that securin assists separase in
achieving a natively folded state. We unraveled two novel and
opposing effects of Cdkl-cyclin B1 on separase. Upon entry
into mitosis, Cdkl-cyclin Bl-dependent phosphorylation of
free separase further enhances the protease’s tendency to
become insoluble and catalytically inactive. This effect is coun-
teracted by a stabilizing association of Cdkl-cyclin B1 with
phosphorylated separase. Thus, much like securin, Cdk1-cyclin
B1 is both a positive and negative regulator of separase at the
same time. Together, these effects of Cdkl-cyclin B1 ensure
that only separase, which has been in complex with its inhibitor
in early mitosis, can later be activated at anaphase onset. Our
findings help explain how anaphase and mitotic exit might have
been coupled prior to the evolution of securin and are still cou-
pled today in a securin knock-out.

2 The abbreviations used are: CLD, Cdc6-like domain; TEV, tobacco etch virus;
RNC, ribosome-nascent chain complex.
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EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used for immu-
noblotting according to standard protocols: rabbit anti-sepa-
rase (15), mouse anti-securin (1:1000; MBL International
Corp.), mouse anti-Myc (1:50, clone 9E10, hybridoma superna-
tant; Developmental Studies Hybridoma Bank), rabbit anti-
phospho-Ser-10 histone H3 (1:1000; Millipore), mouse anti-
cyclin B1 (1:1000; Millipore), goat anti-Cdc27 (1:1000; gift
from Thomas U. Mayer), and mouse anti-a-tubulin (1:200,
clone 12G10, hybridoma supernatant; Developmental Stud-
ies Hybridoma Bank). For immunoprecipitation experi-
ments, the following affinity matrices and antibodies were
used: mouse anti-Myc antibody-agarose (Sigma-Aldrich)
and protein A-Sepharose (GE Healthcare) coupled to rabbit
anti-securin antibody (raised against His,-tagged full-length
human securin).

Cell Lines and Treatments—For stable inducible expression
of Myc,-tobacco etch virus (TEV),-separase (WT, S1126A, and
ACLD (amino acids 1342-1400 deleted), the corresponding
transgenes were stably integrated into an HEK293 Flp-In
T-REx cell line. Clones were selected with 150 pg/ml hygromy-
cin B (Roth). Induction of transgenic myc,-TEV,-separase was
done using 0.2-1 ug/ml doxycycline (Sigma-Aldrich) for
10-14 h. All cells were cultured in DMEM (GE Healthcare)
supplemented with 10% FCS (Sigma-Aldrich) at 37 °C and 5%
CO,, For transient overexpression, HEK293T cells were trans-
fected using the calcium phosphate-based method with pCS2-
based plasmids encoding the following proteins: Myc,-TEV,-
separase (WT and S1126A) and untagged WT securin (see Figs.
1B and 2B). For synchronization at the G,/S boundary, cells
were treated with 2 mMm thymidine (Sigma-Aldrich) for 20 h and
released into fresh medium. Synchronization of cells in pro-
metaphase was done by addition of nocodazole (Sigma-Al-
drich) or Taxol (Calbiochem) at 0.2 wg/ml each 6 h after release
from a single thymidine block or for 14 h to asynchronous cells.
Synchronization in interphase was achieved by addition of 10
M roscovitine (Calbiochem) for 20 h, followed by thymidine
treatment for 12 h.

Separase Pelleting and Activity Assays—Mycs-TEV,-sepa-
rase was expressed by transient transfection or induction of a
stably integrated transgene in the presence or absence of secu-
rin co-overexpression. Securin-dependent solubility of endog-
enous separase (see Fig. 1B) was studied by comparing secu-
rin "/~ with the corresponding parental HCT116 cells.
Approximately 1 X 107 prometaphase-arrested cells were lysed
with a Dounce homogenizer in 1 ml of lysis buffer (20 mm Tris-
HCl (pH 7.7), 100 mm NaCl, 10 mm NaF, 20 mm S-glycerophos-
phate, 5 mm MgCl,, 0.1% Triton X-100, and 5% glycerol) sup-
plemented with complete protease inhibitor mixture (Roche
Applied Science) and incubated for 10 min at 4 °C. Crude lysate
(referred to as input) was ultracentrifuged at 66,000 X g for 35
min and the corresponding supernatant was harvested. The
pellet was washed twice with 1X PBS, combined with 1 ml of
fresh denaturation buffer (8 M urea, 20 mm Tris-HCI (pH 6.8),
and 2 mM DTT), and resolubilized by sonification (6 min, 20%
power, 50% duty cycle; BANDELIN SONOPULS) on ice. For
the separase activity assay (see Fig. 34), crude lysates were
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treated with Benzonase nuclease (30 units/liters; Santa Cruz
Biotechnology) for 1 hat4 °C. Crude lysate were incubated with
anti-Myc beads for 4 h without prior centrifugation. Beads were
washed and incubated three times for 5 min in 10 mm Hepes-
KOH (pH 7.7), 100 mm KCI, 0.1 mm CaCl,, 2 mm MgCl,, 50 mm
sucrose, 5mM EGTA, and 0.02% Triton X-100 additionally sup-
plemented with 400 mm NaCl (unless specified otherwise) and
subsequently equilibrated in cleavage buffer (10 mm Hepes-
KOH (pH 7.7), 50 mMm NaCl, 25 mm NaF, 1 mm EGTA, and 20%
glycerol) before separase was eluted by incubation with TEV
protease. Concomitant with elution in a volume of 30 ul for
30 min at room temperature, separase activity was measured
by addition of 2 ul of >*S-labeled Sccl-GFP. Samples were
analyzed by SDS-PAGE, followed by Western blotting or
autoradiography.

RNA Interference and Flow Cytometry—For knockdown of
human securin or separase, 70 nm siRNA duplex (securin, 5'-
UCUUAGUGCUUCAGAGUUUGUGUGUAU-3'; and sepa-
rase, 5-AUAAGUGCCUGGCUUCACCAAACCC-3') was
transfected either with RNAIMAX (Invitrogen) according to
the manufacturer’s instructions or following a calcium phos-
phate-based method. Luciferase siRNA (GL2) was used as a
negative control. Cells were grown for at least 24 h before syn-
chronization procedures were applied. Analysis of DNA con-
tent by flow cytometry was performed as described (9).

Ribosome-Nascent Chain Complex Formation and Isola-
tion—The generation of ribosome-nascent chain complexes
(RNCs) was based on the translation of truncated synthetic
mRNA coding for at least 425 N-terminal amino acids of sepa-
rase. Plasmids coding for separase or Crm1 (both pCS2-based)
were linearized by restriction enzyme digestion at different
positions within the coding sequence to create an open reading
frame without a stop signal. To create a construct for the tran-
scription of the separase 1-1105 Stop mRNA, a pCS2-based
vector containing the coding sequence for full-length separase
was linearized with Xbal, filled in with Klenow polymerase
(New England Biolabs), and then religated to create a frameshift
mutation. For generation of runoff transcripts, plasmids were
linearized with a suitable restriction endonuclease, purified by
phenol/chloroform extraction and ethanol precipitation, and
redissolved in diethylpyrocarbonate/H,O. Transcription was
carried out with 1 ug of pure linear DNA using an SP6
mMESSAGE mMACHINE kit (Ambion) according to the man-
ufacturer’s instructions. TNT rabbit reticulocyte lysate (Pro-
mega) was used for the generation of RNCs. A translation reac-
tion was conducted in a volume of 20 ul in the presence of 1 ul
of ?*S-labeled securin at 30 °C for 90 min and terminated (when
no stop codon was present) by addition of 0.4 ul of 10 mg/ml
cycloheximide. Aliquots were taken (referred to as input)
before RNCs were further purified as described (21). Transla-
tion reaction mixtures were spun through a 80-ul cushion of
buffer A (50 mm Tris-HCI (pH 7.0), 500 mm potassium acetate,
25 mM magnesium acetate, 2 mm DTT, 1 M sucrose, 10 ug/ml
cycloheximide, and 0.1% Nonidet P-40) supplemented with
complete protease inhibitor mixture at 180,000 X g for 90 min.
Supernatants were harvested before the RNC pellets were
washed twice with buffer B (32.5 mm Tris-HCI (pH 7.0), 125 mMm
potassium acetate, 26.25 mM magnesium acetate, 1.5 mm DTT,
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250 mM sucrose, 100 wg/ml cycloheximide, 0.1% Nonidet P-40,
and 0.4 units/pl RNasin) to remove residual soluble contami-
nants and then resuspended in 20 ul of buffer B. Input, super-
natant, and resuspended pellet fractions were finally analyzed
by SDS-PAGE and autoradiography.

Electrochemical Biochip Analysis of mRNA Levels—Electro-
chemical biochip analysis of mRNA levels was performed as
described previously (22, 23). Capture oligonucleotides were as
follows: securin, ACGGTTCCCGAAGGCACATTCTCATTTT-
TTTTT (3'-thiol); and separase, TCTGCCCCCGAAGGGGAC-
GTCCTATTTTTTTTT (3'-thiol). The detector oligonucleotide
was TTTTTTGGTTGCGCTCGTTGCGGGACTTAACCCA-
ACAT (5'-amino). Oligonucleotides used for preparation of
complementary mRNA probes (with the T7 RNA polymerase pro-
moter sequence underlined) were as follows: Securin_1, GGTTG-
GTAATACGACTCACTATAGGTGAGAATGTGCCTT;
Securin_2, GATGGGCACGGTTCCCGAAGGCACATTCT-
CAG; Securin_3, CGGGAACCGTGCCCATCCTTAGCAACC-
ACACG; Securin_4, CTTAACCCAACATGGCACCCGTGTG-
GTTGCTA; Securin_5, TGCCATGTTGGGTTAAGTCCCGC-
AACGAGCGC; and Securin_6, GGTTGCGCTCGTTGCG-
GGA; Separase_1, GGTTGGTAATACGACTCACTATAGGT-
AGGACGTCCCCTT; Separase_2, CAGCAGCTCTGCCCCC-
GAAGGGGACGTCCTAC; Separase_3, CGGGGGCAGAGCT-
GCTGGTTGCAAGCCCTCAG; Separase_4, CTTAACCCAA-
CATGCCATCCTGAGGGCTTGCA; Separase_5, TGGCAT-
GTTGGGTTAAGTCCCGCAACGACGGC; and Separase_6,
GGTTGCGCTCGTTGCGGGA. An untreated gold electrode
served as a negative control (blank).

Total RNA was isolated from human securin /" and the
parental HCT116 cells using an RNeasy mini kit (Qiagen) fol-
lowing the manufacturer’s instructions. The integrity of ribo-
somal RNA was confirmed by agarose gel electrophoresis, and
the quantity and purity of total RNA were spectrophotometri-
cally confirmed. Deviating from the described procedure for
microRNA analysis (22), total RNA was fragmented in the pres-
ence of 30 mM magnesium acetate, 100 mM potassium acetate,
and 40 mm Tris-HCI (pH 8.1) at 95 °C for 15 min before hybrid-
ization. Fragmented RNA in 450 mm NaCl, 0.025% Tween 20, 1
mg/ml BSA, 25 mm EDTA, 30 mm NaH,PO, (pH 7.4), 1 ug of
each complementary RNA probe, and 0.2 uM esterase 2-detec-
tor oligodeoxynucleotide conjugate was applied to each elec-
trode. Electrode arrays were then incubated at 65 °C for 20 min
in a humidity chamber, and the chip was kept at 20 °C for 5 min.
After washing with 75 mm NaCl, 0.5 mm EDTA, 0.05% Tween
20, and 5 mMm NaH,PO,, (pH 7.4) for 1 min at 25 °C, the chip was
inserted onto a multi-potentiostat. Background current
reached steady state after flow through 100 mm NaCl and 10
mMm sodium phosphate (pH 7.0) for ~1 min. Specific mRNA
was detected by Alicyclobacillus acidocaldarius esterase 2 mol-
ecules bound to the electrode by hybridization. The enzyme
substrate p-aminophenyl butyrate was delivered through the
flow chamber at a flow rate of 250 wl/min. After the flow was
stopped, the esterase 2 activity was measured as a change in
current intensity (d/) per time (d¢) within the first 5 s (22, 23).

Immunofluorescence Staining of Pelleted Centrosomes—Sta-
ble transgenic HEK293 Flp-In T-REx cells were transfected
with separase or GL2 siRNA 24 h prior to synchronization at
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FIGURE 1. Studying the positive effect of securin on separase. A, securin does not influence the mRNA level of separase. The relative amounts of
securin and separase mRNAs in securin™/~ and parental HCT116 cells were quantified on an electrochemical biochip. B, endogenous separase (Sep.) is
prone to precipitation in the absence of securin (Sec.). Lysates (input) of mitotically arrested securin™/~ (SEC"’/") and parental HCT116 cells were
centrifuged to assess the solubility of separase by Western analysis of the resulting supernatant (Supernat.) and pellet fractions. a-Tubulin («Tub.) and
Ser-10-phosphorylated histone H3 (H3 pS10) served as loading controls. C, association with securin prevents precipitation of transiently overexpressed
separase. Following its overexpression in HEK293T cells with or without co-overexpression of securin, the solubility of separase was determined by
centrifugation. D, co-translational association of securin with nascent separase. mRNAs lacking or containing a stop codon and coding for amino acids
1-425, 1-627, 1-873, or 1-1105 of human separase or amino acids 1-942 of human exportin-1 (Crm1) were translated in vitro in the presence of
[**SImethionine and °S-labeled securin. Input (/) samples were fractionated by ultracentrifugation into supernatant (S) and RNC-containing pellet (P)
fractions prior to SDS-PAGE and autoradiography. Crm1 was chosen as a negative control because, similar to the N-terminal half of separase, it contains

a superhelical structure.

G,/S by addition of thymidine. 20 h thereafter, cells were
released into fresh medium, and where indicated, transgene
expression was doxycycline-induced 8 h later. 16 h after release
into fresh medium, cells were harvested and subjected to
immunoblotting, flow cytometry, and centrosome purification.
To assess centriole engagement status, centrosomes were iso-
lated from 4 X 10° cells and stained as described previously
(24).

RESULTS

Several publications have proposed roles for securin in tran-
scriptional regulation (25-28). To address the possibility that
securin might stimulate transcription of separase, the levels of
separase mRNA in human securin~/~ cells and the parental
HCT116 line were compared using an electrochemical biochip
(22, 23, 29). Here, the complementary binding of the target
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mRNA fragment stabilizes the hybridization complex between
a capture and a detector oligodeoxynucleotide, thereby bring-
ing a reporter enzyme into the vicinity of an electrode to pro-
duce an electrochemical signal. This gap hybridization assay
unambiguously revealed that separase mRNA levels are the
same in both cell lines (Fig. 1A). This result strongly argues
against a positive role of securin in transcription of separase.
Immunoblotting consistently showed that the total amounts of
separase in securin '~ and HCT116 cells are very similar (Fig.
1B, first and second lanes). However, the two cell lines greatly
differ in the separase solubility as determined by simple centri-
fugation of total cell lysates. Although most separase from secu-
rin-containing HCT116 cells stayed in the supernatant, most
separase from the securin-free knock-out cells pelleted (Fig. 1B,
third through sixth lanes). Similarly, the overall level of separase
in transiently transfected HEK293T cells was unaffected by co-
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FIGURE 2. Mitosis-specific phosphorylation of Ser-1126 decreases the solubility of separase. A, aggravated aggregation tendency of separase (Sep.) in
mitosis. Synchronized interphase (Int., Interph.) or prometaphase (Mit.) transgenic HEK293 cells induced to express WT separase were stained with propidium
iodide and analyzed by flow cytometry or lysed and subjected to ultracentrifugation and Western analysis. Signals for pelleted (Pel.) versus soluble (Sup.)
separase were quantified by densitometry and are depicted as quotients (gray bars). aTub., a-tubulin; H3 pS10, Ser-10-phosphorylated histone H3; Supernat.,
supernatant; AU, arbitrary units. B, preventing phosphorylation of Ser-1126 stabilizes securin-less separase. HEK293T cells transiently overexpressing securin
(Sec.) and/or Myc-tagged WT separase or S1126A were arrested in prometaphase before the solubility of separase was determined by pelleting assay and

quantified as described for A.

overexpression of securin, whereas separase solubility was
strongly stimulated (Fig. 1C). In summary, we propose that
securin has no effect on transcription, mRNA stability, or trans-
lation efficiency of separase. Instead, it appears to prevent
aggregation/precipitation of separase presumably to keep itin a
conformational state, from which it can later be activated by
proteasomal degradation of ubiquitylated securin.

To fulfill its dual function as a separase specific chaperone
and inhibitor, securin might bind to the protease co-transla-
tionally. To clarify this issue, we tested whether recombinant
securin added to in vitro translation mixtures would associate
with RNCs (21) if and only if separase was being translated.
Indeed, 3*S-labeled securin co-purified with ribosomes stalled
in the process of translation on an mRNA that codes for the first
1105 amino acids of separase but lacks a stop codon (Fig. 1D).
However, it could not be pelleted if ribosomes were stalled on a
control mRNA or if a stop codon within the mRNA allowed for
dissociation of the separase fragment from ribosomes. The use
of stop codon-less mRNAs that encode increasingly shorter
N-terminal separase fragments revealed that securin cannot
interact with RNCs displaying the first 425 amino acids but
starts to bind to nascent separase 627 amino acids in length (Fig.
1D). These observations suggest that co-translational associa-
tion of securin with separase serves two purposes: assisting the
giant protease in achieving a native fold and inhibiting it at the
same time.

Given that vertebrate securin is dispensable for life, a suffi-
cient amount of separase apparently reaches a natively folded
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state even in the absence of securin. But who controls separase
under these conditions to prevent premature separation of sis-
ter chromatids? An obvious candidate is Cdkl-cyclin Bl
because, next to securin, this kinase constitutes the only other
known inhibitor of vertebrate separase (15, 17). Interestingly,
the tendency of overexpressed separase to be spun out from a
cell lysate by centrifugation is enhanced in mitosis compared
with interphase, consistent with the idea that mitotic phosphor-
ylation renders separase particularly prone to aggregation/pre-
cipitation (Fig. 24). On the basis of this observation and our
previous work (16), we speculated that Ser-1126 phosphoryla-
tion by Cdkl-cyclin Bl induces a conformational change in
native state separase with two opposing consequences. On the
one hand, it favors misfolding/aggregation, but on the other
hand, it renders the CLD accessible to association with cyclin
B1, and this complex formation stabilizes the native fold of
separase. This suggestion was easily testable because it pre-
dicted that changing Ser-1126 to Ala should prevent the con-
formational change, thereby rendering separase resistant to
precipitation in mitosis. In contrast, preserving Ser-1126 but
deleting the CLD should still allow for the conformational
switch to occur but abrogate the downstream association with
Cdk1-cyclin B1, thereby enhancing the tendency of separase to
precipitate.

HEK293T cells were transiently transfected to overexpress
WT separase or an S1126A variant and then arrested in mitosis.
As before, corresponding lysates were fractionated by centrifu-
gation into a soluble supernatant and insoluble pellet. Subse-
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FIGURE 3. Ser-1126 phosphorylation and binding of Cdk1-cyclin B1 have opposing effects on separase solubility. A, mutational inactivation of its cyclin
B1-binding site decreases the solubility of separase (Sep.). Transgenic HEK293 cells transfected with securin (siSECURIN) or GL2 (siGL2) siRNA and expressing WT
separase or ACLD were arrested in prometaphase before the solubility of separase was determined by pelleting assay and quantified as described for Fig. 2A.
I, input; S, supernatant; P, pellet; aTub., a-tubulin; Sec., securin; H3 pS10, Ser-10-phosphorylated histone H3; AU, arbitrary units; Pel., pelleted separase; Sup.,
soluble separase. B, precipitation of separase in mitosis is alleviated by the S1126A mutation but aggravated by CLD deletion. Lysates of transgenic, prometa-
phase-arrested HEK293 cells expressing the indicated separase variants were immunodepleted of securin before the solubility of securin-free separase was
determined by quantitative pelleting assay as described for Fig. 2A. IP, immunoprecipitation.

quent immunoblotting revealed that the profound aggregation conditions of limiting amounts of securin, WT separase and
of separase in mitosis was indeed greatly suppressed by chang-  S1126A exhibited proteolytic activity toward **S-labeled Sccl,
ing Ser-1126 to Ala (Fig. 2B). Conversely, a ACLD variant but ACLD did not (Fig. 44, lanes 1,4, and 6). In the case of WT
exhibited aggravated insolubility relative to WT separase as separase, cohesin cleavage activity became apparent only upon
revealed by analysis of the corresponding transgenic HEK293  displacement of co-purified Cdk1-cyclin B1 by washing with a
lines by the same pelleting assay (Fig. 3A). As expected, high ionic strength buffer (compare lanes 1 and 2) (17). As
siRNA-mediated depletion of securin enhanced the insolubility ~ expected, none of the protease variants cleaved Sccl when
of overexpressed separase in general and of the ACLD variantin  securin had been co-overexpressed (lanes 3, 5, and 7). In com-
particular (Fig. 34). Using transiently transfected, nocodazole-  bination with the pelleting assays, this experiment demon-
arrested HEK293T cells, we also directly compared the aggre-  strates good accordance of solubility and proteolytic activity for
gation tendencies of WT separase and mutants S1126A and securin-less separase. In summary, we interpret our observa-
ACLD after removal of the securin-associated pool. To thisend, tions as follows. Under conditions of limiting securin, WT sepa-
securin was immunodepleted prior to centrifugation of the rase and ACLD are switched by Ser-1126 phosphorylation into
lysates. Confirming the previous results, the insolubility of a precipitation-prone conformation. Although WT separase is
S1126A was again reduced relative to the WT protease, protected by association with Cdk1-cyclin B1 and stays soluble
whereas that of the ACLD variant was again increased (Fig. 3B). and activatable, the ACLD variant, which cannot form this
The centrifugation of cell lysates quickly determined solubil-  complex, aggregates/misfolds and quickly becomes inactive.
ity of separase but did not allow us to draw conclusions aboutits ~ S1126A also cannot bind to Cdkl-cyclin B1, but for another
proteolytic activity. To clarify this issue, Myc-tagged WT sepa- reason. Itis already protected from the destabilizing conforma-
rase and mutants S1126A and ACLD were transiently overex- tional change and hence retains proteolytic activity despite the
pressed in HEK293T cells with or without simultaneous lack of any binding partner.
overexpression of securin. Following cell synchronization in Separase also has a chromosome-independent function
prometaphase, the corresponding lysates were subjected to within the centrosome cycle (30). By cleaving centrosomal
anti-Myc immunoprecipitation without prior centrifugation to  cohesin and kendrin/pericentrin B, separase triggers centriole
avoid removal of insoluble separase fractions. Finally, the disengagement, which represents a licensing step for subse-
immunoaffinity-purified separase variants were assayed for quent centriole duplication (24, 30-32). In the absence of sepa-
their ability to cleave cohesin (Fig. 44). When produced under rase function, centriole disengagement is profoundly delayed,
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FIGURE 4. Positive and negative effects of Cdk1-cyclin B1 define the minimal requirements of separase regulation in mitosis. A, WT separase and
mutants S1126A and ACLD exhibit some, high, or no cohesin cleavage activity upon isolation from prometaphase-arrested cells, respectively. Taxol-
treated HEK293T cells transiently overexpressing securin (Sec.) and/or Mycg-TEV,-tagged WT separase (Sep.), S1126A, or ACLD were lysed and subjected
to anti-Myc immunoprecipitation without prior centrifugation to avoid the removal of insoluble separase fractions. Where indicated, separase-associ-
ated Cdk1-cyclin B1 (Cyc.B7) was washed away with a high salt buffer. TEV protease-eluted separases were analyzed by immunoblotting and **S-labeled
Sccl cleavage assay/autoradiography. B and C, in ACLD-expressing cells, the short half-life of proteolytic activity correlates with reduced centriole
disengagement. Transgenic HEK293 cells transfected with separase or GL2 siRNA were thymidine-arrested and, where indicated, induced to express WT
separase or ACLD. Cells were harvested 16 h after release into fresh medium and analyzed by immunoblotting, propidium iodide flow cytometry (B), and
immunofluorescence microscopy of purified centrosomes (C). Fixed centrosomes were co-stained for centrin-2 and C-Nap1. Depending on a centrin-2
to C-Nap1 signal ratio of 2:1 or 2:2, centrioles were classified as engaged or disengaged, respectively. In three independent experiments (dots), the
engagement status of at least 200 centrosomes per cell line and condition was analyzed and blotted as mean values (bars). Scale bar = 1 um. aTub.,
a-tubulin; Dox., doxycycline.

but eventually still occurs by an unresolved mechanism that
requires Plk1 activity (33). Because centriole disengagement
normally takes place after sister chromatid separation at the
end of mitosis or in early G, phase and because the proteolytic
activity of ACLD seems to exhibit a short half-life, centriole
disengagement might be delayed upon replacement of endoge-
nous separase by this deregulated variant. To test this predic-
tion, stable transgenic HEK293 cells depleted of endogenous
separase by RNAi were analyzed by immunofluorescence
microscopy for their centriole engagement status 16 h after
release from G, /S arrest and 8 h after induction of WT separase
or ACLD expression by addition of doxycycline. Mock siRNA

8008 JOURNAL OF BIOLOGICAL CHEMISTRY

(GL2)-transfected, uninduced cells served as an additional con-
trol. All separase-expressing cultures exhibited highly similar
cell cycle distributions as judged by flow cytometry and immu-
noblotting (Fig. 4B and data not shown). However, although
centrioles were disengaged in ~55% of all WT separase-con-
taining cells, only 28% of ACLD-expressing cells displayed cen-
triole disengagement on average (Fig. 4C). The above loss-of-
function phenotypes do not contradict the observation that
overexpression of ACLD causes premature separation of sister
chromatids in prometaphase-arrested cells (8, 16). ACLD is a
hypermorph in that it can no longer be bound and inhibited by
Cdk1-cyclin B1, but at the same time, it is a hypomorph because
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Ser-1126 phosphorylation renders it aggregation-prone, thus
limiting its half-life as an active protease.

DISCUSSION

Considering its central role in chromosome segregation, it is
not surprising that hypo- and hyperactivity of separase both
cause aneuploidy and cancer (34 —38). Thus, activation of this
essential but dangerous protease must be exactly controlled
and timed. Here, we found that, in vitro, securin associates with
nascent separase polypeptides while they are still on ribosomes
and that securin-less separase tends to aggregate/precipitate as
determined by pelleting assay. Based on these results, the co-
translational association of securin with separase both assists
the giant protease in achieving a natively folded state and inhib-
its it at the same time. Interestingly, caspase-activated DNase,
another dangerous enzyme that needs tight controlling, also
misfolds and aggregates during translation if it does not associ-
ate co-translationally with its inhibitor (39, 40). Merging in one
protein (securin or caspase-activated DNase inhibitor) the
functions of a specific inhibitor and of a specific chaperone
therefore appears ideally suited to prevent the unscheduled
unleashing of enzymatic activities that would otherwise
threaten genome integrity.

We also analyzed the effects of Cdk1-cyclin B1 on separase.
By phosphorylating Ser-1126, this chief mitotic kinase in-
creases the tendency of securin-free separase to aggregate and
become inactive. Interestingly, this inactivation mechanism
involves a conformational change as a result of cis/trans-
isomerization at Pro-1127, which is catalyzed by the phospho-
Ser/Pro-specific peptidyl-prolyl isomerase Pinl.> However,
although Ser-1126 phosphorylation limits the half-live of the
proteolytic activity of separase, Cdk1-cyclin B1 simultaneously
counteracts this inactivation mechanism by stable association
with the protease in a second step (Fig. 5). Thus, like securin,
Cdk1-cyclin B1 also unites the functions of a specific inhibitor
and a specific chaperone. Unlike securin, however, it does not
assist in folding but rather protects from a “phosphorylation
shock” (by analogy to “heat shock”) that it inflicts on separase as
the cell enters mitosis (15). In this manner, it is ensured that,
even in the absence of securin, any separase, which can later be
activated, is first held inactive by association with Cdk1-cyclin
B1. This mechanism, plus the fact that chromosomes become
accessible to separase only when the nuclear envelope breaks
down at the onset of mitosis (41), could explain why vertebrate
securin is not essential (10). Our findings furthermore suggest
that, in a primordial eukaryotic cell, the control of sister chro-
matid separation and mitotic exit might have been both mas-
tered by Cdk1-cyclin B1. Then, with the invention of securin,
sister chromatid separation was gradually handed over to this
folding helper and superior inhibitor but stayed linked to
mitotic exit via the simultaneous anaphase-promoting com-
plex/cyclosome-mediated degradation of securin and cyclin B1.
In some organisms such as yeast, the Cdkl-cyclin B1-depen-
dent separase regulation appears to have been totally lost dur-
ing evolution. However, as mouse genetics teach us, this form of

3S. Hellmuth, S. Rata, A. Brown, S. Heidmann, B. Novak, and O. Stemmann,
submitted for publication.
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FIGURE 5. Model of how phosphorylation and mutually exclusive associ-
ation with securin or Cdk1-cyclin B1 determine the fate of separase
across the cell cycle. The minimal module of separase control (shown in
boldface) relies only on the positive and negative effects of Cdk1-cyclin B1
(Cyc.B1) on separase to maintain faithful chromosome segregation in the
absence of securin. pSeparase, phosphorylated separase; APC/C, anaphase-
promoting complex/cyclosome.

anaphase control remains essential in mammals until today
(19, 20).

Acknowledgments— We thank Stefan Heidmann for critical reading
of the manuscript and Dorothea Karalus for helping establish the
RNC assay.

REFERENCES

1. Wirth, K. G., Wutz, G., Kudo, N. R,, Desdouets, C., Zetterberg, A., Taghy-
beeglu, S., Seznec, J., Ducos, G. M, Ricci, R, Firnberg, N., Peters, . M., and
Nasmyth, K. (2006) Separase: a universal trigger for sister chromatid dis-
junction but not chromosome cycle progression. J. Cell Biol. 172,
847-860

2. Uhlmann, F., Wernic, D., Poupart, M. A., Koonin, E. V., and Nasmyth, K.
(2000) Cleavage of cohesin by the CD clan protease separin triggers ana-
phase in yeast. Cell 103, 375-386

3. 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

4. Zou, H., McGarry, T.]., Bernal, T., and Kirschner, M. W. (1999) Identifi-
cation of a vertebrate sister-chromatid separation inhibitor involved in
transformation and tumorigenesis. Science 285, 418 —422

5. King, R. W, Peters, J. M., Tugendreich, S., Rolfe, M., Hieter, P., and Kirsch-
ner, M. W. (1995) A 20 S complex containing CDC27 and CDC16 cata-
lyzes the mitosis-specific conjugation of ubiquitin to cyclin B. Cell 81,
279 -288

6. Funabiki, H., Kumada, K., and Yanagida, M. (1996) Fission yeast Cutl and
Cut2 are essential for sister chromatid separation, concentrate along the
metaphase spindle and form large complexes. EMBO J. 15, 6617-6628

7. Jager, H., Herzig, A., Lehner, C. F., and Heidmann, S. (2001) Drosophila
separase is required for sister chromatid separation and binds to PIM and
THR. Genes Dev. 15, 2572—2584

8. Holland, A.J., and Taylor, S. S. (2006) Cyclin-B1-mediated inhibition of
excess separase is required for timely chromosome disjunction. J. Cel! Sci.
119, 3325-3336

JOURNAL OF BIOLOGICAL CHEMISTRY 8009

GT0Z ‘2T 8UnC Uo H1NIYAVE 13VLISHIAINN B /B10°0G [ mammy/:dny woay papeoiumod


http://www.jbc.org/

Defining the Minimal Requirements of Separase Regulation

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hellmuth, S., Bottger, F., Pan, C., Mann, M., and Stemmann, O. (2014)
PP2A delays APC/C-dependent degradation of separase-associated but
not free securin. EMBO J. 33, 1134 —-1147

Mei, J., Huang, X., and Zhang, P. (2001) Securin is not required for cellular
viability, but is required for normal growth of mouse embryonic fibro-
blasts. Curr. Biol. 11, 1197-1201

Pfleghaar, K., Heubes, S., Cox, J., Stemmann, O., and Speicher, M. R.
(2005) Securin is not required for chromosomal stability in human cells.
PLoS Biol. 3, e416

Alexandru, G., Uhlmann, F., Mechtler, K., Poupart, M. A., and Nasmyth,
K. (2001) Phosphorylation of the cohesin subunit Sccl by Polo/Cdc5 ki-
nase regulates sister chromatid separation in yeast. Cel/ 105, 459 — 472
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, e69

Stemmann, O., Gorr, I. H., and Boos, D. (2006) Anaphase topsy-turvy:
Cdk1 a securin, separase a CKI. Cell Cycle 5,11-13

Stemmann, O., 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

Boos, D., Kuffer, C., Lenobel, R., Kérner, R., and Stemmann, O. (2008)
Phosphorylation-dependent binding of cyclin B1 to a Cdc6-like domain of
human separase. J. Biol. Chem. 283, 816 —823

Gorr, I. H,, Boos, D., and Stemmann, O. (2005) Mutual inhibition of sepa-
rase and Cdk1 by two-step complex formation. Mol. Cell 19, 135-141
Huang, X., Hatcher, R., York, J. P., and Zhang, P. (2005) Securin and
separase phosphorylation act redundantly to maintain sister chromatid
cohesion in mammalian cells. Mol. Biol. Cell 16, 4725—4732

Huang, X., Andreu-Vieyra, C. V., York, J. P., Hatcher, R., Lu, T., Matzuk,
M. M., and Zhang, P. (2008) Inhibitory phosphorylation of separase is
essential for genome stability and viability of murine embryonic germ
cells. PLoS Biol. 6, e15

Huang, X., Andreu-Vieyra, C. V., Wang, M., Cooney, A. ]., Matzuk, M. M.,
and Zhang, P. (2009) Preimplantation mouse embryos depend on inhibi-
tory phosphorylation of separase to prevent chromosome missegregation.
Mol. Cell. Biol. 29, 1498 —1505

Beckmann, R., Spahn, C. M., Eswar, N., Helmers, J., Penczek, P. A., Sali, A.,
Frank, J., and Blobel, G. (2001) Architecture of the protein-conducting
channel associated with the translating 80 S ribosome. Cell 107, 361372
Pohlmann, C., and Sprinzl, M. (2010) Electrochemical detection of mi-
croRNAs via gap hybridization assay. Anal Chem. 82, 4434 — 4440
Wang, Y., Stanzel, M., Gumbrecht, W., Humenik, M., and Sprinzl, M.
(2007) Esterase 2-oligodeoxynucleotide conjugates as sensitive reporter
for electrochemical detection of nucleic acid hybridization. Biosens. Bio-
electron. 22, 1798 -1806

Schockel, L., Mockel, M., Mayer, B., Boos, D., and Stemmann, O. (2011)
Cleavage of cohesin rings coordinates the separation of centrioles and
chromatids. Nat. Cell Biol. 13, 966 —972

Bernal, J. A, Luna, R, Espina, A., Lézaro, 1., Ramos-Morales, F., Romero,
F., Arias, C,, Silva, A., Tortolero, M., and Pintor-Toro, J. A. (2002) Human
securin interacts with p53 and modulates p53-mediated transcriptional
activity and apoptosis. Nat. Genet. 32, 306 -311

90

8010 JOURNAL OF BIOLOGICAL CHEMISTRY

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hamid, T., and Kakar, S. S. (2004) PTTG/securin activates expression of
p53 and modulates its function. Mol. Cancer 3, 18

Pei, L. (2001) Identification of c-myc as a down-stream target for pituitary
tumor-transforming gene. J. Biol. Chem. 276, 8484 — 8491

Tong, Y., and Eigler, T. (2009) Transcriptional targets for pituitary tumor-
transforming gene-1. J. Mol. Endocrinol. 43,179 -185

Jallepalli, P. V., Waizenegger, I. C., Bunz, F., Langer, S., Speicher, M. R,,
Peters, ]. M., Kinzler, K. W., Vogelstein, B., and Lengauer, C. (2001) Secu-
rin is required for chromosomal stability in human cells. Cell 105,
445-457

Tsou, M. F,, and Stearns, T. (2006) Mechanism limiting centrosome du-
plication to once per cell cycle. Nature 442, 947-951

Matsuo, K., Ohsumi, K., Iwabuchi, M., Kawamata, T., Ono, Y., and Taka-
hashi, M. (2012) Kendrin is a novel substrate for separase involved in the
licensing of centriole duplication. Curr. Biol. 22, 915-921

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

Tsou, M. F., Wang, W. ., George, K. A., Uryu, K., Stearns, T., and Jallepalli,
P. V. (2009) Polo kinase and separase regulate the mitotic licensing of
centriole duplication in human cells. Dev. Cell 17, 344 —354

Shepard, J. L., Amatruda, J. F., Finkelstein, D., Ziai, J., Finley, K. R., Stern,
H. M., Chiang, K., Hersey, C., Barut, B, Freeman, J. L., Lee, C., Glickman,
J. N., Kutok, J. L., Aster, J. C., and Zon, L. . (2007) A mutation in separase
causes genome instability and increased susceptibility to epithelial cancer.
Genes Dev. 21, 55-59

Mukherjee, M., Ge, G., Zhang, N., Huang, E., Nakamura, L. V., Minor, M.,
Fofanov, V., Rao, P. H., Herron, A., and Pati, D. (2011) Separase loss of
function cooperates with the loss of p53 in the initiation and progression
of T- and B-cell lymphoma, leukemia and aneuploidy in mice. PLoS ONE
6, €22167

Mukherjee, M., Ge, G., Zhang, N, Edwards, D. G., Sumazin, P., Sharan,
S. K., Rao, P. H,, Medina, D., and Pati, D. (2014) MMTV-Espl1 transgenic
mice develop aneuploid, estrogen receptor alpha (ERa)-positive mam-
mary adenocarcinomas. Oncogene 33, 55115522

Mukherjee, M., Byrd, T., Brawley, V. S., Bielamowicz, K., Li, X. N., Mer-
chant, F., Maitra, S., Sumazin, P., Fuller, G., Kew, Y., Sun, D., Powell, S. Z.,
Ahmed, N. M., Zhang, N., and Pati, D. (2014) Overexpression and consti-
tutive nuclear localization of cohesin protease Separase protein correlates
with high incidence of relapse and reduced overall survival in glioblastoma
multiforme. J. Neurooncol. 119, 27-35

Meyer, R, Fofanov, V., Panigrahi, A., Merchant, F., Zhang, N., and Pati, D.
(2009) Overexpression and mislocalization of the chromosomal segrega-
tion protein separase in multiple human cancers. Clin. Cancer Res. 15,
2703-2710

Sakahira, H., and Nagata, S. (2002) Co-translational folding of caspase-
activated DNase with Hsp70, Hsp40, and inhibitor of caspase-activated
DNase. J. Biol. Chem. 277, 3364 —3370

Sakahira, H., Iwamatsu, A., and Nagata, S. (2000) Specific chaperone-like
activity of inhibitor of caspase-activated DNase for caspase-activated
DNase. J. Biol. Chem. 275, 8091— 8096

Sun, Y., Yu, H., and Zou, H. (2006) Nuclear exclusion of separase prevents
cohesin cleavage in interphase cells. Cell Cycle 5, 2537-2542

SASBMB

VOLUME 290-NUMBER 12+MARCH 20, 2015

GT0Z ‘2T 8UnC Uo H1NIYAVE 13VLISHIAINN B /B10°0G [ mammy/:dny woay papeoiumod


http://www.jbc.org/

Molecular Cell

Human Chromosome Segregation Involves Multi-
Layered Regulation of Separase by the Peptidyl-
Prolyl-lIsomerase Pin1

Graphical Abstract

securin abundance

®

separase

*08s

v

isomerization by Pin1

~

lack of securin

phosphorylation by Cdk1-cyclin B1

isomerization by Pin1

=

v

o

separase

cohesin cleavage
rapid decay of proteolytic activity

cohesin reloading

v

Separase

degradation of securin and cyclin B1

siso)jiw ybnouyy uoissaibold ¢——

Highlights

e Separase is subject to native-state cis/trans isomerization by

Pin1

e Once liberated, separase is rendered resistant to remaining

securin by Pin1

e When securin is limiting, Pin1 is required for control of

separase by Cdk1-cyclin B1

e Isomerization limits the half-life of separase’s proteolytic

activity in late mitosis

Hellmuth et al., 2015, Molecular Cell 58, 1-12
May 7, 2015 ©2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.molcel.2015.03.025

91

Authors

Susanne Hellmuth, Scott Rata, ...,
Bela Novak, Olaf Stemmann

Correspondence
olaf.stemmann@uni-bayreuth.de

In Brief

Pin1, a peptidyl-prolyl cis/trans
isomerase that acts on phosphorylated
Ser/Thr-Pro motifs, is a crucial regulator
of mitosis. Hellmuth et al. identify human
separase as a Pin1 substrate.
Isomerization determines association
with two mutually exclusive binding
partners and half-life of enzymatic activity
of this essential trigger protease of sister
chromatid separation.

Cell


mailto:olaf.stemmann@uni-bayreuth.de
http://dx.doi.org/10.1016/j.molcel.2015.03.025

Please cite this article in press as: Hellmuth et al., Human Chromosome Segregation Involves Multi-Layered Regulation of Separase by the Peptidyl-
Prolyl-lsomerase Pin1, Molecular Cell (2015), http://dx.doi.org/10.1016/j.molcel.2015.03.025

Molecular Cell

Human Chromosome Segregation
Involves Multi-Layered Regulation of Separase
by the Peptidyl-Prolyl-lIsomerase Pin1

Susanne Hellmuth,! Scott Rata,2 Andreas Brown,’ Stefan Heidmann,' Bela Novak,? and Olaf Stemmann'-*
1Chair of Genetics, University of Bayreuth, UniversitatsstraBe 30, 95440 Bayreuth, Germany
2Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, UK

*Correspondence: olaf.stemmann@uni-bayreuth.de
http://dx.doi.org/10.1016/j.molcel.2015.03.025

SUMMARY

Ring-shaped cohesin keeps sister chromatids paired
until cleavage of its Scc1/Rad21 subunit by separase
triggers chromosome segregation in anaphase.
Vertebrate separase is held inactive by mutually
exclusive binding to securin or Cdk1-cyclin B1 and
becomes unleashed only upon ubiquitin-dependent
degradation of these regulators. Although most sep-
arase is usually found in association with securin, this
anaphase inhibitor is dispensable for murine life
while Cdk1-cyclin B1-dependent control of separase
is essential. Here, we show that securin-independent
inhibition of separase by Cdk1-cyclin B1 in early
mitosis requires the phosphorylation-specific pep-
tidyl-prolyl cis/trans isomerase Pin1. Furthermore,
isomerization of previously securin-bound separase
at the metaphase-to-anaphase transition renders it
resistant to re-inhibition by residual securin. At the
same time, isomerization also limits the half-life of
separase’s proteolytic activity, explaining how cohe-
sin can be reloaded onto telophase chromatin in the
absence of securin and cyclin B1 without being
cleaved.

INTRODUCTION

From their generation in S phase until the onset of anaphase, the
two sister chromatids of each eukaryotic chromosome are en-
trapped and thus paired by ring-shaped cohesin. In somatic cells
this heterotetrameric complex consists of Smc1 and 3, Scc1/
Mcd1/Rad21, and Stag1 or 2 (Nasmyth and Haering, 2009).
The highly elongated coiled-coil SMC proteins interact with
each other via a flexible hinge and with both ends of Scc1 to
form a tripartite ring 40 nm in diameter. Loading of vertebrate
cohesin onto DNA occurs in telophase and involves opening of
the Smc1-Smc3 hinge. Most cohesin is removed from chromo-
somes early in next mitosis by the prophase pathway, which re-
sults in phosphorylation-dependent inactivation of the cohesin
protector sororin and opening of the Smc3-Scc1 gate (Buheitel
and Stemmann, 2013; Liu et al., 2013). At centromeres, cohesin

rings are protected from opening by protein phosphatase 2A
(PP2A)-dependent dephosphorylation of sororin mediated by
the adaptor protein shugoshin 1 (Sgo1) (Liu et al., 2013). This
centromeric cohesin maintains cohesion until the metaphase-
to-anaphase transition, when its Scc1 subunit is cleaved by sep-
arase (Waizenegger et al., 2000). In higher eukaryotes, cohesin is
reloaded onto chromatin as early as telophase, but strangely, it is
no longer cleaved despite unchanged levels of separase (Nas-
myth and Haering, 2009; Waizenegger et al., 2000). As known in-
hibitors of separase are not present at this time (see below), this
indicates that separase’s proteolytic activity might be short-
lived. However, it remains unknown how separase would quickly
become inactive in late mitotic cells.

Given separase’s essential function in sister chromatid sepa-
ration, it is clear that both premature and delayed activation of
separase would jeopardize faithful execution of anaphase.
Thus, cells have to tightly control its proteolytic activity to pre-
vent deleterious chromosome missegregation. Indeed, verte-
brate separase is usually kept inactive by mutually exclusive
association with either securin or cyclin B1 bound to cyclin-
dependent kinase 1 (Cdk1) (Gorr et al., 2005). Separase is
released from these inhibitors only when all chromosomes ac-
quire proper amphitelic attachment to spindle microtubules in
metaphase. The consequent extinction of a wait-anaphase
signal leads to inactivation of the spindle assembly checkpoint
followed by derepression of the anaphase-promoting complex/
cyclosome (APC/C). This multisubunit ubiquitin ligase then
mediates the destruction of securin and cyclin B1 via the ubiqui-
tin-proteasome pathway, thereby releasing active separase.
Securin is not only a negative regulator but exerts also a positive
effect on separase, possibly by assisting the huge protease to
achieve a natively folded state. Most separase is sequestered
by securin in a typical eukaryotic cell. Yet mammalian securin
is dispensable, while mice with a defect in the Cdk1-cyclin B1-
dependent regulation of separase die during early embryogen-
esis (Huang et al., 2009; Mei et al., 2001). Inhibition of human
separase by Cdk1-cyclin B1 requires at least two steps. First,
Cdk1-cyclin B1 phosphorylates separase on serine 1126 and
(possibly with support from other kinases) on several residues
within a Cdc6-like domain (CLD), which centers around amino
acid 1370 (Boos et al., 2008; Stemmann et al., 2001). Despite be-
ing essential, these phosphorylations are not sufficient for Cdk1-
cyclin B1-dependent inhibition of separase (Gorr et al., 2005).
Stable (albeit salt-sensitive) binding of the cyclin B1 subunit of
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the kinase to the phosphorylated CLD of the protease is also
required (Boos et al., 2008; Gorr et al., 2005). Ser1126 proved
dispensable for the association of Cdk1-cyclin B1 with separase
fragments, but its phosphorylation is absolutely essential for
complex formation involving full-length protease (Boos et al.,
2008). To explain this conundrum, it was proposed that phos-
phorylation at this position might induce a conformational
change in separase that unmasks the CLD, rendering it acces-
sible for cyclin B1 (Boos et al., 2008).

Pin1 is a 17 kDa peptidyl-prolyl cis/trans isomerase (PPlase) of
the parvulin subfamily. Next to the C-terminal PPlase domain, it
also contains an N-terminal WW domain with two conserved tryp-
tophans and a similar peptide binding specificity (see below) (Lu
et al.,, 1999). Despite acting on dozens of substrates and influ-
encing a multitude of processes, Pin1 is, above all, a key regulator
of mitosis (Lu et al., 1996; Shenetal., 1998; Yaffe etal., 1997). Like
other PPlases, it greatly accelerates the otherwise slow cis/trans
isomerization of Xxx-Pro peptide bonds, which are special in that
the free energy of the trans- relative to the cis-conformer is not as
much lower as for other peptide bonds. However, unlike other
PPlases, Pin1 acts only on phosphorylated Ser/Thr-Pro motifs
(Liou et al., 2011). Phosphorylation may shift the cis/trans popu-
lations in equilibrium state but at the same time further slows
uncatalyzed isomerization. Together with Ser/Thr-Pro-directed
kinases, Pin1 can therefore quantitatively turn proteins into
different conformational states of different functions or fates
(Liou et al., 2011). Given that kinases and phosphatases usually
exhibit cis/trans specificity, this molecular switch might, in
some cases, operate even in only one direction.

Here, we identify Pin1 as a mitosis-specific interactor of
human separase. The WW domain docks onto phosphory-
lated Ser1153-Pro1154 of separase, thereby positioning the
PPlase domain to catalytically act on phosphorylated Ser1126-
Pro1127. The resulting conformational change has three
consequences. In early mitosis it enables inhibitory binding of
Cdk1-cyclin B1 to separase. At metaphase-to-anaphase transi-
tion, it renders separase resistant to securin and simultaneously
triggers a time fuse, which results in inactivation of separase
by telophase.

RESULTS

Pin1 Is a Mitosis-Specific Interactor of Human Separase

The binding properties of full-length and partial separase to
Cdk1-cyclin B1 differ in their requirement for phosphorylation
of Ser1126 (Boos et al., 2008; Gorr et al., 2005). To assess
whether this might be due to a conformational change catalyzed
by a peptidyl-prolyl cis/trans isomerase (PPlase) acting on phos-
phoSer1126-Pro1127 in full-length separase, we scrutinized
a possible involvement of Pin1. First, immunoprecipitations
(IP) with anti-separase versus unspecific 1gG from mitotic
HEK293T cells were analyzed by immunoblotting. Indeed, Pin1
specifically co-purified with endogenous separase, similar to
the known interactors securin and cyclin B1 (Figure 1A). Next,
transgenic cells arrested in different cell-cycle phases (Figure 1B,
upper panels) were subjected to IP of Myc-tagged separase var-
iants. Like cyclin B1, endogenous Pin1 co-purified with wild-type
(WT) separase from mitotic but not interphase cells. Unlike cyclin
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B1, however, it also bound to Cdk1-resistant separase variants
(lower panels).

In addition to the PPlase domain, Pin1 contains a second
phosphoSer/Thr-Pro binding module, the WW domain, which
usually exhibits greater substrate affinity (Lu et al., 1999). There-
fore, the IPs were repeated from mitotically arrested cells that
overexpressed either the PPlase or the WW domain in addition
to a separase variant (Figure 1C). These analyses revealed (1)
that both the PPlase and the WW domain of Pin1 interact with
separase and (2) that the PPlase domain had a selective defect
in binding to separase-S1126A. Mutation of nearby Ser/Thr-
Pro motifs led to the identification of a triple Ala separase variant
with compromised WW but normal PPlase binding characteris-
tics (Figure S1A). Changing Ala1153 back to Ser healed this
defect (Figure S1B). Consistently, a separase-S1153A single
mutant showed greatly reduced association with Pin1’s WW
domain (Figure 1D). Moreover, binding of bacterially expressed
WW domain to separase in a far western assay was compro-
mised by phosphatase treatment prior to SDS-PAGE and extin-
guished by changing Ser1153 to Ala (Figure 1E). All S1153A-
containing separase variants were also impaired in association
with endogenous Pin1, demonstrating that under physiological
concentrations it is mainly the WW domain that contributes to
separase binding of full-length Pin1 (Figure S1B). Together,
these observations demonstrate that the WW domain recruits
Pin1 to separase by binding to phosphorylated Ser1153,
thus enabling the PPlase domain to engage phosphorylated
Ser1126-Pro1127 (Figure 1F).

Pin1 Is Required for Cdk1-Cyclin B1-Dependent
Inhibition of Separase

To check for genetic interaction of separase and Pin1 in vivo,
induced overexpression of separase-WT was combined with
partial depletion of Pin1 by RNAI (Figure 2A). While the individual
treatments were well tolerated, simultaneously increasing sepa-
rase and decreasing Pin1 levels had a strong synthetically
lethal effect on HEK293 cells as judged by clonogenic assay.
This result suggests a negative regulation of separase by Pin1,
which could be explained by a requirement of the isomerase
for Cdk1-cyclin B1-dependent inhibition of separase.

To clarify this issue, Xenopus egg extracts supplemented with
APC/C-resistant, N-terminally truncated (A90) cyclin B1 to main-
tain an anaphase-like state with constitutively active Cdk1 were
rid of Pin1 by immunodepletion or mock treated (Figure 2B). Pu-
rified separase-securin complexes were then incubated in these
extracts for APC/C-dependent degradation of securin before the
protease was re-isolated and probed for associated factors and
cohesin cleaving activity. Separase from mock-treated extract
hardly cut Scc1 but became proteolytically active when bound
cyclin B1 was washed away with high salt prior to the cleavage
assay (compare lanes 2 and 5). In contrast, separase re-isolated
from a Pin1-depleted extract was active toward Scc1 even
without a high salt wash, and this correlated with lack of associ-
ated cyclin B1 (lane 3). Demonstrating specificity of the immuno-
depletion, addition of bacterially expressed GST-tagged Pin1
to depleted extract rescued binding and inhibition of separase
by Cdk1-cyclin B1 (lane 4). Thus, Cdk1-cyclin B1-dependent in-
hibition of separase in vitro requires Pin1.
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Figure 1. The Peptidyl-Prolyl Isomerase Pin1 Is a Mitosis-Specific Interactor of Vertebrate Separase
(A) Mitotic HEK293T lysate (input) was subjected to IP with anti-separase or mock IgG and analyzed by immunoblotting.
(B) Myc-separase-variants-expressing HEK293s were synchronized and subjected to Myc IP and immunoblotting. Thy., thymidine; RO, CDK1-inhibitor RO3306;

ACLD, Cdc6-like domain deleted; H3-pS10, Ser10-phosphorylated histone H3.

(C) Cells as in (A) and transiently expressing GST-PPlase or -WW were mitotically arrested, lysed, and subjected to Myc IP.
(D) Lysates of mitotic HEK293Ts expressing Myc-tagged separase variants together with GST-WW were subjected to Myc IP.
(E) Mitotic HEK293Ts expressing Myc-separase variants were subjected to Myc IP and, where indicated, A-phosphatase treatment. Following additional

washing, bound proteins were detected by (far) western analysis.

(F) Docking of the WW domain onto phosphorylated Ser1153 recruits Pin1 to separase and facilitates the isomerization of pSer1126-Pro1127 by the PPlase

domain.
See also Figure S1.

To test whether the same is true also in vivo, we capitalized
on the fact that this form of regulation becomes crucial when
securin is titrated out by overexpression of separase (Boos
et al., 2008; Holland and Taylor, 2006). Following transfection
with PINT or mock (GL2) siRNA, transgenic HEK293 cells were
induced to over-produce Myc-separase-WT, arrested in prome-
taphase, and then analyzed by IP-western and chromosome
spreading (Figure 2C). Importantly, Pin1 depletion was accom-
panied by decreased cyclin B1 binding to separase and a
5-fold increased rate of premature sister chromatid separation.
Both consequences were specific since they were prevented
by simultaneous expression of Flag-Pin1 from an siRNA-resis-
tant transgene. Interestingly, chemical inhibition of Pin1’s PPlase
activity by epigallocatechin-3-gallate (EGCG) (Urusova et al.,
2011) mimicked, and fortified, the RNAi phenotype (Figure 2C).
Thus, the catalytic activity of Pin1 appears to be necessary for
separase inhibition by Cdk1-cyclin B1 not only in vitro but also
in living cells.

The finding that overexpression of WW-binding-deficient sep-
arase variants also caused dissociation of cyclin B1 along with
premature loss of cohesion (Figures 3A and 3B) enabled us to

address this issue by an independent approach. We reasoned
that only with S1153A containing variants should the overex-
pression phenotypes be suppressible by simultaneous overex-
pression of Pin1’s isolated PPlase domain (see Figure S2A for
rationale), thereby providing an assay for the requirement of
isomerase activity. Indeed, co-overexpression of PPlase re-
installed cyclin B1 binding and prevented precocious sister sep-
aration in separase-S1153A-overexpressing cells, but not in
those producing separase-S1126A or -P1127A (Figures 3A and
3B). Importantly, a catalytically inactive PPlase-C113A failed to
rescue despite same expression level and normal association
with separase (Figures 3A and 3B; see also Figure S2B). The
need of catalytic activity strongly implies but does not yet prove
that Pin1 changes separase’s conformation. Therefore, we used
A90-cyclin B1-supplemented Xenopus egg extracts and high
salt washing to produce securin- and cyclin B1-less separase
in the absence (EGCG) or presence (DMSO) of Pin1 activity
and then subjected both preparations to limited proteolysis by
trypsin. Indeed, fragments of 38 and 75 kDa transiently appeared
only for separase exposed to active Pin1 (Figure S2C). This dif-
ferential digestion pattern demonstrates that Pin1 does indeed
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Figure 2. Pin1 Is a Negative Regulator of Separase

(A) Transgenic HEK293s transfected with the indicated siRNA were induced with doxycycline (+ Dox.) to overexpress separase-WT or left uninduced and
replated. Graph shows mean numbers of stained, automatically counted colonies (bars) of four experiments (dots).

(B) ZZ-Tev-separase-securin from G1/S HEK293Ts was incubated on IgG-sepharose in Pin1- or mock-depleted Xenopus egg extract supplemented with
A90-cyclin B1 and, where indicated, GST-Pin1. Separase beads were re-isolated, washed with high salt (as indicated), and assayed for bound proteins and Scc1

cleavage.

(C) Myc-separase-WT-expressing HEK293s were transfected with siRNA against PIN7T or GL2 and a (PIN1 siRNA-resistant) plasmid encoding Flag-Pin1, treated
with nocodazole and EGCG, and analyzed by Myc IP and chromosome spreads. Shown are mean values (bars) of 3—4 experiments (dots) quantifying at least 100

cells each.

alter separase’s conformation. Taken together, these data show
that phosphorylation of separase by Cdk1 is followed by docking
of Pin1 via its WW domain onto phosphorylated Ser1153. This
places the PPlase domain at the right position to then catalyze
the isomerization of the phosphorylated Ser1126-Pro1127 pep-
tide bond. The resulting conformational change of separase en-
ables Cdk1 to stably bind via its regulatory cyclin B1 to the CLD,
thereby blocking separase’s proteolytic activity (Figure 3C). In
the separase variants S1126A or P1127A, the corresponding
Ala-Pro and Ser-Ala peptide bonds likely exist predominantly
or almost exclusively in their trans conformation, respectively,
and both variants bind securin normally but fail to interact with
cyclin B1 (Figure 1D). We therefore propose (but stress that we
do not prove) that the trans-conformer of separase exclusively
associates with securin, while the cis-conformer exclusively as-
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sociates with Cdk1-cyclin B1 (Figure 3C). We will make this
assumption for the remainder of this manuscript.

Pin1 Catalyzes Native State Isomerization of Previously
Securin-Inhibited Separase in Anaphase

Is regulation by Pin1 limited to the few percent of separase that
are inhibited by Cdk1-cyclin B1 in a standard cell cycle, or does
the isomerase also act on securin-associated separase? To
address this question, we first assessed whether securin and
Pin1 can bind to separase at the same time. Using different
tags and antibodies, we can demonstrate that securin and
Pin1 co-immunoprecipitate with separase, but that Pin1 does
not co-purify with securin and vice versa (Figure 4A). Cyclin B1
was absent from a securin-IP, but present in pull-downs of sep-
arase, as previously reported (Gorr et al., 2005). Furthermore, it
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Figure 3. Catalytically Active Pin1 Is Required for Cdk1-Cyclin B1-Dependent Inhibition of Separase
(A) HEK293Ts expressing Myc-separase-WT, -S1126A, -P1127A, or -S1153A alone or together with Flag-PPlase-WT or -C113A were synchronized in mitosis,

and lysates (input) were subjected to Myc IP and immunoblotting.
(B) Chromosome spreads of cells from (A).

(C) Multi-step, Pin1-dependent assembly of the Cdk1-cyclin B1-separase complex.

See also Figure S2.

was detectable together with separase in a Pin1 pull-down (Fig-
ure 4A). Thus, while Pin1 and Cdk1-cyclin B1 can bind separase
simultaneously, a heterotrimeric Pin1-separase-securin com-
plex does not exist.

This leaves the possibility that Pin1 acts on the pool of securin-
controlled separase only upon APC/C-dependent degradation
of securin. To test whether this holds true, we explored associa-
tion with Cdk1-cyclin B1 to probe for the conversion of previ-
ously securin-bound trans-separase into the cis-isomer in late
mitosis. Tax-arrested cells were treated with the aurora B inhib-
itor ZM447439 (ZM). This drove them synchronously through late
mitosis, as evidenced by the decline of cyclin B1 and the
dephosphorylation of histone H3 and Cdc27 (Figure 4B). Consis-
tent with previous reports (Hellmuth et al., 2014; Shindo et al.,
2012), time-resolved separase |Ps followed by western analysis
revealed a second wave of cyclin B1 association with separase
more than 30 min after ZM addition, i.e., at a time when the over-
all level of cyclin B1 was already very low (Figure 4B). Impor-
tantly, chemical inhibition of Pin1 with EGCG totally abrogated
this late peak of Cdk1-cyclin B1-separase complex formation.
Thus, at the metaphase-to-anaphase transition, at least part of
formerly securin-inhibited separase is switched by Pin1 into its
cis-conformation.

We reasoned that phosphorylation of Ser1126 would result in
a relative increase in the free energy of trans- over cis-separase,
thereby shifting the equilibrium state of Pro1127 from “mostly
trans” to “mostly cis” (Figure 4C). However, securin, while still
bound, would lock separase in its trans-conformation and pre-
vent Pin1 from converting the protease into its cis-isomer. Se-
curin binds with its C-terminal part to an N-terminal region of
separase and with further N-terminal residues to the C-terminal

part of the protease (Hornig et al., 2002; Jager et al., 2004; Viadiu
et al., 2005). Thus, bisecting securin might suffice for Pin1-cata-
lyzed isomerization of phosphorylated separase from trans to cis
(see Figure 4D for rationale). To test this hypothesis, we engi-
neered a securin variant with a cleavage site for human rhinovirus
3c (HRV) protease after glutamine 160 but preserved separase
binding ability (Figure S3). An APC/C-resistant, N-terminally trun-
cated (A92), and Flag-tagged version of this securin™" was pu-
rified in complex with separase and immobilized on anti-Flag
agarose. Incubation of the complex in a A90-cyclin B1-supple-
mented, Pin1-containing Xenopus egg extract did not allow the
cyclin to bind via separase to the securin-loaded beads (Fig-
ure S3C). However, upon addition of HRV-protease, securin
was cleaved and separase converted into its cis-isomer as re-
vealed by the interaction with cyclin B1 that now occurred.
This association was largely suppressed when EGCG was
added together with HRV-protease to the extract. Importantly,
the same result was also observed in a fully defined system, in
which the egg extract was replaced by purified Pin1 and Cdk1-
cyclin B1 (Figure 4E). Thus, securin-bound, phosphorylated sep-
arase is spring loaded and quickly converted by Pin1 from its
trans- into its cis-isomer when securin is destroyed.

The cis-Conformer of Separase Is Resistant against
Securin

If securin can only bind to trans-separase, then the cis-isomer
should be resistant to inhibition by securin. To test this predic-
tion, we first produced proteolytically active separases in either
cis- or trans-conformation. Securin-associated separase-WT
and -S1126A were incubated in A90-cyclin B1 supplemented
Xenopus egg extract. This resulted not only in degradation of
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Figure 4. Pin1 Isomerizes Previously Securin-Inhibited Separase in Anaphase

(A) Using anti-Myc, -securin, or -HA (hemagglutinin tag), respectively, separase, securin, or Pin1 were IPed from mitotic HEK293Ts overexpressing Myc-Tev-
separase and HA-Pin1. Negative controls: Myc IP in presence of TEV-protease, IP with unspecific IgG, or HA IP from cells expressing untagged Pin1.

(B) HeLa Ks were released from Tax by ZM (t = 0 min) and analyzed at indicated time points thereafter. Where indicated, EGCG was added prior to release.
(C) Cartoon illustrating that phosphorylation energetically favors the cis-isomer while securin locks separase in trans.

(D) Model of how relieving the securin-imposed conformational constraint allows simultaneous binding of securin (fragments) and Cdk1-cyclin B1 to phos-

phorylated separase.

(E) Myc-Tev-separase-A92-securin™RV.

-Flag was purified by Myc IP and eluted with TEV-protease. After immobilization on anti-Flag agarose, the complex was

incubated with Cdk1-A90-cyclin B1 and ATP, GST-Pin1, EGCG, and/or HRV-protease, as indicated, before unbound (supernatant) and bound proteins (beads)

were detected by immunoblotting.
See also Figure S3.

securin, but at the same time separase-WT was also phosphor-
ylated and isomerized into cis as judged by inhibitory binding of
Cdk1-cyclin B1 (Figure 5A). Following re-isolation from the
extract and a high salt wash to strip the kinase off WT protease,
both preparations displayed similar cohesin cleaving activity, but
differed in that separase-WT had been converted into the cis-
isomer, while separase-S1126A was trapped in the trans-confor-
mation. When interrogated for sensitivity toward increasing
amounts of recombinant securin, interestingly, separase-
S1126A readily re-associated with the inhibitor and was fully in-
activated at a securin concentration of 90 nM, while the same
amount of separase-WT always bound less inhibitor and re-
tained partial proteolytic activity even at 180 nM securin (Fig-
ure 5A). Upon its addition in large excess, securin would be
expected to sequester any trans-separase, thereby removing it
from the cis/trans equilibrium. Over time this should result in
separase-associated Pin1 to catalyze also the shift of cis-sepa-
rase-WT into its trans-isomer (see Figure S4A for rationale).
Confirming this reasoning, the presence of EGCG during the in-
cubation with securin further reduced its binding to separase-
WT, thus rendering the protease totally resistant to re-inhibition

(Figure 5B). Collectively, these in vitro experiments show that
separase acquires resistance against securin upon Pin1-medi-
ated isomerization.

Next, we asked whether Pin1 renders separase resistant to se-
curin also during the metaphase-to-anaphase transition in living
cells. Tax-arrested Hela cells were induced to express non-
degradable KEN- and D-box mutated (KDM) securin shortly
before they were released from the arrest by ZM addition. At
different times thereafter, aliquots were subjected to separase-
IP and immunoblotting. This analysis demonstrated that hardly
any securin®M associated with separase, although endogenous
securin was efficiently degraded (Figures 5C and 5D). Impor-
tantly, the picture dramatically changed when EGCG was added
to the cells shortly before ZM. Under these conditions of Pin1
inactivity, endogenous separase-bound securin was immedi-
ately replaced by securin“PM as the former was being degraded
(Figures 5C and 5D). The lower panels of Figure 5C allow estima-
tion that roughly 80% of securin inhibited separase undergoes
trans-to-cis isomerization upon destruction of the anaphase in-
hibitor (see Experimental Procedures). Thus, when APC/C be-
comes active, the majority of total separase is switched by
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Figure 5. Pin1 Contributes to the Irreversibility of Separase Activation

(A) Securin-associated Myc-Tev-separase-WT or -S1126A on anti-Myc beads was incubated in A90-cyclin B1-containing Xenopus egg extract, re-isolated, and,
where indicated, washed with high salt. Separases were then incubated with recombinant A92-securin, washed, eluted with TEV-protease, and analyzed by

immunoblotting and Scc1 cleavage assay/autoradiography.

(B) Myc-Tev-separase-WT was treated and analyzed as described in (A) except for the addition of EGCG (or DMSO) prior to A92-securin.

(C) Tax-arrested HelLa cells were induced to express Flag-securinCM

separase-IP at indicated times.

, supplemented with EGCG where indicated, released by ZM (t = 0 min), and subjected to

(D) Quantification of the securin immunoblot from (C). Black lines, open circles indicate separase-associated securin“PM-Flag relative to endogenous securin.
Gray lines, black circles indicate total amount of separase-associated securin relative to separase (set to 1 at t = 0).

See also Figure S4.

Pin1 into a conformation that is highly resistant against securin.
This is physiologically relevant, since prometaphase cells
contain free securin in about 5-fold excess over separase-bound
securin, and about 20% of free securin persist when half of sep-
arase-associated securin is degraded (Hellmuth et al., 2014). By
catalyzing the trans-to-cis isomerization, Pin1 renders separase
resistant to this lingering free securin.

Late Mitotic Dephosphorylation of Cyclin B1 Increases
Its Affinity for Separase

When separase becomes resistant to securin, it is simulta-
neously rendered susceptible to the inhibition by remaining
Cdk1-cyclin B1. This raises questions regarding the timing of
separase activation and cohesin cleavage relative to the forma-
tion of Cdk1-cyclin B1-separase complexes in late mitosis. To
clarify this issue, transgenic HelLa cells were transiently trans-

fected to express, as a separase activity sensor, histone H2B-
mCherry-Scc11972%8_eGFP (Hellmuth et al., 2014; Shindo
et al., 2012). The same cells were induced to also express
Myc-separase and then Tax-ZM treated to synchronously drive
them through late mitosis. Proteolytic activity and cyclin B1
binding of separase were followed by immunoblotting of time-
resolved anti-GFP- and anti-Myc IPs, respectively. In accor-
dance with an earlier study (Shindo et al., 2012), this analysis
demonstrated that the sensor is cleaved prior to formation of
the late mitotic Cdk1-cyclin B1-separase peak (Figure S4B).
The phenomenon that this peak only forms at a time when total
cyclin B1 levels are already very low could be explained if the
separase affinity of the remaining trace amounts of Cdk1-cyclin
B1 would greatly increase at the end of mitosis. Cyclin B1 is
phosphorylated on Ser126, 128, 133, and 147 by Cdk1 itself,
polo-like kinase 1 (Plk1), and possibly other mitotic kinases
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Figure 6. Dephosphorylation of Cyclin B1 Increases Its Affinity for Separase, thereby Giving Rise to a Second Peak of Cdk1-Cyclin B1-Sep-
arase in Late Mitosis

(A) Myc-separase-WT- and A90-cyclin B1-WT- or -4A-expressing HEK293s were Tax-ZM treated. Association of endogenous- and A90-cyclin B1 and securin
with separase was followed by time-resolved Myc IP.

(B) Myc-separase-WT- and cyclin B1-8A-Flag-expressing HEK293s were treated as in (A).

(C) Mathematical simulation of mitotic progression from an initial checkpoint arrest. Plotted are relative abundances of free Cdk1-cyclin B1, securin-separase,
Cdk1-cyclin B1-separase, active APC/C, free separase, and cleaved cohesin for three different scenarios (all without cycloheximide): normal mitotic progression
(left), presence of phosphorylation site mutant cyclin B1-8A (middle), and absence of Pin1 or replacement of endogenous separase by a S1126A or
P1127A variant (right). Note that absence of isomerization results in premature sister chromatid separation only upon overexpression of separase, which is not

considered here.
See also Figure S5.

(Jackman et al., 20083). Ser147 is dephosphorylated during exit
from mitosis (Toyoshima-Morimoto et al., 2001), and due to
APC/C-dependent inactivation of Cdk1 and Plk1, the other three
sites will likely be dephosphorylated at this time, too. To test the
provocative idea that dephosphorylation of cyclin B1 might pro-
mote Cdk1-cyclin B1-separase complex formation, the four Ser
residues were changed to Ala to prevent their phosphorylation.
To be able to discriminate the resulting cyclin B1-4A from endog-
enous cyclin B1, an N-terminally truncated (A90) version was
expressed in Myc-separase containing HEK293 cells. Myc IP
followed by western analysis demonstrated that cyclin B1-4A
indeed represents a gain-of-function variant superior to endoge-
nous cyclin B1 in binding separase in prometaphase-arrested
cells (Figure 6A, time 0). This is also illustrated by the fact that
its presence prevents re-binding of residual endogenous cyclin
B1 to separase in late mitosis. Interestingly, A90-cyclin B1-WT
cannot suppress the late mitotic peak of endogenous cyclin
B1-separase interaction, despite the fact that its binding to sep-
arase also improves in late mitosis (arrowheads). This is surpris-
ing, because at that time there is only very little endogenous
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cyclin B1 left, while A90-cyclin B1-WT s, of course, plentiful.
Moreover, binding of A90-cyclin B1-WT and endogenous cyclin
B1 is equally weak in prometaphase. Together, these observa-
tions suggested (1) that the first 90 amino acids also contribute
to separase binding and (2) that interaction with separase is
additionally weakened by phosphorylations within the N-termi-
nal region of cyclin B1. Mitotic phosphorylations are known to
occur also at Ser9, 35, 69, and 116 (Daub et al., 2008). Therefore,
we generated a full-length cyclin B1-8A variant that had these
four residues in addition to Ser126, 128, 133, and 147 changed
to Ala and that could be distinguished in size from endogenous
cyclin B1 due to a C-terminal Flag tag. Indeed, these additional
mutations further fortified the binding of cyclin B1 to separase.
Despite apparently normal degradation kinetics, cyclin B1-8A
largely replaced endogenous cyclin B1 from separase, and the
corresponding complex no longer transiently declined in abun-
dance upon release from a prometaphase arrest (Figure 6B).
Together, these data strongly suggest that dephosphorylation
of cyclin B1 increases the affinity of Cdk1-cyclin B1 for separase
in late mitosis.
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Pin1-Mediated Isomerization of Separase Ensures that
Anaphase Commences in the Presence of Residual

Cdk1 Activity

The above data suggest that at the metaphase-to-anaphase
transition, the majority of separase is switched by Pin1 into the
securin-resistant but Cdk1-cyclin B1-susceptible cis-conformer.
However, because cyclin B1 is phosphorylated and rapidly
degraded, separase is not re-inhibited but instead cleaves cohe-
sin. Only thereafter, when dephosphorylation has sufficiently
increased cyclin B1’s affinity, does separase associate with
lingering trace amounts of Cdk1-cyclin B1 (Figure S5A). Consid-
ering the known mutual influences (Figure S5B) and using math-
ematical modeling, we could recapitulate all of these findings,
including the transient decline in abundance of the Cdk1-cyclin
B1-separase complex, which, however, is prevented in the pres-
ence of phosphorylation site mutant cyclin B1-8A (Figure 6C, left
and middle). Our model is also consistent with reported inhibition
of sister chromatid separation by non-degradable cyclin B1 and
explains why it needs to be overexpressed in order to inhibit sep-
arase in metaphase, i.e., at a time when its affinity for the prote-
ase is reduced due to phosphorylation (Figure S5C) (Hagting
et al., 2002; Wolf et al., 2006). If there was no separase isomer-
ization, the model predicts that separase activation would only
commence when virtually all free cyclin B1 had disappeared (Fig-
ure 6C, right). However, the observation that, in an unperturbed
mitosis, cohesin cleavage occurs despite the presence of resid-
ual amounts of cyclin B1 (Figure S4) (Hellmuth et al., 2014;
Shindo et al., 2012) better fits the model that includes separase
isomerization (left). Thus, mathematical modeling provides anin-
dependent confirmation that the anaphase transition is shaped
by Pin1. By ensuring that anaphase commences before cyclin
B1 level and Cdk1 activity are zero, Pin1 might contribute to
the ordering of late mitotic events (see Discussion).

Pin1-Dependent Rapid Inactivation of Separase in Late
Mitosis

Even though separase efficiently cleaves chromatin-bound co-
hesin, the latter re-associates with human chromosomes as
early as telophase without being destroyed. This suggests that
the burst-like activation of separase is followed by inactivation
of the protease shortly thereafter. To investigate whetherisomer-
ization of the Ser1126-Pro1127 peptide bond would influence
the stability of separase in vitro, we produced active separases,
which were either in the trans or the cis conformational state. This
was achieved by incubation of securin-bound separase-S1126A
or -ACLD in A90-cyclin B1-containing anaphase egg extracts. In
case of separase-ACLD, this resulted in degradation of securin,
Cdk1-dependent phosphorylation, and Pin1-dependent isomer-
ization of Pro1127 into cis. Separase-S1126A stayed trans-
isomer due to resistance against phosphorylation and isomeriza-
tion. Following pre-incubation for different periods of time, both
separase variants were assayed for proteolytic activity towards
353-labeled Scc1. Although the two proteases initially displayed
similar specific activities, separase-ACLD quickly lost cohesin
cleavage capacity (ty,» =10 min) upon pre-incubation, while
the proteolytic activity of separase-S1126A did not decay over
the course of 60 min (Figure 7A). Next, we produced active sep-
arase-WT, but this time added EGCG to the Xenopus egg extract

to inhibit Pin1’s PPlase activity and, consequently, lock the
Ser1126-Pro1127 peptide bond in trans beyond the destruction
of securin. Following separase re-isolation from the extract, half
of the preparation was combined with recombinant Pin1 to facil-
itate trans-to-cis isomerization, and the other half was supple-
mented with fresh EGCG to keep inactive any Pin1 that had
co-purified. A subsequent stability assay revealed rapid inactiva-
tion (< 10 min) of separase in presence of active Pin1, but only
slow decline of its proteolytic capacity (t1,» =30 min) in the pres-
ence of EGCG (Figure 7B). Thus, while the activity of cis-sepa-
rase has a short half-life, trans-separase is a stable enzyme.

Given that the trans- and cis-isomer are the predominant forms
of separase in early and late mitosis, respectively, the Pin1-facil-
itated conformational switch of separase may act like a time fuse
of self-destruction. If so, then preventing separase from adopting
the cis-conformation in anaphase cells should prolong its proteo-
lytic activity, which might result in cleavage and displacement of
cohesin from telophase chromatin. HEK293T cells expressing
either separase-S1126A or -ACLD were synchronously sent
through late mitosis by a Tax-ZM regime, and chromatin was iso-
lated and immunoblotted at different times. In separase-ACLD-
containing cells, Smc3 disappeared from chromosomes 25 min
after the addition of ZM, but re-associated by 50 min (Figure 7C,
right panels). This corresponds to the expected normal behavior
of cohesin and was also seen in transgenic cells expressing
separase-WT (data not shown). Notably, these dynamics were
changed in separase-S1126A-expressing cells in that Smc3 did
not re-bind to chromatin up to 60 min after the addition of ZM (Fig-
ure 7C, left panels). In a complementary approach, EGCG or
carrier solvent was added to Hela K cultures before telophase
cells were interrogated by immunofluorescence microscopy (IF)
for Scc1 association with chromatin (Figure 7D). In 87% + 5%
of control telophase cells, Scc1 was bound to chromatin, which
still showed signs of condensation. Notably, Pin1 inhibition
reduced this value to 34% on average. Assuming that separase
has no effect on loading of cohesin onto DNA, these experiments
strongly suggest that presence of trans-separase prolongs the
time of cohesin cleavage in late mitosis. Conversely, the trans-
to-cis isomerization of Pro1127 in separase, which usually occurs
at the metaphase-to-anaphase transition, limits the half-life of its
proteolytic activity.

DISCUSSION

We report here three functions for Pin1 in mitosis, all of which
revolve around the regulation of separase. When securin is
limiting, Pin1 is required for the inhibitory binding of Cdk1-cyclin
B1 to separase in early mitosis. In the presence of sufficient
amounts of securin, Pin1-dependent isomerization of separase
at the metaphase-to-anaphase transition grants previously
securin-inhibited separase resistance against re-inhibition by
residual securin. However, this also sets a temporal limit to
separase’s proteolytic activity.

Separase Might Represent a Crucial In Vivo Substrate

of Pin1

Mouse mutant embryos, in which half of separase is resistant to
Cdk1-cyclin B1 (because of a S1121A-encoding mutation in one
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Figure 7. Pin1-Dependent Rapid Inactivation of Separase in Late Mitosis
(A) Separase-S1126A and -ACLD were purified as in Figure 5A, shifted to room temperature (t = 0), and assessed for proteolytic activity toward °S-Scc1 at

indicated times.

(B) Separase-WT was purified and treated as in (A), except that EGCG was present until elution with TEV-protease. Separase was combined with recombinant
Pin1 or EGCG and then analyzed by immunoblotting and Scc1 cleavage assay/autoradiography. Note that in (A) and (B), gels were blotted and membranes cut

and subjected to western analysis prior to reassembly and autoradiography.

(C) Separase-S1126A- or -ACLD-expressing HEK293s were Tax-ZM treated and subjected to chromatin isolation at the indicated time points. Soluble proteins
(supernatant) and pelleted chromatin fractions were analyzed by immunoblotting and Coomassie staining (histones). For the a-tubulin western analysis of

chromatin, supernatant was loaded into the outer lanes.

(D) HeLa cells of the Kyoto line (HeLa Ks) were EGCG or DMSO treated prior to IF. Scc1-positive chromatin was scored in telophase cells with condensed DNA
(as judged by DAPI staining) and broad midbodies (as judged by the survivin signal). Scale bar = 6 pm.

allele), die between the 8- and 16-cell stage due to premature
loss of sister chromatid cohesion (Huang et al., 2009). In
contrast, PINT—/— mice are viable (Fujimori et al., 1999), which
seems to be at odds with our finding that Pin1 is necessary for
Cdk1-cyclin B1-dependent inhibition of separase. This discrep-
ancy is likely explained by the existence of murine PINTRT1, a
retrogene encoding a protein highly related to Pin1 (Zhu et al.,
2007), and/or by overlapping functions of other PPlases. The
most striking phenotype of PINT—/— mice is a strong subfertility
due to a proliferative defect of postmigratory primordial germ
cells (Atchison et al., 2003). Interestingly, a similar albeit more
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pronounced effect was observed in SEPARASE+/S1121A mice
(Huang et al., 2008), making it tempting to speculate that sepa-
rase represents the critical target of Pin1 in developing germ
cells. Low levels of securin correlate well with the dependence
on Cdk1-cyclin B1-mediated inhibition of separase in murine
early embryos and primordial germ cells (Huang et al., 2008,
2009). Why nature relies on this form of separase regulation in
these cases but on securin in most others remains enigmatic.
Given our finding that mitotic phosphorylations of cyclin B1
weaken its binding to separase, it is tempting to speculate that
cells with little or no securin need to upregulate a phosphatase
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that removes these phosphates to turn Cdk1-cyclin B1 into a
robust separase inhibitor (see below).

Pin1-Dependent Isomerization of Separase Might Help
to Order Late Mitotic Events

Chromosome segregation in anaphase, spindle disassembly,
chromosome decondensation, nuclear envelope reformation,
and cytokinesis are all negatively regulated by Cdk1, and all of
these events are coupled by one trigger event, i.e., the derepres-
sion of APC/C. This bears the risk that a supposedly later event
might occur too early—with disastrous consequences. Order
could be ensured, however, if the execution of later events
required a lower Cdk1 threshold activity than earlier ones, and
if inactivation of this master regulatory kinase occurred not all
at once, but in steps. The Pin1-dependent isomerization of sep-
arase into a securin-resistant conformer (Figure 5), together with
the weakened binding of mitotically phosphorylated cyclin B1 to
separase (Figure 6), results in activation of human separase in
the presence of small residual amounts of cyclin B1. Thus, cohe-
sin is cleaved when Cdk1 activity is already low but not yet zero.
Interestingly, trans-to-cis isomerization of separase and dephos-
phorylation of cyclin B1 result in at least some of the little remain-
ing Cdk1-cyclin B1 to be sequestered by separase after cohesin
cleavage. Given that separase is a Cdk1 inhibitor (Gorr et al.,
2005), this will result in further drop of Cdk1 activity (Figure S5A).
As aresult, later events might elegantly be promoted by previous
activation of separase. For budding yeast, such a dependence
has long been appreciated, the key difference being that, there,
free separase is needed not to inhibit Cdk1 directly but to acti-
vate Cdc14, a phosphatase that antagonizes residual kinase ac-
tivity during exit from mitosis (Queralt et al., 2006). It is interesting
to note in this context that inhibition of Cdk1 by human separase
in anaphase was reported to be required for relocalization of the
chromosomal passenger complex from centromeres onto the
spindle midzone as well as for cytokinesis at the end of female
meiosis | (Gorr et al., 2006; Shindo et al., 2012).

Formation and Function of Cdk1-Cyclin B1-Separase
Complexes in Late Mitosis

Why do Cdk1-cyclin B1-separase complexes reaccumulate so
late in mitosis? It was suggested that their efficient formation re-
quires auto-cleavage of separase (Shindo et al., 2012). While we
haven’t addressed and therefore cannot exclude this possibility,
auto-cleavage does not improve Cdk1-cyclin B1 binding to sep-
arase in prometaphase-arrested cells (Holland et al., 2007).
Based on the findings presented here (Figure 6), we therefore
propose that the late peaking of Cdk1-cyclin B1-separase is pri-
marily timed by dephosphorylation of cyclin B1. Its kinetics will
depend (1) on the inactivation of Cdk1, Plk1, and possibly addi-
tional downstream mitotic kinases and (2) on the activity and/or
activation of the relevant, hitherto unknown phosphatase(s).
Interestingly, the APC/C-dependent degradation of Plk1 is de-
layed with respect to disappearance of securin and cyclin B1
(Lindon and Pines, 2004). Moreover, the Cdk1-cyclin B1-
controlled, so-called ENSA/Greatwall (EG) timer ensures that
the B55 isotype of PP2A, which can dephosphorylate cyclin B1
in vitro, is derepressed only at a low cyclin B1 threshold (Borgne
etal., 1999; Cundell et al., 2013). Thus, it is tempting to speculate

that the delayed inactivation of PIk1 and the delayed activation of
PP2A-B55 might explain why Cdk1-cyclin B1-separase complex
reforms only after cohesin has been cleaved.

Separase has an additional chromosome-independent but
proteolysis-dependent function in centriole disengagement,
which represents the licensing step for later centrosome duplica-
tion and occurs only after anaphase (Tsou and Stearns, 2006).
This raises the possibility that Cdk1-cyclin B1-separase com-
plexes might form in late mitosis not only to inhibit residual
Cdk1 activity, but also to preserve some activatable separase
for later. Final destruction of this last cyclin B1 (discernible in
Figures 4B and S4B) might give rise to a small pulse of active
separase in G1 phase, which could then trigger centriole disen-
gagement but would be excluded from the reformed nucleus
and, thus, not pose a threat for reloaded chromosomal cohesin.
In line with this, binding of Cdk1-cyclin B1 indeed stabilizes
otherwise unstable cis-separase, and replacement of endoge-
nous separase by separase-ACLD compromises centriole
disengagement (Hellmuth et al., 2015).

EXPERIMENTAL PROCEDURES

Generation of stable transgenic cell lines inducibly expressing separase vari-
ants or securin®™ was previously described (Hellmuth et al., 2014). Cell syn-
chronization, RNAI, flow cytometry, chromosome spreads, IPs, IF, in vitro
expression of 3°S-Scci1, and preparation of Xenopus egg extracts were
done as previously described (Hellmuth et al., 2014). For far western analysis,
the corresponding PVDF membrane was incubated with 10 ng/ml recombinant
Pin1-WW (aa 1-54) overnight at 4°C prior to detection with rabbit anti-Pin1
antibody. For the clonogenic assay, transgenic HEK293 cells were transfected
with PINT- (or GL2-) directed siRNAs (40 nM). Seven days after plating 100
cells each in absence or presence of doxycycline, colonies were stained
with crystal violet and counted. For chromatin isolation, cells were swollen in
hypotonic buffer and then lysed. Chromatin was pelleted through a sucrose
cushion, washed, and analyzed by immunoblotting. For tryptic digests purified
securin-free preparations of separase in cis and trans were combined with
80 ng trypsin (sequencing grade, Promega) in a total reaction volume of
50 pl and incubated at 4°C for the indicated times. For mathematical modeling
the network shown in Figure S5B was converted into a set of nonlinear differ-
ential equations that were solved numerically by the freely available software
XPPAUT. Kinetic parameter values and initial conditions are specified in the
Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.molcel.2015.03.025.
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Figure S1 (Related to figure 1): Mapping the WW binding site on separase.

(A) The S1143, S1153, T1210A variant of separase (AAA) is defective in binding
Pin1's WW domain. Hek293T cells overexpressing Myc-tagged separase-WT, -AAA
or -S1126A together with Flag-tagged WW- or PPlase-domain of Pin1 were arrested
in prometaphase by nocodazole. Lysates (input) and anti-Myc IPs were analyzed by
immunoblotting.

(B) Re-introducing S1153 into separase-AAA (resulting in the ASA variant) is
sufficient to restore WW domain binding. Lysates (input) from mitotic Hek293T cells
overexpressing Myc-tagged separase-WT, -ASA (S1143A and T1210A), -SAA
(S1153A and T1210A), -AAT (S1143A and S1153A) or -AAA together with GST-WW
were subjected to anti-Myc IP and immunoblotting. Note that S1153A abolishes also
the binding of endogenous Pin1 to separase. Thus, the contribution of the PPlase

domain to the affinity of full-length Pin1 for separase is negligible.
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Figure S2 (related to figure 3):

(A) Rationale of why the premature loss of cohesion due to overexpression of S1153A
containing separase variants can be suppressed by simultaneous overexpression of Pin1's
PPlase domain.

(B) Overexpression of WW-binding deficient separase variants causes premature loss of
cohesion which can be suppressed by co-overexpression of catalytically active but not
inactive PPlase domain. Hek293T cells were transiently transfected to express, as indicated,
Myc-tagged separase variants (described in Figure S1) and Flag-tagged PPlase-WT or -
C113A. Following mitotic arrest, cells were subjected to chromosome spreading.
Represented are mean values (bars) out of three independent experiments (dots) quantifying
at least 100 cells per condition.

(C) Differential tryptic digest reveals Pin1-dependent change of separase's conformation.
Mycs-Tev,-separase in complex with securin was bound to anti-Myc beads, incubated in an
anaphase like Xenopus egg extract supplemented with A90-cyclinB1 and, where indicated,
EGCG. Following removal of securin and A90-cyclinB1 by ubiquitin-dependent degradation
and high salt wash, respectively, separase was eluted by TEV-protease treatment, incubated

with trypsin for the indicated times, and analyzed by immunoblotting.
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Figure S3 (related to figure 4): Securin binding arrests separase in the Cdk1-
resistant trans-conformation.

(A) Comparison of securin-WT with an APC/C resistant, Flag-tagged securin
containing a cleavage site for human rhinovirus 3c protease (HRV). Note that
creation of a HRV site in securin merely required changing lysine 157 to valine and
deleting leucine 161. The recognition sites for APC/C®*?, KEN (Lys-Glu-Asn) und
RxxL (Arg-Xxx-Xxx-Leu = destruction (D) box), are indicated in their relative positions.
(B) A92-securin"®-Flag is efficiently cleaved by HRV- but not TEV-protease.
Following incubation of radioactively labeled **S-A92-securin™®-Flag with TEV- or
HRV-protease as indicated, samples were separated according to a protocol from
Thermo-Scientific on a 15% Tris-SDS-PAG with a Tris-Tricine-SDS electrode buffer
and analyzed by autoradiography.

(C) Co-purification of cyclin B1 with securin-associated separase requires bisection
of securin®™® and Pin1-catalyzed isomerization of separase. Mycg-Tev,-separase in
complex with A92-securin™?V-Flag was bound to anti-Myc beads and eluted by TEV-
protease treatment. The eluted complex was then immobilized on anti-Flag agarose
and incubated in an anaphase like Xenopus egg extract supplemented with A90-
cyclin B1 and, where indicated, EGCG and/or HRV-protease. (Note that for treatment
with EGCG and HRV-protease, EGCG was added 10 minutes earlier.) Flag-beads
were re-isolated from the extract under low salt conditions and associated proteins

detected by immunoblotting.
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Figure S4 (related to figure 5): The late mitotic association of separase with
Cdk1-cyclin B1 occurs after cohesin cleavage.

Transgenic HelLa Flpln TRex cells were transiently transfected to express histone
H2B-mCherry-Scc1'92%®.eGFP, thymidine arrested, released in doxycyclin
containing medium to induce Mycs-Tev,-separase expression and re-arrested by
taxol. Upon addition of ZM447439 (t = 0 minutes), proteolytic activity and cyclin B1
binding of separase were followed by immunoblotting of time-resolved anti-GFP- and
anti-Myc IPs, respectively. Note that mitosis takes longer in the cell line used here
than in the HelLa K cells used in figure 4B, which is why the times of formation of the

second Cdk1-cyclin B1-separase peak do not coincide.
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Figure S5 (related to figure 6): Mathematical modelling of mitotic progression
(A) Model of separase's conformational states and binding partners across a typical
mitosis.

(B) Wiring diagram forming the basis for the mathematical model. For sake of clarity,
the network does not show (but the model considers) that the Cdk1-cyclin B1-
separase complex is also subject to (de)phosphorylation of cyclin B1.

(C) Mathematical simulations of mitotic progression in presence of non-degradable
cyclin B1 at four-fold of physiological (left) and at physiological (right) concentrations
in the absence of cycloheximide.

(D) Mathematical simulation of normal mitotic progression (left), the effect of four-fold
over-expression of non-degradable cyclin B1 (middle), and the lack of Pin1 or
replacement of endogenous separase by a S1126A or P1127A variant (right) in the

presence of cycloheximide.
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Experimental Procedures

Antibodies

The following antibodies were used for immunoblotting according to standard
protocols: rabbit anti-separase (Stemmann et al, 2001), mouse anti-securin (1:1,000;
MBL), rabbit anti-securin (1:1,000; Epitopics), mouse anti-Flag M2 (1:2,000; Sigma-
Aldrich), mouse anti-Myc (1:50; 9E10; hybridoma supernatant), rabbit anti-
phosphoSer10-histone H3 (1:1,000; Millipore), mouse anti-cyclin B1 (1:1,000;
Millipore), rabbit anti-cyclin B1 (1:1,000; Santa Cruz), mouse anti-topoisomerase lla
(1:1,000; Enzo Life Sciences), goat anti-Cdc27 (1:1,000; qift from T. U. Mayer),
mouse anti-cyclin A2 (1:200; Santa Cruz Biotechnology), goat anti-GST (1:800; gift
from D. Boos), rabbit anti-Pin1 (1:1000; raised against full-length Xenopus Pin1), rat
anti-HA (1:1,000; 3F10; Roche), mouse anti-RGS-Hiss (1:800; Qiagen), mouse anti-
CDK1 (1:1000; Santa Cruz Biotechnology), mouse anti-GFP (1:2,000; gift from D.
van Essen and S. Saccani), rabbit anti-SMC3 (1:1,000; gift from S. Rankin) and
mouse anti-a-tubulin (1:200; Developmental Studies Hybridoma Bank; 12G10;
hybridoma supernatant). For identification of tryptic separase fragments a mixture of
three different separase antibodies was used: rabbit anti-Separase raised against
Arg2-Glu16 (Stemmann et al, 2001), Ser1305-Thr1573 (Zou et al, 1999) and
Arg1425-Ser1475 (Bethyl Laboratories). For Far Western analysis (Fig. 1F) the
corresponding PVDF-membrane was incubated with 10 ug/ml recombinant Pin1-WW
[aa1-54] over night at 4°C prior to detection with rabbit anti-Pin1 antibody (see
above). For immunoprecipitation experiments, the following affinity matrices and
antibodies were used: mouse anti-Myc Agarose (Sigma-Aldrich), mouse anti-Flag
M2-Agarose (Sigma-Aldrich), rat anti-HA Agarose (Roche), camel anti-GFP (gift from
A. Holland) coupled to NHS-sepharose (GE Healthcare), human IgG Sepharose (GE
Healthcare), protein G Sepharose (GE Healthcare) coupled to rabbit anti-securin
(raised against Hiss-tagged human securin) or unspecific rabbit IgG (Bethyl). For

immunofluorescence staining of fixed cells, mouse anti-Scc1 (1:500; Milipore), rabbit
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anti-survivin (1:400; Santa Cruz Biotechnology) and human anti-Crest (1:1,000;
Immunovision) were used. Secondary antibodies (all 1:500): Cy3 goat anti-human
IgG (Bethyl), Cy5 goat anti-mouse IgG (Bethyl) and Alexa Fluor 488 goat anti-rabbit
IgG (Invitrogen). Immunofluorescence microscopy was done as previously described
(Hellmuth et al., 2014). Pictures shown in figure 7D are representative maximum
projections (0.35 yM Z-increments over 8 yM , HCX PL APO 100x/1.40-0.70 oil

objective, DMI 6000 inverted Leica microscope).

Cell lines

For stable, inducible expression of Myce-Tevo-separase variants [WT: wild type;
S1126A: serine 1126 changed to alanine; ACLD: amino acids 1342-1400 deleted]
corresponding transgenes were stably integrated into Hek293-FIpIn-TRex
(Invitrogen). Clones were selected with 150 ug/ml hygromycin B (Roth). Induction of
transgenic Mycs-Tev,-separases was done using 0.2-1 ug/ml doxycycline (Sigma-
Aldrich) for 10-14 hours. For Fig. 5C, securin®™-Flag (more specifically, a transgene
encoding for a C-terminally Hisg-Flag-Hise-Flag-tagged securin with the following
changes: K9R, E10D, N11Q, R61A, L64A) was stably integrated and inducibly
expressed in HelLa-FlpIn-TRex as described (Hellmuth et al., 2014). All cells were
cultured in DMEM (GE Healthcare) supplemented with 10% FCS (Sigma-Aldrich) at

37°C and 5% COa,.

Cell treatments

For synchronization at the G1/S boundary, cells were treated with 2 mM thymidine
(Sigma-Aldrich) for 20 hours and then released into fresh medium. Synchronization
of cells in prometaphase was done by addition of nocodazole (Sigma-Aldrich) or
taxol (Calbiochem) to 0.2 ug/ml each 6 hours after release from a single thymidine
block or for 14 hours to asynchronous cells. G2 arrest was achieved by addition of

RO3306 (Santa-Cruz Biotechnology) to 10 uM 4 hours after release from a previous
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thymidine treatment. For the taxol-ZM experiments shown in figures 4A, 5C, and S4
taxol-arrested mitotic HeLa cells were harvested by shake-off and released for the
indicated times by replating into medium supplemented with ZM447439 (5 uM, Tocris
Biosciences), taxol (0.2 yg/ml) and cycloheximide (30 pg/ml, Sigma-Aldrich). Where
indicated, EGCG (100 pM; Sigma-Aldrich) or DMSO (as control) was added 1 hour
before ZM. In other cases of Pin1 inhibition, EGCG was added either together with
nocodazole for 14 hours (Fig. 2C) or 11 hours after release from a thymidine arrest
and 1 hour prior to cell fixation (Fig. 7B).

For transient expressions, Hek293T cells were transfected using a calcium
phosphate based method with pCS2-based plasmids encoding the following proteins:
Myce-Tevo-separase [WT; S1126A; ACLD; AAA: S1143A, S1153A, T1210A; SAA:
S1153A, T1210A; ASA: S1143A, T1210A; AAT: S1143A, S1153A; P1127A;
S1153A], ZZ-Tevy-separase, Flags-Pin1, GST-Tevs-WW [WW: amino acids 1-54],
GST-Tevs-PPlase [PPlase: amino acids 44-163], FLAG;-PPlase [WT; C113A], A92-
securin™®-Flag (more specifically, a C-terminally Hise-Flag-Hise-Flag-tagged securin
with the following changes: amino acids 1-92 and 161 deleted, K157V), untagged
securin-WT, A90-cyclin B1 [WT; 4A: $126,128,133,147A], and cyclin B1-8A-Flag
(more specifically, a C-terminally Hises-Flag-Hisg-Flag-tagged cyclin B1 with the
following changes: S$9,35,69,116,126,128,133,147A). To obtain separase-securin
complexes for Xenopus egg-extract experiments (Fig. 2B, 5A-B, 7A-B), transiently
transfected, separase and securin co-expressing Hek293T cells were synchronized
in S-phase to prevent Cdk1-cyclin B1-separase complex formation. For the
experiment shown in figure S4, Lipofectamine 2000 (Life technologies) was used
according to manufacturer's instructions to transiently transfect a pCS2-based
plasmid encoding H2B-mCherry-Scc1'”?®.eGFP into transgenic Hela cells

inducibly expressing Myce-Teve-separase-WT.
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RNA interference and clonogenic assay

For knockdown of human Pin1 as shown in figure 2C, cells were calcium phosphate
transfected for 12 hours with a mixture of two siRNA duplexes (PINT 3'UTR: 5'-
UCGCAAAGGUGAACACUCATT-3, PIN1 5°UTR: 5'-
GAGGGAAGAUGGCGGACGATT-3) at 80 nM, grown for additional 24 hours, and
then analysed. Luciferase siRNA (GL2) was used as negative control.

For the clonogenic assay (Fig. 2A) transgenic Hek293 cells were transfected with
PIN1 (or GL2) directed siRNAs as described above but at a concentration of only 40
nM. Then, 100 cells per condition were replated in medium containing either
doxycycline to induce the overexpression of Mycs-Tev,-tagged separase-WT (+ Dox.)
or the corresponding carrier solvent ethanol (- Dox.). Cells were grown for 7 days
before colonies were fixed in ice-cold methanol for 10 minutes. Staining with crystal
violet was performed as described (Franken et al, 2006) except for the use of ethanol
instead of glutaraldehyde. The number of colonies per plate with a minimal area of
20 (circularity 0.00-1.00) was determined automatically with the Imaged analyze
particle software. Corresponding Western samples were also taken after 7 days. To
this end, cells were initially plated at higher densities but otherwise under the same

conditions.

Immunoprecipitation

1x10" cells were lysed in 1 ml lysis buffer 2 (20 mM Tris-HCI pH 7.7, 100 mM NacCl,
10 mM NaF, 20 mM B-glycerophosphate, 5 mM MgCl,, 0.1% Triton X-100, 5%
glycerol) supplemented with complete protease inhibitor cocktail (Roche). Lysates
were cleared by centrifugation at 66,000 g for 35 min (Fig. 2B, 5A-B, and 7A-B) or
16,000 g for 30 min. Separase IPs (Fig. 4B and 5C) were performed as described
(Hellmuth et al, 2014). For precipitation of the Histon2B-mCherry-Scc14¢7.26s-€ GFP
fusion protein (Fig. S4) the corresponding lysates were treated with DNase A (50

pg/ml) for 30 minutes at 4°C prior to centrifugation at 1,500 g for 10 minutes. For
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Myc-, Flag-, HA-, GFP- and ZZ- (IgG binding domains of protein A)
immunoprecipitations, the corresponding agarose matrices were equilibrated in lysis
buffer 2, incubated with pre-cleared whole cell lysates (input) for 4 to 12 hours at
4°C, washed three times with lysis buffer 2, and finally eluted by TEV protease
treatment in TEV cleavage buffer (10 mM Hepes-KOH pH 7.7, 50 mM NaCl, 25 mM
NaF, 1 mM EGTA, 20% glycerol) for 40 min at room temperature or by boiling in non-
reducing SDS-sample buffer.

To estimate roughly what percentage of separase is switched from frans to cis in

anaphase, signals of associated securin from figure 5C were quantified and

DKM, 48 min, ~-EGCG 0 min, -EGCG _

calculated as following: 100 x 1 - [Sec. + (end.Sec.

end.Sec.*8 M “EGCE)

Recombinant proteins

Baculoviruses were produced following Invitrogen’s instructions for the Bac-to-Bac
System. Insect (SF9) cells were infected with individual baculoviral stocks or
mixtures thereof, each at an MOI of 1, further cultured for 58 hours, then treated for 2
hours with okadaic acid (0.4 yuM), and finally harvested. For production of human
A90-cyclin B1 carrying an N-terminal ArgGlySer(Hisg).-TEV.-tag corresponding SF9
cells (total of 5-10°) were dounced in 40 ml lysis buffer 3 (50 mM Na-phosphate
buffer pH 8.0, 500 mM NacCl, 5 mM NaF, 5 mM B-glycerophosphate, 0.2% Triton X-
100, 0.2 mM DTT) supplemented with 10 mM imidazole. After centrifugation at
16,000 g for 30 minutes, the supernatant was combined with 3 ml of Ni*-NTA-
agarose (GE Healthcare) and rotated for 3 hours at 4°C. The affinity matrix was
transferred into a column, washed with 15 volumes of lysis buffer 3 supplemented
with 20 mM imidazole, and eluted in 8 ml lysis buffer 3 supplemented with 250 mM
imidazole (and re-adjusted with HCI to pH 8.0). The protein was dialysed against 10

mM Hepes-KOH pH 7.7, 100 mM KCI, 1 mM MgCl,, 50 mM sucrose, 1 mM DTT. To
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produce active human Cdk1 complex, SF9 cells co-expressing Cdk1, His-tagged
A90-cyclin B1 (see above), and Cks1 were subjected to lysis and metal ion affinity
chromatography (IMAC) as described above. The eluate was dialysed against 30
mM Tris-HCI pH 8.5, 80 mM NaCl, 1 mM DTT, fractionated on a 1 ml HiTrap-Q
column (GE Healthcare) by applying a linear NaCl gradient, and dialyzed against 30
mM Hepes-KOH pH 7.7, 80 mM KCI, 30% glycerol, 1 mM DTT.

Hisg-Sumo1-tagged HRV-protease and Hisg-Sumo3-tagged A92-securin  were
expressed from pET28 plasmid (Novagen) derivatives in E. coli strain BL21(DE3).
Cells were lysed in 20-fold excess (v/iw) of PBS supplemented with additional 400
mM NaCl, 10 mM imidazole, and 0.5 mM DTT. After centrifugation and standard
IMAC, the eluates were incubated with Hisg-Senp2. Then, to remove the tag and the
Sumo-protease from the target protein, the HRV-protease preparation was run in 50
mM Tris-HCI pH 8.0, 250 mM NaCl, 5 mM EDTA over a Superdex75 (26/60; GE
Healthcare) and then adjusted to 20% glycerol. A92-securin was dialysed against
PBS supplemented with additional 400 mM NaCl, 10 mM imidazole, and 0.5 mM
DTT, subjected to a second IMAC (where it stayed in the flow-through), and finally
dialysed against 10 mM Hepes-KOH pH 8.5, 150 mM potassium acetate, 2 mM
MgCl,, 0.1 mM DTT. GST-Pin1 was expressed from a pGEX plasmid (GE
Healthcare) derivative in E. coli strain BL21. Cleared lysates of the corresponding
cells in PBS supplemented with 10 mM DTT were incubated with glutathion-
sepharose for 4 hours at 4°C. The affinity matrix was transferred into a column,
washed with 15 volumes of PBS supplemented with 10 mM DTT, and eluted by
rotation in PBS supplemented with 10 mM DTT and 50 mM glutathione (and re-
adjusted to pH 7.7) for 2 hours at 4°C. Finally, the protein was dialysed against CSF-
XB supplemented with 0.2 mM DTT. All purified proteins were snap-frozen in aliquots

and stored at -80°C.
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Experiments involving Xenopus egg extracts

%3-labeled Scc1-GFP was in vitro expressed by combining a corresponding pCS2
expression plasmid with SP6 RNA polymerase supplemented rabbit reticulocyte
lysate (TNT SP6 Coupled Transcription/Translation System from Promega) in
presence of **S-methionine (Hartmann Analytic) according to the manufacturers'
instructions. In parallel, separase-securin complexes immobilized on anti-Myc-, anti-
Flag-, or IgG-beads via a corresponding N-terminal tag on separase were combined
with a twenty-fold excess (v/v) of anaphase like Xenopus egg extract with
constitutively high Cdk1 activity. To prepare this extract, a standard CSF-extract
(Murray, 1991) was supplemented with cycloheximide (ad 100 ug/ml) and His-tagged
human A90-cyclin B1 purified from insect cells (ad 39 ng/ul or 550 nM) and released
with CaCl, (ad 0.6 mM) to trigger securin degradation. For the experiment shown in
figure 5B, the extract was additionally supplemented with EGCG (ad 100 yM) prior to
its release with calcium. In order to deplete Xenopus Pin1 (Fig. 2B), 170 pl protein A
Dynabeads-slurry (Life Technologies) were coupled to 40 yg anti-Pin1, washed, and
slowly rotated with 80 ul extract for 30 minutes at room temperature. As a negative
control, unspecific rabbit IgG was used instead of anti-Pin1. The magnetic beads
were removed from the extracts prior to the addition of Ca*". Where indicated, Pin1-
depleted extract was supplemented with recombinant human GST-Pin1 ad 0.3 ug/ul
(Fig. 2B). After incubation in egg extract for 1 hour at 18°C, separase-beads were re-
isolated, washed with CSF-XB containing additional 500 mM NaCl and 0,01% Trition
X-100 for 5 min each (“‘high salt wash”) to elute any associated Cdk1-cyclin B1
(unless specified other), and finally eluted by TEV protease treatment. For re-
inhibition experiments (Fig. 5A-B), separase-beads were incubated with recombinant
A92 securin at the indicated concentrations for 1 hour on ice, washed to remove
unbound securin and only then eluted with TEV protease. Scc1 cleavage was
performed either during TEV elution (Fig. 2B and 5A-B) with 30 pl beads in 30 pl TEV

cleavage buffer or after TEV elution (Fig. 7A-B) with 15 ul separase. In each case,
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samples were combined with 2.5 pl **S-Scc1-GFP and incubated for 20 to 30
minutes at room temperature. Immunoaffinity purified separase corresponding to one
confluent 14.5 cm tissue culture dish of transfected cells was sufficient for up to ten
Scc1 cleavage reactions. Samples were analyzed by SDS-PAGE followed by

Western blotting or autoradiography.

Tryptic digest

Mycs-Tevo-tagged separase in complex with securin was immunoprecipitated from
Hek293T cells arrested in interphase. Separase-securin complex on Myc-beads was
then incubated in anaphase like Xenopus egg extract with constitutively high Cdk1
activity in presence or absence of 100 yM EGCG. Securin-free separase was re-
isolated, subjected to a high salt wash (see above) and equilibrated in 50 mM Tris
HCI pH 8.5, 0.5 mM EDTA prior to elution with TEV-protease. Eluates were
combined with 80 ng trypsin (sequencing grade, Promega) in a total reaction volume
of 50 pl and incubated at 4°C. At indicated time points, 10 yl each were combined
with 10 pl 2x SDS-sample buffer. Samples were analyzed by SDS-PAGE followed by

Western blotting.

Reconstitution of separase isomerization in a purified system

Myce-Tev,-separase in complex with A92-securin®®'-Flag was isolated from
transiently transfected Hek293T cells on anti-Myc beads, washed, and eluted by TEV
protease treatment. The complex was then immobilized via securin by incubation of
the eluate with anti-Flag beads for 4 hours at 4°C. Beads were washed twice in 1x
protein kinase reaction buffer (NEB) and incubated for 30 minutes at room
temperature with an active complex of recombinant Cdk1 and Hiss-tagged A90-cyclin
B1 (40 pg/ml) in presence of ATP (300 pM). This was followed by addition of

recombinant GST-Pin1 (1 ug/ul) and incubation for 10 min at room temperature.

117



Aliquots of the beads were then combined with recombinant HRV protease (10
pg/ml), EGCG (100 uM; was added 10 min prior to HRV protease) and/or reference
solutions, as indicated (Fig. 4A). After 1 hour at room temperature beads were
washed three times with lysis buffer 2, eluted by boiling in non-reducing SDS-sample

buffer, and analyzed by immunoblotting.

Chromatin isolation

Starting from a taxol arrested culture of transgenic Hek293 lines expressing Myce-
Tev,-tagged separase-S1126A or -ACLD, 1x10° cells each were harvested at
indicated timepoints after ZM addition (Fig. 7C), washed once in PBS, resuspended
in 130 ul buffer A (10 mM Hepes-KOH pH 7.9, 10 mM KCI, 1.5 mM MgCl,, 10 %
glycerol, 1 mM DTT, supplemented with complete protease inhibitor cocktail) and
shifted to 4°C. Swollen cells were lysed by the addition of Trition X-100 ad 0.1% and
a 10 minutes incubation on ice. The resulting whole cell lysates were centrifuged
through a cushion of 200 ul buffer A supplemented with 0.9 M sucrose at 2,900 g for
15 min at 4°C. Following careful removal of the supernatants, which were used for
immunoblotting, chromatin pellets were washed once in 100 ul buffer B (3 mM
EDTA-NaOH pH 8.0, 0.2 mM EGTA-KOH pH 8.0, 1 mM DTT and complete protease
inhibitor cocktail). The isolated chromatin and aliquots of the input were boiled in

SDS-sample buffer and analysed by immunoblotting.

Chromosome spreads

For chromosome spreads, stepwise addition of 0.25 and 2 ml hypotonic buffer (40%
DMEM medium, 500 ng/ml nocodazole) to 1x10° cells were followed by a 5 minutes
incubation. The cells were then pelleted for 5 minutes at 100 g and fixed by stepwise
addition of 0.25, 0.25, and 2 ml of Canoy’s solution (methanol:acetic acid = 3:1),
Samples were incubated for 45 minutes at room temperature, washed twice with

Canoy’s solution and finally resuspended in 100 uyl Canoy’s solution. Of this cell
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suspension 5-7 ul were dripped onto a precooled coverslip and then dried at 60°C in
a humidified atmosphere. The specimens were then stained with Hoechst 33342 (1
pg/ml in PBS) for 10 minutes, washed twice each in PBS and water, and then air-
dried. Finally, the coverslips were put face down onto a drop of mounting medium
sitting on a glass slide. After sealing with nail-polish, the samples were analyzed by

epifluorescence microscopy using a HCX PL APO 100x/1.40-0.70 oil objective.

Mathematical modelling
The mathematical modelling of mitotic progression was based on the wiring diagram
shown in Fig. S5B. The network was converted into a set of nonlinear differential

equations which were solved numerically by freely available software XPPAUT

(http://www.math.pitt.edu/~bard/xpp/xpp.html). Kinetic parameter values and initial
conditions are specified in the file below, which can be used directly using XPPAUT:
# .ode file of separase activation kinetics

# MMCt represents free and APC/C-bound MCC
MCCt' = kasac - (kisac' + kisac*APC)*MCCt

# Total securin
SecT' = kssec*CHX - kdsec™SecT - Vdsec*(SecT - Complex) - Vdsec*Complex

# Sepfree is separase which is neither bound to securin nor to cyclin B1
Sepfree' = kssep*CHX - kdsep*Sepfree - kass*Sep*Sec + (kdis + kdsec' +
Vdsec)*Complex - kass2*Sepcis*CycB + (kdis2 + kdcycb' + Vdcych)*Comp2 -
kass3*Sepcis*CycBp + (kdis3 + kdcych' + Vdcycb)*Comp3

# Complex corresponds to the securin-separase heterodimer
Complex' = kass*Sec*Sep - (kdis + kdsep + kdsec' + Vdsec)*Complex

# Sepcis is the cis isomer of separase not bound to cyclin B1
Sepcis' = pin1*Sep - kdsep*Sepcis - kass2*CycB*Sepcis + (kdcycb' + Vdcych +
kdis2)*Comp2 - kass3*Sepcis*CycBp + (kdis3 + kdcycb' + Vdcycb)*Comp3

# CycB is free Cdk1-cyclin B1 not bound to separase
CycB' = kscycb*CHX - kpcdk*CycB*(CycB + CycBp) + Vdp*CycBp - (kdcycb' +
Vdcycb)*CycB - kass2*Sepcis*CycB + (kdis2 + kdsep)*Comp2

# Comp2 corresponds to the Cdk1-cyclin B1-separase complex with
unphosphorylated cyclin B1

Comp2' = kass2*Sepcis*CycB - kpcdk*Comp2*(CycB + CycBp) + Vdp*Comp3 -
(kdis2 + kdcycb' + Vdcycb + kdsep)*Comp2

119



# CycBp is free Cdk1-cyclin B1 not bound to separase and containing
phosphorylated cyclin B1

CycBp' = kpcdk*CycB*(CycB + CycBp) - Vdp*CycBp - (kdcycb' + Vdcycb)*CycBp -
kass3*Sepcis*CycBp + (kdis3 + kdsep)*Comp3

# Comp3 corresponds to the Cdk1-cyclin B1-separase complex with phosphorylated
cyclin B1

Comp3' = kass3*Sepcis*CycBp + kpcdk*Comp2*(CycB + CycBp) - Vdp*Comp3 -
(kdis3 + kdcycb' + Vdcycb + kdsep)*Comp3

# Cleaved cohesin
CleavCoh' = kcleav*Sepfree*(CohT - CleavCoh)/(Jcoh + CohT - CleavCoh)

# PP is the PPase responsible for cyclin B1 dephosphorylation
PP' = (kapp' + kapp*PP)*(1 - PP) - kipp*(CycB + CycBp)*PP

# MCC:APC/C complexes are calculated based on steady state assumption
BB = MCCt + APCt + kdiss

MCCAPC = 2*MCCt*APCt/(BB + sqrt(BB2 - 4*MCCt*APCt))

APC = APCt - MCCAPC

# Active APC is total APC minus MCC-inhibited APC
aux APC = APCt - MCCAPC

# Securin and cyclin B1 APC-dependent degradation rate functions
Vdsec = kdsec"*APC
Vdcycb = kdcycb"*APC

# Rate function for dephosphorylation
Vdp = kdp"™(1 - PP) + kdp*PP

# Free securin and free separase in trans form is calculated
Sec = SecT - Complex
Sep = Sepfree - Sepcis

# Normalised free Cdk1-cyclin B1 not bound to separase
aux relCycB = (CycB + CycBp)/(kscycb/kdcycb')

# All Cdk1-cyclin B1-separase complexes
aux CycBcomp = Comp2 + Comp3

# Initial conditions
init MCCt=5, SecT=5, Sepfree=0, Complex=0.8, Sepcis=0, CycB=0, Comp2=0,
CycBP=20, Comp3=0.2, CleavCoh=0, PP=0

p kasac=0.05, kisac'=0.1, kisac=1, kdiss=0.005

p APCt=1, CHX=1, kssec=0.005, kdsec'=0.001, kdsec"=0.15
p kass=100, kdis=0.01, kssep=0.001, kdsep=0.001

p pin1=30, kscycb=0.02, kdcycb'=0.001, kdcycb"=0.15

p kass2=2, kdis2=0.05, kass3=0.005, kdis3=0.00001

p kcleav=0.15, Jcoh=0.05, CohT=1

p kpcdk=1, kdp'=0, kdp=1,

p kapp'=0.01, kapp=1, kipp=1

@ total=80,dt=0.1,meth=STIFF,xlo=0,xhi=80,ylo=0,yhi=1.05 done
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Initial conditions correspond to prometaphase block with high level of Mitotic
Checkpoint Complex (MCC) and inactive APC/C. Simulations were started by
decreasing MCC activation rate from 0.5 min™ to 0.05 min™. In case of non-
degradable cyclin B1 its APC/C dependent degradation (Kqcyep”) Was set to zero. In
case of cyclin B1 overexpression its initial level was increased four-times higher (80)
than the typical value at prometaphase (20) and its rate of synthesis was elevated by
a factor of four as well. Protein synthesis inhibition by cycloheximide was simulated
by setting the parameter CHX equal to zero. The effect of Pin1 depletion (or
replacement of endogenous separase with the S1126A or P1127A variants) was
simulated by setting parameter ‘pin1’ and the initial values of cis-separase and its
complex with cyclin B1 (Comp3) to zero. Non-phosphorylable cyclin B1-8A was
simulated by setting kycax €qual to 0 and by applying the following changes in initial

conditions: Complex=0.6, CycB=20, Comp2=0.4, CycBP=0, Comp3=0.
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Abstract

Separase halves eukaryotic chromosomes in M-phase by cleaving
cohesin complexes holding sister chromatids together. Whether this
essential protease functions also in interphase and/or impacts
carcinogenesis remains largely unknown. Here, we show that
mammalian separase is recruited to DNA double-strand breaks
(DSBs) where it is activated to locally cleave cohesin and facilitate
homology-directed repair (HDR). Inactivating phosphorylation of its
NES, arginine methylation of its RG-repeats, and sumoylation
redirect separase from the cytosol to DSBs. In vitro assays suggest
that DNA damage response-relevant ATM, PRMT1, and Mms21
represent the corresponding kinase, methyltransferase, and SUMO
ligase, respectively. SEPARASE heterozygosity not only debilitates
HDR but also predisposes primary embryonic fibroblasts to
neoplasia and mice to chemically induced skin cancer. Thus, tether-
ing of separase to DSBs and confined cohesin cleavage promote DSB
repair in G2 cells. Importantly, this conserved interphase function of
separase protects mammalian cells from oncogenic transformation.
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Introduction

DNA double-strand breaks (DSBs) pose an enormous threat to
genome integrity because they frequently lead to cancer-associated
translocations. Therefore, DSBs trigger a DNA damage response
(DDR) leading to checkpoint-mediated cell cycle arrest followed by

DSB repair or apoptosis (Polo & Jackson, 2011). DDR involves hier-
archical recruitment and diverse posttranslational modifications
(PTMs) of proteins at DSBs. Early steps are phosphorylation of
histone variant H2AX at Ser139 (resulting in yH2AX) and Arg-
methylation-dependent recognition and resection of DSBs by the
MRE11-RAD50-NBS1 (MRN) complex (Polo & Jackson, 2011;
Thandapani et al, 2013). One branch of the subsequent DNA
damage signaling cascade consists of MRN-mediated recruitment
and activation of ATM kinase which—together with MDC1, 53BP1,
and other mediators—phosphorylates the effector kinase Chk2 (Polo
& Jackson, 2011). Non-homologous end joining (NHEJ) and homol-
ogy-directed repair (HDR) represent the two major pathways of
downstream DSB repair. The error-free HDR occurs primarily in S-
and G2-phase cells because it usually requires the undamaged sister
chromatid as a homologous template (Polo & Jackson, 2011).

The cohesin complex, whose Smcl, Smc3, and Rad21/Sccl sub-
units form a 40-nm tripartite ring, also plays an important role in
DSB repair (Sjogren & Nasmyth, 2001). However, its canonical func-
tions lie in sister chromatid cohesion and chromosome separation
(Nasmyth & Haering, 2009). Loading of cohesin onto chromatin in
telophase (higher eukaryotic cells) or late G1 (yeast) is catalyzed by
an Scc2-Scc4 complex, known as kollerin, and may involve transient
detachment of Smcl from Smc3 (Nasmyth & Haering, 2009).
Concomitant to replication in S-phase, the two arising sister chro-
matids of each chromosome are then entrapped within cohesin rings
and, thus, paired. Cohesion is stabilized by Escol/2-dependent
acetylation of Smc3 and binding of sororin and counteracted by the
anti-cohesive factor Wapl (Nasmyth & Haering, 2009). Phosphoryla-
tion-dependent inactivation of sororin in early mitosis enables Wapl
to somehow open the Smc3-Rad21 gate, thereby displacing cohesin
from chromosome arms (Buheitel & Stemmann, 2013; Nishiyama
et al, 2013). Centromeric cohesin/sororin is stabilized by Sgol-
PP2A-dependent dephosphorylation and removed only at the meta-
phase-to-anaphase transition when degradation of securin liberates
separase to proteolytically cleave Rad21 (Uhlmann et al, 2000; Liu
et al, 2013). Interestingly, a single DSB in yeast triggers the
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replication-independent, genome-wide enforcement of sister chro-
matid cohesion by de novo loading of cohesin. This recruitment was
most profound at the break and occurred in a YH2AX-, MRE11-, and
kollerin-dependent manner (Strom et al, 2004, 2007; Unal et al,
2004, 2007). On the other hand, Aragon et al reported a decrease in
cohesin from DSBs when re-synthesis of Rad21 was inhibited
(McAleenan et al, 2013). This decrease coincided with the damage-
induced formation of Rad21 fragments and the impairment of DSB
repair by expression of a separase-resistant Rad21 variant, observa-
tions which had previously been reported also for Schizosaccha-
romyces pombe and which suggested activation of separase during
DDR in postreplicative yeast cells (Nagao et al, 2004; McAleenan
et al, 2013). Cohesin accumulates at DSBs also in human cells (Kim
et al, 2002; Potts et al, 2006). However, whether mammalian sepa-
rase is activated during DDR to cleave cohesin at DSBs remains an
unresolved issue.

Overexpression of separase results in aneuploidy and tumorigen-
esis in the mouse model, occurs in several human cancers, and is
associated with poor clinical outcome (Zhang et al, 2008; Meyer
et al, 2009; Finetti et al, 2014; Mukherjee et al, 2014a,b). Conver-
sely, SEPARASE heterozygosity also causes genomic instability and
cancer in zebrafish and p53 null mice (Shepard et al, 2007;
Mukherjee et al, 2011) arguing that SEPARASE is both an oncogene
and a tumor suppressor gene at the same time and that separase’s
proteolytic activity needs tight control. Whether separase’s role in
tumorigenesis is due to its role in sister chromatid segregation and/
or a hitherto unknown function still needs clarification.

Here, we show that separase associates with DSBs in postreplica-
tive cells, where it is activated to locally cleave cohesin and facilitate
HDR. Its recruitment to damaged DNA requires three PTMs of sepa-
rase: inhibitory phosphorylation of a nuclear export sequence
(NES), Arg-methylation of a conserved RG-repeat motif, and sumoy-
lation of Lys1034. Importantly, SEPARASE heterozygosity simultane-
ously results the reduced DDR and heightened predisposition to
oncogenic transformation.

Results
Separase is recruited to DSBs

Previous yeast studies implied a role of separase in DDR (Nagao
et al, 2004; McAleenan et al, 2013). To address whether human
separase might have a similar function, we adopted a system to
induce site-specific DSBs (lacovoni et al, 2010; Caron et al, 2012).
Upon addition of 4-hydroxytamoxifen (OHT), the restriction
endonuclease AsiSI fused to an estrogen receptor (ER) re-locates
from the cytosol into the nucleus to cleave DNA at 8-bp recognition
sites (around 200 per cell; Chailleux et al, 2014), thereby triggering
formation of yH2AX- and phosphoChk2-positive foci (Fig EV1A).
When ER-AsiSI was expressed in a transgenic HEK293 line that
inducibly produces Myc-tagged separase in response to doxycycline
(Dox) addition (Boos et al, 2008), separase formed nuclear foci that
co-localized with yH2AX—but only when both OHT and Dox were
present (Fig EV1B). Similarly, overexpressed separase localized to
yH2AX-positive foci when the topoisomerase II inhibitor doxoru-
bicin (DRB) was used to inflict DSBs (Fig EV1C). Importantly,
endogenous separase also co-localized with YH2AX to sites of DNA
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damage as judged by immunofluorescence microscopy (IFM) of
DRB-treated HEK293 cells. Demonstrating the specificity of the DRB-
induced separase foci, they were absent in separase-depleted and
undamaged cells (Figs 1A and EV1D). To independently confirm
recruitment of endogenous separase to damaged sites, we conducted
chromatin immunoprecipitation (ChIP) experiments followed by
multiplex qPCR or qPCR (see Fig EV1E for length and positions of
PCR products). These analyses consistently revealed that, much like
an anti-yH2AX and unlike non-specific IgG, a separase antibody
precipitated DNA close to two different AsiSI sites if and only if
OHT was added, while a region that was more than 2.2 Mbp away
from the nearest AsiSI site did not co-purify (Fig 1B and C). The
specific recruitment of separase to DSBs was further enhanced by
induced overexpression of the protease (Fig EV1F).

Separase functions in HDR but not NHE]

Is separase of functional importance for DNA damage repair? Indi-
cating that this might indeed be the case, depletion of separase but
not mock treatment strongly compromised the ability of HEK293
cells to form colonies in the presence of camptothecin, a topoiso-
merase I inhibitor that causes replication-dependent DNA single-
and double-strand breaks (Fig EV2A and B).

We noted that not all yH2AX-positive interphase cells showed
Myc-separase foci and therefore pre-synchronized ER-AsiSI-expres-
sing cells in either G1- or G2-phase prior to OHT addition and analy-
ses (see Fig EV2C for timeline of the experiment). Successful
synchronization was confirmed by measurement of cyclin A2 and
DNA contents by immunoblotting and flow cytometry, respectively
(Figs 1D and EV2D). Lysates from these different cell populations
were benzonase-treated to digest DNA and then subjected to IP
using anti-Myc or unspecific IgG. Interestingly, YH2AX specifically
co-purified with Myc-separase from OHT-treated G2- but not G1-
phase cells (Fig 1D, lower part). Consistently, IFM revealed that
80% of DSBs containing G2 cells exhibited yH2AX- and Myc-
separase-positive foci as compared to merely 10% in the Gl1-
enriched pool (Figs 1E and EV2E). Due to imperfect synchronization
of the HEK293 cells (Fig EV2D), this probably represents an under-
estimation. These data therefore imply that separase is recruited to
DSBs exclusively in postreplicative cells.

Because HDR, but not NHEJ, requires the undamaged sister chro-
matid as a homologous template, the above result indicates a possi-
ble role of separase in HDR rather than NHEJ. To resolve this issue,
we adopted in vivo assays for HDR versus NHEJ (Pierce et al, 1999;
Gunn & Stark, 2012). Herein, the homing endonuclease I-Scel in
corresponding transgenic U20S cells introduces a single DSB, the
repair of which creates a functional GFP expression cassette only if
it occurs by HDR in one reporter line and by NHEJ in the other.
Following transfection of a SEPARASE-directed (SEP-1) or control
siRNA (GL2), the corresponding cells were again transfected to
express [-Scel in fusion with an estrogen receptor (ER) and synchro-
nized in early S-phase. Six hours after release from thymidine arrest,
cells were supplemented with OHT to induce nuclear accumulation
of the homing endonuclease (or with carrier solvent as a negative
control). Two days thereafter, cells were harvested and analyzed for
protein content by immunoblotting and for GFP fluorescence and
DNA content by flow cytometry. The OHT-induced GFP expression
was unaffected by separase in the NHEJ reporter line (Fig 2A and
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Figure 1. Human separase localizes to DSBs in postreplicative cells.

A Following transfection of given siRNAs and synchronization in G2-phase, Hek293 cells were DRB- or mock-treated and then subjected to IFM using the indicated
antibodies. Lower panels display a threefold magnification of the boxed area shown above. Scales bars correspond to 5 and 1 um, respectively. See Fig EV1D for
corresponding immunoblot.

B HEK293 cells were thymidine-arrested for 20 h, mock- or OHT-treated to induce DSBs by nuclear accumulation of ER-AsiS|, and then subjected to ChIP-multiplex PCR.
ChIP samples from (B) were analyzed by qPCR. Shown are averages (bars) of three independent experiments (dots).

D, E Separase interacts with yH2AX in DSB-containing G2 but not G1 cells. Transgenic HEK293 cells treated with Dox to induce expression of Myc-separase-WT and with
OHT to induce nuclear accumulation of ER-AsiSI and infliction of DSBs were synchronized in G1- or G2-phase and analyzed by IP-Western blotting (D) and by IFM
for yH2AX- and Myc-separase-positive foci (see Fig EV2E). The quantification of the IFM in (E) shows averages (bars) of three independent experiments (dots)
counting > 100 cells each.
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Figure 2. Separase supports HDR but not NHE]).

A-C Separase is required for proper HDR but dispensable for NHE]. U20S DR-GFP (HDR reporter) and U20S EJ5-GFP (NHE] reporter) cells were separase-depleted by
RNAI (SEP-I) or control-treated with GL2 siRNA, transfected to express HA-tagged ER-1-Scel, and then supplemented with OHT in G2-phase to induce nuclear
accumulation of the homing endonuclease. Ethanol-supplemented samples served as negative controls. Two days later, cells were subjected to immunoblotting (A)
and flow cytometry to quantify the percentage of GFP-positive cells (B) and PI-stained cellular DNA (C). The GFP quantification in (B) displays averages (bars) of
three independent experiments (dots).

D, E Co-depletion of Wapl and separase has a synergistic effect on HDR. U20S DR-GFP cells were transfected with the indicated siRNAs, treated as in (A + B) and
analyzed by GFP flow cytometry (D) and immunoblotting (E). Shown in (D) are averages (bars) of two to three independent experiments (dots).
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B). However, in the HDR reporter line depletion of separase resulted
in a markedly reduced GFP Western signal (Fig 2A) and 2.6-fold less
GFP-positive cells (Fig 2B). At the time of analysis, OHT-treated
HDR reporter cells lacking separase also displayed slightly enhanced
yH2AX and cyclin A2 signals and a modest accumulation in G2/M
(Fig 2A and C; see also Fig EV2F). This is consistent with a compro-
mised repair proficiency and consequent DNA damage checkpoint-
dependent delay of mitotic entry. To exclude the possibility that
compromised HDR in separase-depleted reporter cells was due to an
off-target effect, we tested four additional SEPARASE-directed
siRNAs (SEP-2-5) in the same assay. All reduced the number of GFP-
positive cells relative to the GL2 control, and all but one (SEP-3) did
so to a similar extent as did SEP-1 (Fig EV2F and G). Consistent with
SEPARASE being the relevant target, the weaker effect of SEP-3
correlated with its weaker knock-down efficiency (Fig EV2F). In
summary, these results demonstrate that human separase is
required for proper HDR but dispensable for NHEJ.

A rtole of cohesin in HDR is well established (Kim et al, 2002;
Strom et al, 2004; Unal et al, 2004; Potts et al, 2006). Simultaneous
requirement of its antagonist separase in the same repair pathway
seems counterintuitive at first. To clarify this issue, we analyzed
side by side the effects of cohesin and separase single and double
depletions in the abovementioned GFP-based HDR assay. Flow cyto-
metric quantification showed that RNAi of separase, Rad21, or
another cohesin subunit, Smclea, all reduced the amount of GFP-
positive cells to a similar extent and at least by a factor of 2, thereby
confirming the requirement of both cohesin and separase for proper
HDR (Fig 2D, columns 1-3 and 5). Interestingly, simultaneous
knock-down of separase together with Rad21 or Smclo only margin-
ally aggravated the HDR defect relative to the single depletions
(compare columns 2-6). We believe that effective HDR requires
heightening of both density and turnover of cohesin at DSBs (see
Discussion). Co-depletion of separase will increase residual cohe-
sion under conditions when cohesin becomes limiting, and this
might compensate for the negative effect on HDR of reduced cohesin
dynamics due to the sole absence of separase.

We also investigated Wapl, another anti-cohesive factor with key
function in proteolysis-independent cohesin removal (Kueng et al,
2006). While Wapl depletion alone reduced the GFP formation only
mildly, simultaneous knock-down of Wapl and separase had a clear
synergistic effect reducing the amount of GFP-positive cells in the
individual depletions from 2.8 and 4.6%, respectively, to 1% in the
double knock-down (Fig 2D, columns 2, 7, and 8). This suggests that
total abrogation of cohesin dynamics by interference with both
known anti-cohesive mechanisms leads to maximal impairment of
HDR. Immunoblotting not only confirmed the successful and even
knock-downs but also the flow cytometric quantification of GFP
(Fig 2E). Moreover, it revealed increased levels of YH2AX and cyclin
A2 in the absence of cohesin and/or separase indicating DSB persis-
tence and checkpoint-mediated cell cycle arrest under these condi-
tions (lower two panels).

Separase is activated at DSBs where it locally cleaves cohesin
Does human separase get activated to cleave cohesin in response to
DSBs similar to the situation in yeast? To address this question,

histone  H2B-mCherry-Rad21'%"2°.eGFP  was  constitutively
expressed in MYC-SEPARASE cells (Fig 3A, cartoon at bottom).

© 2018 The Authors
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Separase-dependent cleavage of this protease activity sensor causes
mCherry- and eGFP-positive chromatin to selectively lose its eGFP
signal. These doubly transgenic cells were transfected to transiently
express also AsiSI-ER, treated with OHT or carrier solvent for dif-
ferent times, and analyzed by immunoblotting (Fig 3A and B).
Indeed, this demonstrated DNA damage-dependent proteolysis of the
sensor (Fig 3A, bottom panel). Enrichment by IP of its soluble cleav-
age products revealed that endogenous Rad21 is also cleaved and
that these cleavage events increased with duration of DSB induction,
i.e., OHT treatment (Fig 3B). Separase activity was only slightly
enhanced by Dox-induced overexpression (Fig 3A and B), although
this resulted in considerably more protease being recruited to sites of
DNA damage as revealed by ChIP-qPCR (compare Figs 1C and
EVI1F). Under these conditions, the activation of separase therefore
seems to be limiting.

When sensor-expressing cells were treated in G2-phase with DRB
and the spindle toxin nocodazole, subsequent chromatin spreads
displayed some mitotic figures with yH2AX-positive foci on
condensed chromosomes, suggesting that the corresponding cells
had slipped from the DNA damage into the mitotic checkpoint arrest
(Fig 3C). Notably, yH2AX foci coincided with regions of decreased
eGFP fluorescence (or relative increase in mCherry over eGFP in an
overlay) indicative of local separase-dependent sensor cleavage.
This net loss of sensor from DSBs does not contradict the reported
overall accumulation of cohesin at DSBs because loading mecha-
nisms are fundamentally different for authentic cohesin versus the
histone-based sensor. Together, these results strongly indicate that
separase is activated at sites of DSBs to locally cleave cohesin during
DDR.

DNA damage- and phosphorylation-dependent inactivation of
separase’s NES

In undamaged interphase cells, separase is excluded from the
nucleus due to the presence of a nuclear export sequence (NES)
centered around position 1665 (Sun et al, 2006). Therefore, its NES
might be inactivated in response to DSBs to retain separase in the
nucleus. Interestingly, an NES in p53 is inhibited by DNA damage-
induced phosphorylation (Zhang & Xiong, 2001) and separase’s NES
is immediately flanked by a serine at position 1660. When Myc-
separase-WT was immunoprecipitated from cyclin A2-positive,
DRB-treated G2-phase cells, separase was detected in an immuno-
blot by a pan-specific phosphoSer antibody (Fig 4A). This signal
was greatly diminished in the absence of DNA damage or when
samples were phosphatase-treated prior to SDS-PAGE. Importantly,
the phosphoSer signal was also missing when a Ser-1660 to Ala vari-
ant instead of separase-WT was immunoprecipitated from DRB-
treated G2 cells. At the same time, YH2AX co-purified with separase-
WT but not separase-S1660A from benzonase-treated cell lysates
(Fig 4A), suggesting that the phosphorylation site variant is unable
to associate with DSBs (see below).

We then raised an antibody that specifically recognized phospho-
rylated Ser-1660 of separase. Confirming our earlier interpretations,
this anti-pS1660 strongly reacted with full-length Myc-separase-WT
from DSB-containing cells (Fig 4B). In contrast, Myc-separase-
S1660A from accordingly DRB-treated cells and separase-WT from
undamaged G2-arrested control cells were hardly recognized.
Importantly, this tool also allowed us to detect the NES
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A

Mammalian separase facilitates HDR  Susanne Hellmuth et al

B T T T T S = s
O I T T SR Cp
0 4 8 16 16 16 0 4 8 16 16 - -
T o o - ——— w == | full-length
— - ~ | cleaved
- - |4 cleaved
- - - - - - - - - - - + + INTRad21
- - - - - - - - - - - PDSA recomb. Sep.
Rad21 IgG - -
(Hect) (all)  merge (- yH2AX)

merge

Transgenic HEK293 cells constitutively expressing a separase sensor (cartoon below) and inducibly expressing Myc-separase were transiently transfected to express

Flag-AsiSI-ER, Dox- and/or OHT-treated in G2-phase, and analyzed by IP-Western blotting.

separase-SA or a protease-dead (PD) variant (Boos et al, 2008).

Cells from (A) were analyzed by IP-Western blotting for cleavage of endogenous Rad21. As a control, in vitro-translated (IVT) Rad21 was incubated with hyperactive

Sensor-expressing cells were treated in G2-phase with DRB and nocodazole for 6 and 2 h, respectively, prior to chromosome spreading and IFM using Hecl and

YH2AX antibodies. The separase sensor was detected based on autofluorescence of eGFP and mCherry, while Hecl and yH2AX antibodies were detected with
corresponding Cy5- and marina blue-labeled secondary antibodies, respectively. Note that sizes of spread chromosomes vary greatly with buffer conditions, which is

why no scale bar is shown.

phosphorylation of endogenous separase upon infliction of DSBs in
untransfected, G2-arrested HEK293T cells (Fig 4C).

Visible nuclear accumulation of separase (in the absence of DNA
damage) requires both mutational inactivation of the NES and
fusion of the protease with a nuclear localization sequence (NLS;
Sun et al, 2006). Transiently expressed NLS-eGFP-separase accumu-
lated in nuclei not only when bulky hydrophobic residues within
the NES were replaced by alanines (NESmut) but also when DSBs
were inflicted instead (Fig 4D, 2" and 3™ panel from top). In
contrast, NLS-eGFP-separase-S1660A was absent from nuclei even
in DRB-treated cells (6™ panel from top). Interestingly, an NLS-
eGFP-separase variant, in which Ser-1660 was changed to phospho-
rylation-mimetic Asp, behaved similar to separase-NESmut in that it
exhibited nucleoplasmic localization even in the absence of DNA
damage (7™ panel from top). Collectively, these results suggest that
DNA damage-induced phosphorylation of separase at Ser-1660 inac-
tivates its NES, thereby facilitating retention of the protease within
the nucleoplasm, from where it can then be recruited to DSBs.

Ser-1660 could serve as a substrate for ATM kinase according
to a Scansite search, albeit at

minimal stringency settings
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(Obenauer et al, 2003). Recombinant ATM purified from tran-
siently transfected HEK293T cells phosphorylated p53’s NES
(amino acids 9-22) in fusion with GST, an established model
substrate, but not GST alone (Fig 4E; Kim et al, 1999). Confirming
its specificity, this signal was extinguished in the presence of the
ATM-specific inhibitor KU-55933 and greatly diminished when a
preparation of a kinase-dead (KD) variant was used instead of
ATM-WT. Notably, the same results were observed using sepa-
rase-WT as a substrate, while separase-S1660A was not phospho-
rylated at all. Thus, ATM is capable of phosphorylating separase’s
NES at Ser-1660 in vitro. Consistent with these findings, KU-55933
addition to DRB-treated cells strongly reduced Ser-1660 phosphory-
lation of separase (Fig 4C) and largely compromised the nuclear
accumulation of NLS-eGFP-separase-WT but not NLS-eGFP-
separase-S1660D (Fig EV3A and B). This is in line with separase’s
NES being a direct substrate of ATM in vivo although we cannot
exclude indirect effects. Interestingly, active ATM also enhanced
the cleavage of Rad21 by separase in vitro (Fig EV3C and D),
which fits well to our aforementioned finding of local Rad21 cleav-
age at DSBs.

© 2018 The Authors
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Figure 4. NES phosphorylation and RG-repeat methylation of separase in response to DSBs.

A-C Serl660 is phosphorylated in response to DNA damage and required for the interaction of separase with YH2AX. HEK293 cells were arrested in G2-phase by sequential
thymidine and RO-3306 treatment, DRB- (+) or mock-treated (=), and then analyzed as indicated. (A and B) Myc-separase-WT or Myc-separase-S1660A-expressing cells
were subjected to IP-Western blotting using, among others, a pan-specific antibody against phosphorylated serine (A, pan-pS) or a separase antibody specific for
phosphorylated Ser1660 (B, pS1660). (C) DNA damage-induced Ser1660 phosphorylation of endogenous separase is largely blocked by ATM inhibition. G2-enriched HEK293
cells were treated with KU-55933 (0.3 puM) and/or DRB and analyzed by IP-Western blotting 12 h thereafter using the indicated antibodies.

D Preventing NES phosphorylation spoils nuclear localization of separase in response to DSBs. HelLaK cells expressing N-terminally NLS-eGFP-tagged separase
variants were treated with DRB or carrier solvent (— DRB) for 4 h and then subjected to IFM using anti-yH2AX and anti-Nup153 to visualize sites of DNA damage
and nuclear pore complexes, respectively. Transgenic separase was detected based on the eGFP autofluorescence. Note that due to their relatively high nuclear
concentration, co-localization of separase-WT and separase-S1660D with yH2AX foci is not discernable. Scale bar = 5 pm.

E In vitro phosphorylation of separase on Ser1660 by ATM kinase. Incubation of GST-p53 (amino acids 9-22), GST, separase-WT, or separase-S1660A with recombinant
ATM-WT, ATM-KD (kinase dead), and/or KU-55933 in the presence of [y->*P]-ATP was followed by immunoblotting and autoradiography.

F Arg-methylation of RG-repeats mediates recruitment of separase to DSB-containing chromatin. Myc-separase-WT- or Myc-separase-KG-expressing cells were
treated with DRB as indicated and analyzed by IP-Western blotting and Coomassie staining.

G In vitro Arg-methylation of separase’s RG-repeats by PRMTL. Incubation of histone H4, separase-WT, or separase-KG with recombinant PRMT1 or reference buffer
in the presence of S-adenosyl-L-[methyl-H]-methionine was followed by Coomassie staining and autoradiography.

RG-repeat methylation tethers separase to DSBs

Once retained in the nucleoplasm, how is separase recruited to
DSBs? DNA damage response involves Arg-methylation of several

© 2018 The Authors

proteins within RGG- or RG-repeat motifs (Thandapani et al, 2013).
For example, the MRN complex component Mrell can be modified
by the protein arginine methyltransferase 1 (PRMT1), and this Arg-
methylation was demonstrated to be required for MRN’s association
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with sites of DNA damage (Boisvert et al, 2005; Dery et al, 2008).
Interestingly, vertebrate separases contain a short RG-repeat motif.
The RGRGRAR motif centered around position 1426 of the human
enzyme was changed to KGKGKAK resulting in separase-KG. Myc-
tagged versions of separase-WT or separase-KG were immuno-
precipitated from DRB- or mock-treated G2 cells. Subsequent
immunoblotting revealed that separase-WT from DSB-containing
cells was recognized by an asymmetric dimethylarginine (ADMA)-
specific antibody, while the KG variant was not (Fig 4F, lanes 3-6).
Enrichment of chromatin prior to the IP demonstrated that sepa-
rase’s association with chromatin depended on both the DNA
damage and an intact RG motif and yielded more intense ADMA
signals (lanes 9-12). We established in vitro Arg-methylation using
bacterially expressed human PRMTI, S-adenosyl-L-[methyl->H]-
methionine, and histone H4 as a model substrate (Fig 4G, lanes 1
and 2; Wang et al, 2001). Importantly, recombinant separase-WT
was readily methylated by PRMTT1 in this assay, while the KG vari-
ant remained unmodified (lanes 3 and 4). In summary, these data
suggest that Arg-methylation of separase’s RG motif, possibly by
PRMT], targets the protease to DSBs.

NES phosphorylation and RG-repeat methylation are required for
separase’s function in DSB repair

While 87% of HEK293T cells cultivated in continued presence of
DRB exhibited yH2AX- and MDCIl-positive foci, this fraction
dropped to 32% within 24 h after DRB washout (Fig SA, compare
gray and blue bars in lane 1). Prior depletion of separase by RNAi
resulted in persistence of damage foci in 72% of cells (blue bar,
column 2), a defect which was fully reversed by Dox-induced
expression of Myc-separase-WT from an siRNA-resistant transgene
(column 3). This rescue offered the possibility to probe separase
variants for their retained ability to support DSB repair (see Fig 5B
for timeline of the experiment). Notably, separase-S1660A and a
variant, in which the NES was replaced by a non-phosphorylatable
superNES (Guttler et al, 2010), were unable to support DSB repair
in this recovery assay, while the phospho-mimicking separase-
S1660D did rescue (Fig 5A, compare columns 6, 9, and 12). YH2AX-
and MDCl1-positive foci also persisted after DRB washout when
endogenous separase was replaced by the KG variant (column 15).
In contrast to separase-WT and separase-S1660D, all other variants
failed to form damage-induced foci and to interact with YH2AX in
continued presence of DRB (Fig 5C and D, blue arrowheads). More-
over, separase-WT and separase-S1660D supported recovery from
the DNA damage checkpoint-induced G2 arrest as judged by drop in
YH2AX and cyclin A2 levels, while separase-superNES, separase-
S1660A, and separase-KG again failed to do so (Fig 5D, red arrows).
In summary, separase’s ability to localize to DSBs correlates with
DNA damage repair proficiency and depends on inhibitory phospho-
rylation of the NES and Arg-methylation of the RG-repeat motif.

Sumoylation of Lys1034 supports separase’s role in DSB repair

DNA double-strand break recruitment of several proteins, among
them 53BP1 and Rad52, is controlled by sumoylation (Sacher et al,
2006; Galanty et al, 2009). We therefore assessed whether sepa-
rase might also be sumoylated during DDR. Cells that expressed
Hisg-separase were DRB- or control-treated and subjected to
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denaturing immobilized metal ion affinity chromatography (IMAC).
Subsequent comparative separase and Sumo2/3 immunoblotting
revealed that separase is indeed sumoylated in response to DSBs
(Fig 6A). Conducting a similar pull-down (PD) but starting with
Hisg-Sumoz2-expressing cells, we could readily detect DNA damage-
dependent sumoylation of endogenous separase (Fig 6B). Although
separase contains three regions that match the canonical sumoyla-
tion consensus motif, the sequence surrounding lysine 1034 was
the most likely target according to bioinformatic prediction (Zhao
et al, 2014). We therefore transfected cells to co-express Hisg-
Sumo2 together with Myc-tagged separase-WT or separase-
K1034R. Consecutive DRB treatment, denaturing IMAC and
Western blot analysis showed that Myc-separase-WT co-purified
with Hisg-Sumo2, while the K1034R variant did hardly at all
(Fig 6C). Sumoylation of wild-type separase but not the K1034R
variant was detectable even in the absence of Sumo overexpres-
sion and upon native isolation of the protease by Myc-IP (Fig 6D).
Thus, Lys-1034 is a major, if not the only, target when separase is
sumoylated in response to DSBs.

What could be the separase-relevant Sumo E3 ligase? Mms21/
Nse2 is the SUMO ligase of the Smc5/6 complex and has an estab-
lished role in HDR (Potts & Yu, 2005). As a first step toward
addressing this issue, we therefore asked whether Mms21 could
sumoylate separase in vitro. Myc beads were loaded with Myc-
separase-WT or Myc-separase-K1034R or left empty, combined with
ATP, Sumo2, and the heterodimeric Sumo-activating enzyme (E1:
Sael/Aosl-Sae2/Uba2), and then incubated with recombinant
Sumo-conjugating enzyme (E2: Ubc9) and/or Mms21. Analysis of
the bead-less supernatant by SDS-PAGE and Coomassie staining
revealed that the formation of high molecular weight Sumo conju-
gates occurred only when both E2 and E3 were present (Fig 6E,
lower part). Importantly, Western blot analysis of the (washed) Myc
beads demonstrated sumoylation of separase-WT but not separase-
K1034R (Fig GE, upper part). Thus, Lys-1034 can serve as a target of
Mms21 in a reconstituted system.

For functional analyses, firstly we assessed separase-K1034R in
its ability to associate with chromatin upon DNA damage. In
contrast to separase-WT and similar to separase-KG, separase-
K1034R was unable to bind damaged, yH2AX-positive chromatin
pelleted by centrifugation from total cell lysates (Fig 6F). Secondly,
we interrogated separase-K1034R for its ability to functionally
replace endogenous separase in the aforementioned DSB-recovery
assay (see above text and Fig 5B). Using separase-WT and the KG
variant as positive and negative control, respectively, we could
show that separase-K1034R largely failed to support cellular recov-
ery from transient DRB treatment (Fig 6G). Taken together, this set
of experiments establishes Lys-1034 sumoylation, possibly by
Mms21, as an integral element of separase’s recruitment to DSBs
and function in DDR.

SEPARASE*'~ MEFs suffer from compromised DSB repair

We wanted to assess whether separase participates in HDR also in
non-transformed, primary cells and whether this function is
conserved in mammals. Therefore, we created SEPARASE™/~ mice
and from these MEFs (see Fig EV4A-C and the Materials and Meth-
ods section for details). SEPARASE*/~ MEFs were then compared to
MEFs from corresponding wild-type mice in their ability to recover

© 2018 The Authors
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Figure 5. NES phosphorylation and Arg-methylation of separase are required for proper DSB repair.

A Persistence of yH2AX- and MDC1-positive foci in the absence of NES phosphorylation or RG-methylation of separase. Transfected HEK293T cells were siRNA- and Dox-
treated to deplete endogenous separase and induce expression of the indicated, siRNA-resistant Myc-tagged separase variants, respectively. Then, they were
constitutively (— washout) or transiently exposed to DRB (+ washout) and finally quantitatively assessed by IFM for yH2AX- and MDC1-positive foci. Shown are
averages (bars) of three independent experiments (dots) counting > 100 cells each. Scale bar = 5 um.

Schematic of the experiment.

Recruitment of separase-WT and separase-S1660D but not separase-superNES, separase-S1660A, and separase-KG to DSBs. Cells from (A) were treated as indicated
and analyzed by IFM for co-localization of Myc-separase with yH2AX foci. Scale bar = 5 um.

Interaction of separase-WT and separase-S1660D but not separase-superNES, separase-S1660A, and separase-KG with yH2AX. Cells from (A) were subjected to IP—
Western blot analysis as indicated. Lanes that illustrate cellular levels of cyclin A2 and yH2AX after DRB washout and those that analyze interaction of Myc-separase
variants with yH2AX in the presence of DRB are labeled by red arrows and blue arrowheads, respectively.

from DRB-inflicted DNA damage. In wild-type MEFs, the fraction of
cells with foci, which were positive for yH2AX and another damage
marker, 53BP1, declined from 88.5% down to 32% within 24 h after

DRB washout (Fig 7A and B). However, in heterozygotes the
percentage of cells with these damage-induced foci dropped from
90.5% to merely 76% during the same period. Consistent with
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Figure 6. Sumoylation supports separase’s role in DSB repair.

A, B Separase is sumoylated in response to DSBs. HEK293T cells transfected to express Hisg-separase (A) or Hiss-Sumo2 (B) were treated with DRB or carrier solvent
(— DRB) and then subjected to denaturing IMAC followed by immunoblotting of input samples and eluates using the indicated antibodies.

CD

Lys-1034 is a major target of DSB-induced sumoylation of separase. HEK293T cells expressing Hiss-Sumo2 (C) or Myc-separase-WT or separase-K1034R (D) were

DRB- or mock-treated and subjected to denaturing IMAC or Myc-IP, respectively. Input samples and eluates were immunoblotted using the indicated antibodies.
E Mms21-dependent in vitro sumoylation of separase at Lys-1034. Myc beads were loaded with separase-WT or separase-K1034R or left empty (last lane), combined
with recombinant Ubc9 and/or Mms21, as indicated, and incubated in the presence of His6-Sumo2, Sael-Sae2, and ATP. Supernatant and washed beads were
analyzed by Coomassie staining (lower panels) and immunoblotting (upper panels), respectively.
F Cells expressing the indicated separase variants were DRB- or mock-treated and then lysed. Lysates and chromatin pelleted therefrom were assessed by
immunoblotting and Coomassie staining, as indicated. Note that the lanes shown in the upper panels, although not directly juxtaposed, nevertheless originate

from the same gel.

Preventing sumoylation of Lys-1034 compromises separase’s ability to support DSB repair. The indicated variants were probed for their ability to functionally

replace endogenous separase in HDR as described in Fig 6A and B. Shown are averages (bars) of three independent experiments (dots) counting > 100 cells each.

Source data are available online for this figure.

persistent DNA damage and checkpoint-mediated cell cycle arrest
and in marked contrast to the wild type, the levels of yYH2AX, phos-
phoChk2, and cyclin A2 hardly declined in the SEPARASE™/~ MEFs

during the 24 h of recovery from DRB (Fig 7C).
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We also

assessed damage-induced Rad2l
SEPARASE™’~ versus SEPARASE™/* MEFs. yH2AX and cyclin A2
accumulated comparably with increasing duration of DRB treat-

cleavage in

ment, indicating that the initial steps of damage response and the
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Figure 7. Compromised DSB repair in SEPARASE*/~ MEFs correlates with reduced damage-induced cleavage of Rad21.

A B SEPARASE'’* and SEPARASE*'~ MEFs were constitutively (— washout) or transiently exposed to DRB (+ washout) and then analyzed by IF for cells with yH2AX- and
53BP1-positive foci. Shown are averages (bars) of three independent experiments (dots) counting > 100 cells each. Scale bar = 5 pm.

C Cell lysates from one experiment in (A) were analyzed by immunoblotting using the indicated antibodies.

D,E SEPARASE** and SEPARASE'/~ MEFs were treated with DRB (+) or carrier solvent (—) for the indicated times and then analyzed by immunoblotting of total cell
lysates (D) and IPs using anti-Rad21 or unspecific IgG (E). The lower right two lanes show in vitro-expressed mouse Rad21 treated with hyperactive (SA) separase or

a protease-dead (PD) variant.

consequent checkpoint-mediated cell cycle arrest were intact in both
cell types (Fig 7D). Notably, Rad21-IPs followed by immunoblotting
revealed putative cleavage fragments (Fig 7E). Comparison of their
mobility pattern with that of murine Rad21, which had been
expressed and digested with active (SA) or protease-dead (PD) sepa-
rase in vitro (rightmost two lanes), confirmed their identities as
bona fide products of separase’s proteolytic activity. Importantly,
Rad21 cleavage increased with increasing duration of DRB treatment
and was always more pronounced in the wild type relative to the
heterozygote (Fig 7E). Thus, taking an active part in DDR is not
only a conserved feature of mammalian separase; this function is
also strikingly dependent on SEPARASE dosage.

Reduced levels of separase predispose murine cells to
oncogenic transformation

We have seen above that SEPARASE heterozygosity debilitates DSB
repair. But does this have any physiological consequences on a
cellular and organismal level? No differences in proliferation rate,
cell cycle re-entry, or senescence were detected between
SEPARASE™/~ and SEPARASE*’* MEFs (Gutiérrez-Caballero et al,
unpublished observation). The heterozygous MEFs did also not
exhibit any measurable increase in aneuploidies or lagging chromo-
somes in anaphase relative to wild-type cells (Fig EV4D and E).

Moreover, SEPARASE™/~ mice presented a normal life span and
were not predisposed to spontaneous tumorigenesis (Gutiérrez-
Caballero et al, unpublished observation). Given the strong connec-
tion between DSBs and carcinogenesis, we next compared
SEPARASE™/~ and SEPARASE™/™* MEFs in a cellular transformation
assay, which involved transduction of two cooperating oncogenes,
EIA and hRAS"'?. Interestingly, we obtained a much higher focus-
forming activity of the SEPARASE */= MEFs than of their wild-type
counterparts (Fig 8A). Thus, reduction in separase increases the
susceptibility to neoplastic transformation in primary cell cultures.
Encouraged by this phenotype, we next analyzed tumor initiation
and progression in SEPARASE "/~ versus SEPARASE™/* mice using
chemical induction. We chose the two-step skin carcinogenesis
protocol based on the use of DMBA as inductor and the mitogen TPA
as tumor promoter (Abel et al, 2009). The first skin papillomas (initi-
ation) appeared at the 7 week after DMBA application in both wild-
type and heterozygous mice (Fig 8B). However, the size and number
of skin lesions differed markedly between SEPARASE*’/* and
SEPARASE"/~ mice during the whole time of the experiment
(28 weeks). For instance, at 12 weeks after the beginning of the
experiment wild-type mice developed 2.7 tumors per animal
compared to a mean of 6 in heterozygotes (2.2 times more). At
28 weeks after DMBA application, SEPARASE*/* animals showed
1.7 papillomas per mice (mean) and SEPARASE"/~ mice presented
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Figure 8. Reduced levels of separase increases susceptibility to oncogenic transformation in mice.

A Transformation susceptibility of primary MEFs. SEPARASE*'* versus SEPARASE*/~ MEFs were infected to express E1A and hRas'*2 and then subjected to a colony
formation assay. Shown are representative images (left) and the graphical representation of the number of transformed foci (right) from two independent
experiments (bars = standard deviations).

B Two-stage DMBA (initiation) plus TPA (promotion) skin carcinogenesis. The number and size of skin papillomas are plotted against time for each genotype:
SEPARASE*"* (n = 8) versus SEPARASE™ ™ (n = 11).

C Representative hematoxylin- and eosin-stained sections from SEPARASE*/~ biopsies. (i) Glandular hyperplasia; (i) benign papilloma; (iii) squamous cell carcinoma.
Scale bars are 200 um in (i) and 500 pm in (i) and (iii).

D Quantitative histological assessment of the DMBA-TPA skin carcinogenesis assay. Given are numbers of total, and corresponding percentage in brackets.
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4.4 papillomas (2.6 times more). Likewise, the papillomas exhibited
a pronounced difference in size (Fig 8B). The majority of the wild-
type lesions (95%) were smaller than 3 mm, and none of them
exceeded 5 mm. However, 25% of SEPARASE"*/~ papillomas were
larger than 5 mm. To further investigate malignancy, we analyzed
tumor histology (Fig 8C and D). In the wild type, this showed that a
high proportion of lesions (62.5%) corresponded to small hyper-
plasias of the epidermis or glandular tissue, while the rest (37.5%)
were defined as benign papillomas. Conversely, in the heterozygous
mice only a small percentage (16.3%) of the lesions was classified as
mild epidermal or glandular hyperplasias, whereas a large fraction
was defined as benign papillomas (79.6%). Furthermore, one tumor
(2%) corresponded to a malignant lesion, i.e., a squamous cellular
carcinoma (Fig 8C and D). We conclude that SEPARASE is haploin-
sufficient in that the presence of its gene in only one copy strongly
promotes formation and progression of chemically induced skin
tumors in mice.

Discussion

We show here that mammalian separase has an important function
for the repair of DSBs by HDR. Fulfilling this function involves the
tethering of separase to the DNA lesions where it becomes proteolyt-
ically active to locally cleave cohesin. Together with previous studies
on yeasts (Nagao et al, 2004; McAleenan et al, 2013), our work now
firmly establishes that promotion of HDR is a conserved interphase
function of separase. At first sight, these findings seem to be at odds
with the well-documented facts that cohesin also accumulates at
DSBs and supports their repair (Kim et al, 2002; Strom et al, 2004;
Unal et al, 2004; Potts et al, 2006). However, when assessing the
roles of cohesin and separase side by side in the same in vivo assay,
we indeed find both to be required for efficient HDR (Fig 2D and E).
How can these observations be reconciled with each other? Actually,
proteolytic removal of cohesin does not exclude its simultaneous
hyper-recruitment but will merely result in heightened turnover of
cohesin at DSBs. These increased dynamics might be necessary for
effective repair by facilitating close juxtaposition of sister chromatids
while simultaneously granting the repair machinery access to cata-
lyze DNA end resection, strand invasion, DNA synthesis and resolu-
tion of recombination intermediates. Consistent with this model,
Aragon et al demonstrated compromised DSB resection and repair
efficiency upon expression of separase-resistant, non-cleavable
Rad21 in budding yeast (McAleenan et al, 2013).

We were able to image some chromosome spreads of DRB-treated
cells that expressed a histone-based separase activity sensor and had
slipped into mitosis despite persistent DNA damage (Fig 3C). This
revealed for the first time that the activation of separase does indeed
occur not globally but only locally. Nevertheless, given that separase-
dependent reduction in cohesin occurs only within ~10 kb around the
DSB in Saccharomyces cerevisiae (McAleenan et al, 2013), the zones of
cleaved sensor were surprisingly large, coinciding largely with the
YH2AX signal, which is known to spread up to almost 2 Mb (Iacovoni
et al, 2010). Remarkably, sensor cleavage, much like the yH2AX
signals, did not spread to the sister but only along the damaged chro-
matid, arguing that separase might not diffuse freely from the DSB but
be recruited over large distances and stay immobilized. Future ChIP-
gPCR experiments will clarify this issue.

© 2018 The Authors
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While the recruitment of yeast separase to DSBs remains enig-
matic, we begin here to elucidate this issue for human separase.
We identify three novel PTMs, an NES-inactivating phosphoryla-
tion, Arg-methylation within a conserved RG-repeat motif, and
sumoylation of Lys-1034, all of which are induced by DSBs and
necessary for the association of separase with yH2AX-positive
chromatin. Moreover, we reconstitute these separase PTMs in vitro
by using the DDR-relevant enzymes ATM, PRMT1, and Mms21,
respectively. While this answers some questions, others remain to
be addressed: Do ATM, PRMT1, and Mms21 act on separase
in vivo? What represents the anchor for modified separase on
damaged DNA? How can the selective recruitment of separase to
DSBs of only postreplicative cells be explained? And, most impor-
tantly, how is tethered separase activated at DSBs while simultane-
ously preventing global activation of the protease, which would
result in premature loss of cohesion? In regard to this last ques-
tion, it is interesting to note that an important role of the APC/C
coactivator Cdhl in HDR has recently emerged (Lafranchi et al,
2014; Ha et al, 2017). Given that the separase inhibitor securin is
slowly turned over in DRB-treated G2 cells in an APC/C™!-depen-
dent manner (Hellmuth et al, 2014), it is tempting to speculate
that DSB-associated separase might be activated by the Cdhl-form
of this E3 ubiquitin ligase.

Studying cellular transformation in EIA- and hRAS""?-expressing
MEFs as well as chemically induced skin carcinogenesis in mice, we
demonstrate that SEPARASE heterozygosity strongly predisposes
murine cells to oncogenic transformation. At the same time, these
cells show no signs of numerical chromosomal instability but are
clearly compromised in recovery from transient DRB treatment.
Thus, HDR seems to be more sensitive to limiting amounts of sepa-
rase than sister chromatid separation. Replacing SEPARASE by our
HDR-defective alleles should clarify whether the association of
SEPARASE heterozygosity with cancer might generally be explained
by weakened DSB repair rather than anaphase problems. A recent
study reports frequent mutations of SEPARASE and the cohesin
subunit STAGZ in transitional cell carcinoma, the predominant form
of bladder cancer (Guo et al, 2013). With HDR being the only cellu-
lar function in which cohesin and its nemesis separase collaborate,
it will be interesting to test whether the corresponding alleles might
exhibit selective defects in HDR.

Materials and Methods
Antibodies

The following antibodies were used for immunoblotting according
to standard protocols: rabbit anti-separase (1:1,500; Stemmann
et al, 2001), mouse anti-securin (1:1,000; MBL), mouse anti-Flag
M2 (1:2,000; Sigma-Aldrich), mouse anti-Myc (hybridoma super-
natant 1:50; DSHB; 9E10), mouse anti-SUMO2 (protein G-purified
hybridoma supernatant conc. 1.67 mg/ml diluted 1:500; DSHB;
clone 8A2), mouse anti-RGS-His (1:1,000; Qiagen), rabbit anti-phos-
phoSer139-histone H2A.X (yH2AX; 1:5,000; Millipore), rabbit anti-
asymmetric dimethylarginine (ADMA; 1:100; Acris), mouse anti-
cyclin Bl (1:1,000; Millipore), mouse anti-topoisomerase Ilo
(1:1,000; Enzo Life Sciences), mouse anti-cyclin A2 (1:200; Santa
Cruz  Biotechnology), mouse anti-phosphoSerine  (1:1,000;
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Invitrogen), rabbit anti-phosphoThr68-Chk2 (1:800; Cell Signaling),
mouse anti-Rad21 (1:800; Santa Cruz Biotechnology; B-2), rabbit
anti-Rad21 (1:1,000; Bethyl; A300-080A), rabbit anti-Smc1 (1:1,000;
Bethyl) mouse anti-Wapl (hybridoma supernatant 1:500; raised
against the first 88 aa; clone D9), mouse anti-GFP (hybridoma
supernatant 1:2,000; gift from D. van Essen and S. Saccani), goat
anti-GST (1:800; gift from D. Boos), rat anti-HA (1:2,000; Roche;
clone 3F10), and mouse anti-o-tubulin (hybridoma supernatant
1:200; DSHB; 12G10). For immunoprecipitation experiments, the
following affinity matrices and antibodies were used: mouse anti-
Myc agarose (Sigma-Aldrich), mouse anti-Rad21 coupled to protein
G sepharose (GE Healthcare), rabbit anti-separase (Hellmuth et al,
2014) coupled to protein A sepharose (GE healthcare), and an GFP-
binding, Escherichia coli-expressed, metal ion affinity-purified camel
antibody fragment covalently coupled to NHS-sepharose (GE Health-
care). For ChIP experiments, rabbit anti-yH2AX, rabbit anti-separase
(Hellmuth et al, 2014), or non-specific rabbit IgG (Bethyl) coupled
to protein A agarose containing salmon sperm DNA (Millipore) was
used. For non-covalent coupling of antibodies to beads, 10 pl of the
respective matrix was rotated with 2-5 pg antibody for 90 min at
room temperature and then washed three times with lysis buffer.
For IFM, newly raised rabbit anti-separase (aal,305-1,573; this
study), mouse anti-Hecl (1:800; Genetex), mouse anti-Myc (1:1,000;
Millipore; 4A6), rabbit anti-MDC1 (1:200; Abcam), rabbit anti-
53BP1 (1:500; Santa Cruz), mouse anti-Nup153 (1:1,000; Abcam),
rabbit anti-yH2AX (1:1,000; Millipore), and mouse anti-yH2AX
(1:2,500; Millipore) were used. For the detection of eGFP-tagged
separase variants (Figs 4D and EV3A) and eGFP- and mCherry-
tagged separase activity sensor (Fig 3C), autofluorescence was
imaged. Secondary antibodies (all 1:500) were as follows: Cy3
donkey anti-guinea pig IgG, Cy5 goat anti-rabbit IgG, and Cy5 goat
anti-mouse IgG (all from Jackson Immunoresearch Laboratories),
and Marina Blue goat anti-rabbit IgG, Alexa Fluor 488 goat anti-
rabbit IgG, and Alexa Fluor 488 goat anti-mouse IgG (all from Invit-
rogen).

Cell lines

For stable, inducible expression of Mycg-separase, a single copy of
the corresponding transgene was stably integrated into a HEK293-
FlpIn-TRex line (Invitrogen) by selection of clones at 150 pg/ml
hygromycin B (Figs 1D and E, 3, EV1B, C, and F, and EV2C-E). A
second, constitutively expressed transgene encoding histone H2B-
mCherry-Rad21'%72%%.eGFP (separase sensor) was integrated via ¢
C31-mediated site-specific recombination followed by selection at
270 pg/ml G418 sulfate (Sigma-Aldrich). Induction of transgenic
Mycg-separase was done using 0.2-1 pg/ml doxycycline (Dox;
Sigma-Aldrich) for 10-14 h. All human cells were cultured in
DMEM (GE Healthcare) supplemented with 10% FCS (Sigma-
Aldrich) at 37°C and 5% CO,. Mouse embryonic fibroblasts (MEFs)
were cultivated in DMEM supplemented with 10% FCS, 1% non-
essential amino acids, and 1% glutamine. Experiments shown in
Fig 7 were performed during the third passage. For transient, indu-
cible expression of Mycs-separase variants [WT, RG>KG (R1423,
1425, 1427, 1429K), NESmut (1661-AQEAPGDAPA-1670 instead of
1661-LQEMPGDVPL-1670), superNES (1749-DIDELALKFAGLDL-
1762 instead of 1749-SLQEMPGDVPLARI-1762), S1660A, S1660D,
and K1034R], HEK293-FIpIn-TRex (Figs 4A, B, and F, 5, and 6C, D,
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F, and G) or HeLaK cells (Figs 4D, and EV3A and B) were trans-
fected with the corresponding pcDNAS-based plasmids using a
calcium phosphate-based method or Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s protocol. To enrich sumoy-
lated separase species, in vivo expression plasmids for RGS-Hisg-
tagged SUMO2 (kindly provided by S. Miiller; Fig 6B and C) or
RGS-Hisg-tagged separase-WT (Fig 6A) were transfected into
HEK293-FlpIn-TRex cells. To introduce multiple site-specific DSBs,
HEK293-FlpIn-TRex cells were transiently transfected with pCS2
plasmid to express FLAG;-AsiSI-ER (Figs 1B-E, 3, EV1IA-C and F,
and EV2E). Alternatively, a single DSB was inflicted by transient
transfection of a pcDNA3-based plasmid into U20S cells (Figs 2,
and EV2G and F) to express I-Scel-ER. In both cases, cells were
subsequently treated with OHT.

Cell treatments

For synchronization at the G1/S boundary, cells were treated with
2 mM thymidine (Sigma-Aldrich) for 20 h. To introduce DNA
damage specifically in G2, cells released from a single thymidine
block for 4-6 h were treated with 0.5-1 puM doxorubicin (DRB; LC
Laboratories) or, in case of FLAG3-ER-AsiSI or HA-ER-I-Scel expres-
sion, with 1 uM 4-hydroxytamoxifen (OHT; Sigma-Aldrich) for 4 h
unless specified otherwise. Prior to ChIP, cells were exposed to OHT
for 12 h. To achieve a DNA damage checkpoint-independent G2
arrest, the Cdkl-inhibitor RO3306 (Santa Cruz Biotechnology) was
added to 10 uM 4-6 h after release from a thymidine arrest in all
cases but the washout (Figs 5, 6G, and 7A-C) and sumoylation
experiments (Fig 6A-D). For the inhibition of the ATM kinase, KU-
55933 (LC Laboratories) was given at the time of DRB addition for
4 h at 2 uM (Fig EV3A and B) or for 12 h at 0.3 uM (Fig 4C). To
inflict DNA damage on G1 cells, DSB-introducing agents (but no
R0O3306) were added 13 h after release from a G1/S block. For
doxorubicin (DRB) washout experiments, thymidine pre-synchro-
nized cells were DRB-treated for 1 h, detached from the culture
plate, and washed five times with fresh medium. Thereafter, cells
were divided for the indicated treatments (Figs 5, 6G, and 7A-C)
and DRB was re-added to samples “without” DRB washout. Approx-
imately 24 h after DRB removal, cells were analyzed for successful
DNA damage repair or persisting YH2AX- and MDC1- or 53BP1-posi-
tive foci.

Flow cytometry

Flow cytometry of propidium iodide-stained DNA/cells was done as
described (Hellmuth et al, 2014). To measure the amount of GFP flu-
orescence (Figs 2B and D, and EV2G) 48 h after infliction of a single
DSB by OHT addition, cells were trypsinized, resuspended in fresh
media, mixed 2:1 with 10% formaldehyde, and immediately
analyzed as described (Gunn & Stark, 2012). The cell population with
increased GFP fluorescence above background was gated in a loga-
rithmic FL2/FL1 plot to determine the percentage of GFP-positive
cells.

Immunoprecipitation

1 x 107 cells were lysed with a Dounce homogenizer in 1 ml lysis
buffer (20 mM Tris—HCI pH 7.7, 100 mM NacCl, 10 mM NaF, 20 mM
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B-glycerophosphate, 5 mM MgCl,, 0.1% Triton X-100, 5% glycerol),
combined with Benzonase® (ad 30 U/l; Santa Cruz), and incubated
on ice for 2 h. To preserve separase phosphorylation status
(Fig 4A-C), lysis buffer was additionally supplemented with 1 uM
okadaic acid (Sigma-Aldrich) and 1 pM microcystin LR (Alexis
Biochemicals). “Whole cell lysates” were centrifuged at 16,000 g for
30 min to give “high-speed supernatant” and at 2,500 g for 10 min
to give “low-speed supernatant” and a chromatin pellet, which was
resolubilized in lysis buffer supplemented with additional 400 mM
NaCl as well as 50 mM EDTA to give a “chromatin extract”. With
few exceptions (see below), 10 pl of antibody carrying beads was
incubated with 1 ml “whole cell lysate” for 4 h at 4°C and washed
Sx with lysis buffer before bound proteins were eluted by Tev-
protease treatment in Tev-cleavage buffer (10 mM HEPES-KOH pH
7.7, 50 mM NaCl, 25 mM NaF, 1 mM EGTA, 20% glycerol) for
40 min at RT (Fig 4G) or by boiling in non-reducing SDS sample
buffer (all other cases). To enrich soluble sensor- and Rad21-clea-
vage fragments relative to the chromatin-associated full-length
proteins (Figs 3A and B, and 7D and E), “low-speed supernatant”
instead of “whole cell lysate” was used for the GFP- and Rad21-IPs,
respectively. To purify separase as a substrate for Arg-methylation
or phosphorylation assays (Fig 4E and G), “high-speed supernatant”
instead of “whole cell lysate” was used for the Myc-IP. To enrich
Arg-methylated separase (Fig 4F), “chromatin extract” instead of
“whole cell lysate” was used for the Myc-IP.

RNA interference

For efficient knock-down, cells were transfected with calcium phos-
phate or RNAiMax® (Invitrogen) and 70 nM of single siRNA duplex
of SEP-01: 5-AACUGUUCUACCUCCAAGGUUAGAUUU-3' (was
generally used unless stated otherwise), SEP-02: 5'-GGACUGCCCUG
CACACCUA-3’, SEP-03: 5-GAAGAUCGUUUCCUAUACA-3’, SEP-04:
5-GAACUUCAGUGAUGACAGU-3', SEP-05: 5-GCUGUCAGAUAGU
UGAUUU-3', or SMCI_ORFI: 5-AAGAAAGUAGAGACAGA-3'. In
case of two siRNAs targeting the identical RNA, 40 nM each was
used: (i) RAD21_3'UTRI: 5-ACUCAGACUUCAGUGUAUA-3', and (ii)
RAD21_3'UTR2: 5-AGGACAGACUGAUGGGAAA-3'; and (i) WAPLI:
5'-CGGACUACCCUUAGCACAA-3', and (ii) WAPL2: 5-GGUUAAGU
GUUCCUCUUAU-3'. Transfected cells were grown for 12-24 h before
synchronization procedures were applied. Luciferase siRNA (GL2)
was used as negative control in variable concentrations.

Multiplex PCR

PCRs were performed with the same set of primers and conditions
as for qPCR (see below) except for the use of self-made Taq poly-
merase and 4 pl immunoprecipitated DNA or 1 pl input DNA as
template. Amplified fragments were separated on 6% PAGs (2.7%
cross-linker; 8 x 10 x 0.1 cm) in 0.5x TBE buffer (44.5 mM Tris,
44 5 boric acid, 1 mM EDTA) at 100 V for 45 min. Gels were stained
in ethidium bromide (1 pg/ml), destained in H,O and finally
analyzed under UV light (Gene Flash, Syngene Bio Imaging).

qPCR

For ChIP-qPCR, immunoprecipitated and input DNA were analyzed
in triplicates by real-time qPCR using the following primers:
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CGGGTTGGGCTTGAGTGAGG and AACCTGCCCCAACCCGATCA
for DSB1-A, GGAGTCGGCCGGGATCACAT and CCTTGCAAACC
AGTCCTCGTCC for DSB1-B, GGAGTCGGCCGGGATCACAT and
CCCCACAGCTTGCCCATCCT for DSB1-C, AGGACTGGTTTGCAA
GGATG and ACCCCCATCTCAAATGACAA for DSB1-D, GGGACA
TGTGAGACTGAAGAAGG and ACGCCTCTCCCACTCCCTCT for
DSB1-E, AACTTTAGGATGGGGGCTGCT and GCCATAACAGA
GGGTGGAAA for DSB1-F, TGCCGGTCTCCTAGAAGTTTG and
GCGCTTGATTTCCCTGAGT for DSB2-A, and CCCATCTCAACCTC
CACACT and CTTGTCCAGATTCGCTGTGA for “no DSB”. The
AsiSI-induced DSB sites are on chromosome 1 (DSB1) and chromo-
some 6 (DSB2). The AsiSI-negative locus (“no DSB”) maps to chro-
mosome 22. PCRs were assembled with Maxima SYBR® Green/ROX
master mix (Fermentas), 300 nM forward/reverse primer, and 2 ul
template DNA in 48-well plates (Applied Bioscience). gPCR was
performed at 59°C annealing temperature for 40 cycles in a StepOne
Real Time PCR system (Applied Bioscience). IP efficiency was calcu-
lated as percentage of input DNA immunoprecipitated (adjusted to
100%) with the following formula: 100 x 2(AC adiustedinput—AC; of IP)

Skin chemical carcinogenesis, histology, and
immunohistochemistry

For the induction of skin papillomas, a previously described multi-
stage carcinogenesis model was followed (Abel et al, 2009). Briefly,
the back skin of 8-week-old mice was shaved and painted with a
single dose of 25 pg DMBA (Sigma) dissolved in acetone 24 h later.
Forty-eight hours later, tumor growth was promoted by applying
12.5 ng of TPA (Sigma) dissolved in acetone twice a week for a
period of 12 weeks. The number and characteristics of the skin
lesions were annotated twice a week.

Skin papillomas and surrounding skin were fixed in 10%
formaldehyde for 24 h and subsequently embedded in paraffin.
Serial sections of 5 um were stained with hematoxylin and eosin
following standard procedures.

Additional experimental procedures are
“Appendix Supplementary Materials and Methods”.

described in

Expanded View for this article is available online.
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Immunofluorescence microscopy (IFM)

HelaK, mouse embryonic fibroblasts (MEFs) or transgenic Hek293-FIpin-
TRex cells grown on poly-lysine coated glass coverslips were washed once
with PBS (all IFMs except for those shown in figures 4D and EV3A) or a
digitonin-containing buffer to lower the cytosolic NLS-eGFP-separase signal
while leaving the nuclear envelope intact (Figures 4D and EV3A) (Joseph et
al, 2002). All samples were fixed with fixation-solution (PBS, 3.7%
formaldehyde, 0.3% Triton X-100) for 10 min at room temperature and
thenwashed twice with quenching-solution (PBS, 100 mM glycine). Cells were
then further permeabilized by treatment with permeabilization-solution (PBS,
0.5% Triton X-100) for 5 min which was followed by a PBS wash and an
incubation in blocking-solution (PBS, 1% (w/v) BSA) for 20 min at room
temperature. Coverslips were transferred into a wet chamber and incubated
with primary antibodies for 1 h followed by 4 washes with PBS-Tx (PBS, 0.1%
Triton X-100). After incubation with fluorescently labeled secondary antibodies
for 40 min, samples were washed once, stained for 10 min with 1 pg/ml
Hoechst 33342 in PBS-Tx and washed again 4 times. Finally, coverslips were
mounted in 20 mM Tris-HCI pH 8.0, 2,33% (w/v) 1,4-
diazabicyclo(2.2.2)octane, 78% glycerol on a glass slide.
Immunofluorescence microscopy (IFM) of fixed cells was performed on a DMI
6000 inverted microscope (Leica) using a HCX PL APO 100x/1.40-0.70 oil
objective. For the visualization of DNA-damage foci, Z-stacks series over 4
MM in 0.35 uM increments were collected, deconvoluted and projected into

one plane using the LAS-AF software.
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PRMT1 methylation assay

Hek293T cells were transiently transfected to express Myce-Tevz-separase-
WT or -KG together with securin-WT, arrested with thymidine to obtain post-
translationally unmodified separase and then lysed. Separase-securin
complexes were isolated from the corresponding high speed supernatants by
Myc-IP and Tev protease elution as described above and stored at -80°C. For
the methylation assay, 2 yg purified separase-securin or 2 ug histone H4
(NEB) were incubated with E. coli-expressed, metal ion affinity-purified Hise-
Sumo-PRMT1 (8 mg/ml) or reference buffer (25 mM Tris HCI pH 7.4, 0.2 mM
EDTA, 100 mM KCI, 20 % glycerol, 0.8 mM DTT) and 0.55 uCi of [methyl-3H]-
adenosyl-methionine (Hartmann Analytic) in 50 mM Tris-HCI pH 9.0, 5 mM
MgClz, 4 mM DTT and a total volume of 50 ul. Reactions were incubated for 2
h at 37°C and stopped by boiling in reducing SDS-sample buffer. Samples
were loaded twice onto the same SDS-PAG. One gel slice was subjected to
blotting onto PVDF membrane (0.2 uM pore size; Serva) and the other half
was Coomassie-stained. Following transfer, the PVDF was soaked in EN3-
HANCE (PerkinElmer Life Sciences) for 10 min, dried and exposed to X-ray
film (Amersham HyperfimTM MP; GE Healthcare) for 48 h. Signals were
visualized with developing and fixation solution according to manufactures

recommendation (Dentus F-100; AGFA).

ATM kinase assay

Mycs-separase-WT and -S1660A, each associated with securin-WT, were
expressed and purified as described for the methylation assay except that the
complex was left bound to beads. Active Flag-Hise-ATM-WT and -KD (kinase-

dead; D2870A, N2875K) were over-expressed in Hek293T cells by transient
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transfection of corresponding plasmids (Addgene, #31985 and #31986) and
purified as described (Rhodes et al, 2001). When supplemented with 10 mM
MnCl> and 5 uM ATP, the storage buffer (10 mM Hepes-KOH pH 7.5, 10 mM
B-glycerophosphate, 50 mM NaCl, 1 mM DTT, 1 mM NaszVO4, 1 mM NaF,
10% glycerol) simultaneously served as kinase reaction buffer. Each reaction
was conducted in a total volume of 50 ul containing 5-10 pg separase bound
to anti-Myc agarose (25 ul), 30 ug ATM kinase and 10 uCi [y-33P]-ATP
(Hartmann Analytic). In the positive and negative controls, separase beads
were replaced by 5 pg of recombinant GST-p53aa9-22 or GST alone,
respectively (Kim et al, 1999). Where indicated, ATM inhibitor Ku55933 (LC
Laboratories) was added to 10 uM prior to addition of the kinase. Reactions
were stopped after 1 h at 30°C by addition of non-reducing sample buffer and
elution of bound separase by boiling. Samples were analyzed by SDS-PAGE
followed by immunoblotting and autoradiography. In case of the Rad21
cleavage assay (Figures EV3C and EV3D), 1,5 ul of 3°S-labeled Rad21-GFP
IVT were pre-incubated with ATM kinase in presence of 10 uM ATP for 15
min followed by addition of purified active (SA) or inactive (PD) separase in a

reaction volume of 7 pl as described (Hellmuth et al, 2015).

Sumoylation assay

Mycs-separase-WT and -K1034R were expressed in Hek293T and
immunopurified with anti-Myc beads from lysates of asynchronous cells. 10 pl
of separase-loaded or empty beads were combined with 45 ng SAE1/SAE2
heterodimer, 2.5 ug of Hise-Sumo2 (Boston Biochem), 2 pl of energy
regeneration mix (10 mM phosphocreatine, 2 mM ATP and 3.5 U creatine

kinase), 0.2 ug of Ubc9 and/or 0.5 pg Hise-Mms21. Reactions were adjusted
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to 20 pl with 50 mM Tris-HCI (pH 7.5), 5 mM MgCl. and incubated for 2 h at
37°C. Afterwards, 10 pl supernatant were removed, boiled with SDS sample
buffer and analysed by SDS-PAGE and subsequent Coomassie staining. The
beads were transferred to 4°C, washed twice with 50 mM Tris-HCI (pH 7.5),
5mM MgClz, eluted in SDS-sample buffer and subjected to SDS-PAGE and
subsequent immunoblotting. All components of the Sumo-conjugation system
were human proteins expressed in E. coli and affinity purified using standard
protocols (additional information is provided upon request).
SUMO-conjugates were enriched by denaturing IMAC essentially as
described (Rodriguez et al, 1999). Briefly, damaged and undamaged cells
were harvested 14 h after DRB-addition, immediately lysed in 6 M
guanidinium-HCI (pH 8.0), 5mM imidazole and sonicated for 2 min (Bandelin
Sonopuls HD2070, 20% power and 50% duty cycle). Input samples were
generated by mixing 50 ul sonicated lysate with 2 ml ice-cold ethanol,
incubation for 1 h at -20°C, centrifugation at 16.000 g and re-solubilization of
the air-dried precipitate in 200 mM Na2HPO4/NaH2PO4 (pH 6.8), 8 M urea, 5%
(w/v) SDS, 1 mM EDTA, 100 mM DTT, and a trace of bromophenol blue. The
rest of the sonicated lysates was combined with 80 ul Ni2*-NTA-agarose
beads (Macherey Nagel) and rotated for 2 h at 18°C. Subsequently, beads
were successively washed with the following buffers: 6 M guanidinium—HClI,
0.1 M NazHPO4/NaH2PO4, 0.01 M Tris-HCI, 20 mM imidazole (pH 8.0); 8M
urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris-HCI, 5 mM R-mercaptoethanol
(pH 8.0); 8M urea, 0.1 M NaHPO4/NaH2PO4, 0.01 M Tris-HCI, 5 mM -
mercaptoethanol (pH 6.3) and finally with the latter buffer supplemented with

0.1% Triton X-100. Elution was performed by addition of 200 mM imidazole,
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5% SDS, 0.15 M Tris-HCI (pH 6.7), 30% glycerol, 0.72 M R-mercaptoethanol
with a trace of bromophenol blue and boiling for 10 min at 95°C. Input and
eluate samples were subjected to SDS-PAGE and subsequent

immunoblotting.

Chromatin immunoprecipitation

ChIP analysis was performed essentially as described (Carey et al, 2009).
Transgenic Hek293-FIpIn-TRex cells transiently expressing AsiSI-ER were
grown to confluency, pre-synchronized with thymidine, induced to express
Mycs-separase or left uninduced and, where indicated, treated with OHT for
12 h. Independent of OHT addition all cells were RO3306-treated to induce a
robust G2 arrest. Cross-linking was performed by adding formaldehyde to
growing cells to a final concentration of 1% for 10 min. After harvesting, cell
lysis, and centrifugation, pelleted nuclei were resuspended in nuclei lysis
buffer and sonicated 7x for 40 sec (Bandelin Sonoplus; microtip, 60% power,
80% duty cycle) with rest periods of 1min in between. This resulted in DNA
fragmentation to an average length between 300 and 1,000 bp. Nuclear
extracts were rotated for 3 h at 4°C with 10 yl of salmon sperm DNA protein A
agarose (Millipore). After removal of the beads, pre-cleared nuclear extracts
(each corresponding to roughly 20 x 108 cells) were supplemented with anti-
separase, anti-yH2AX, or non-specific IgG (8 pg each) and incubated
overnight at 4°C. This was followed by addition of 10 pl fresh salmon sperm
DNA protein A agarose (Millipore) and rotation for 3 h at 4°C. Eluted DNA and
aliquots (5%) of nuclear extracts (input) were supplemented with proteinase K
(Fermentas) ad 20 ug/ul and cross-links were reversed overnight at 65°C.

Finally, DNA from each sample was further purified with GeneJET PCR Kit
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(Thermo Scientific). Purified DNA was analyzed by multiplex- or quantitative

PCR.

Chromosome spreads for immunofluorescence

Transgenic Hek293-FIpIn-TRex expressing Mycs-separase and histone H2B-
mCherry-Rad21'%7-268.e GFP were released from a thymidine arrest (Figure
3C) . 6 hand 8 h later, they were treated with DRB and nocodazole (ad 0.2
pug/ml, Sigma-Aldrich), respectively. 10 h after release from thymidine, cells
were resuspended in hypotonic buffer | (50 mM sucrose, 30 mM Tris-HCI pH
8.2, 17 mM trisodium citrate, 0.2 pg/ml nocodazole), incubated for 7 min at RT
and subsequently centrifuged at 300 g for 3 min. Supernatant was removed
and cells were resuspended in a small volume of 100 mM sucrose and
immediately spread onto a coverslip that had been dipped into fixation buffer
(1% paraformaldehyde, 5 mM sodium tetraborate pH 9.2, 0.15% Triton X-
100). Drops of cell suspension were distributed by tilting. Once dried,
coverslips were washed several times with PBS and then stored in blocking-

solution (1x PBS, 1% (w/v) BSA) at 4°C overnight prior to IF staining.

Generation of SEPARASE mutant mice

In an attempt to regulate in a tetracycline-dependent manner the endogenous
SEPARASE, knock-in mice were generated by introducing a regulatory
cassette into the second exon where the initiator methionine is encoded
(Figures EV4A and EV4B) (Valbuena-Diez et al, 2012). Mice were derived
from positive recombinant ES clones by conventional breeding (see
supplementary methods). Unexpectedly, MEFs derived from mutant (+/TG)

mice were unable to regulate SEPARASE transcription in response to
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tetracycline treatment (Gutiérrez-Caballero et al., unpublished observation)
but instead showed constitutively reduced transcription of SEPARASE in
comparison with their wild type control (Figure EV4C). Homozygous mutant
SEPARASEY" mice were never obtained from heterozygous intercrosses
(Gutiérrez-Caballero et al., unpublished observation) suggesting lethality of
the targeted mutation, as has previously been shown for SEPARASE-deficient
mice (Kumada et al, 2006; Wirth et al, 2006). We conclude that the knock-in
mutation is a null allele of SEPARASE, which is why the corresponding

heterozygous mice are referred to as SEPARASE*".

Clonogenic assays

Hek293-FlpIn were transfected with siRNA against Separase (SEP-01) or
GL2 for 12 h followed by replating of 100 cells per condition in 10-cm dishes
and media containing 0.25 nM camptothecin (Abcam) were indicated. Cells
were grown for 12 days in continuous presence or absence of camptothecin
until colony formation was visible and then fixed in ice-cold methanol for 10
min. Staining was performed as described except for the use of ethanol
instead of glutaraldehyde (Franken et al, 2006). The number of colonies per
plate with a minimal area of 20 (circularity 0.00-1.00) was determined
automatically with the ImageJ particle analysis software (Figures EV2A and
EV2B).

MEFs were infected with pLPC E1A-hRasV'? and selected on puromycin (2
pug/ml) for three days. 4.000 resistant MEFs were plated in 10-cm dishes in
complete culture medium for 13 days. The medium was changed every 4

days. On the 13th day, medium was removed and cells were fixed with 10%
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formaldehyde, stained with 0.02% Giemsa (SIGMA), and the colonies were

quantified.
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Figure EV1. Separase localizes to DSBs.

A A system for induced introduction of site-specific DSBs. Transgenic HEK293 cells constitutively expressing FLAG-tagged AsiSI-ER were treated with OHT or carrier
solvent and then analyzed by IFM as indicated. Scale bar = 5 pm.

Transgenic HEK293 cells treated with Dox to induce expression of Myc-separase-WT and/or with OHT to induce nuclear accumulation of ER-AsiSI and DSBs were
analyzed by IFM as indicated. Scale bar = 5 pm.

YH2AX- and separase-positive foci formation in response to DNA damage by DRB. Prior to their analysis by IFM, transgenic HEK293 cells in G2-phase were Dox- and/
or DRB-treated to induce the expression of Myc-separase and/or inflict DSBs, respectively. Scale bar = 5 um.

D Western blot analysis of experiment shown in Fig 1A.

E Position and sizes of PCR fragments from the ChIP-multiplex PCR and ChIP-qPCR experiments. Schematic is not drawn to scale.

Transgenic HEK293 cells supplemented with Dox to induce expression of Myc-separase-WT were mock- or OHT-treated in G2-phase and then subjected to ChiIP-
gPCR. Shown are averages (bars) of three independent experiments (dots).

B
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Figure EV2. Depletion of Separase by RNAi compromises HDR as judged by a GFP-based in vivo assay.

A, B Depletion of separase renders human cells hypersensitive to camptothecin. Twelve hours after transfection of the indicated siRNAs, 100 HEK293 cells each were
plated onto 10-cm petri dishes. Another 12 h later, camptothecin (0.25 nM end concentration) or carrier solvent (DMSO) was added. Colonies were stained by
crystal violet 12 days thereafter and photographed (A). For each condition, three independent experiments were quantified by Image] (dots) and averaged (bars) (B).
Schematic of the experiment shown in Figs 1D and E, and EV2D and E.

Dox- and OHT-treated HEK293 cells synchronized in G1- or G2-phase were propidium iodide (PI)-stained and analyzed by DNA content by flow cytometry.
Representative IFM images of Dox- and OHT-treated HEK293 cells synchronized in G1- or G2-phase. Scale bar = 5 pm.

G U20S DR-GFP (HDR reporter) cells were transfected with GL2 or one of five different SEPARASE-directed siRNAs. Following a second transfection to express ER-

tagged I-Scel and addition of OHT to induce nuclear accumulation of the homing endonuclease, cells were subjected to flow cytometry (G) and immunoblotting (F).
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Figure EV3. ATM kinase activity is required for nuclear accumulation of separase in response to DSBs.
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A, B HelaK cells expressing N-terminally NLS-eGFP-tagged separase-WT or separase-S1160D were treated with DRB, KU-55933 (2 uM), or carrier solvent (—) for 4 h as
indicated and then subjected to IFM and Western blot analysis using the indicated antibodies. Transgenic separase was detected based on the eGFP
autofluorescence. Note that due to their relatively high nuclear concentration, co-localization of separase-WT and separase-S1660D with yH2AX foci is not
discernable. Scale bar = 5 pm.

C,D ATM enhances separase-dependent Rad21 cleavage in vitro. Rad21 was >°S-labeled by in vitro expression in reticulocyte lysate and treated with recombinant ATM
kinase in the presence of KU-55933 (10 pM) and/or ATP. Then, samples were incubated with recombinant separase and finally analyzed by SDS—PAGE and
autoradiography. Wild-type (WT) or kinase-dead (KD) variants of ATM and hyperactive (SA) or protease-dead (PD) variants of separase were employed as indicated.
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Figure EV4. Gene targeting of the separase locus.

A

Diagrammatic representation of the relevant 5’ region of the SEPARASE locus. Exons are depicted as boxes with coding regions in gray. As indicated, the start (ATG)
and stop (TGA) codons are located within exons E2 and E31, respectively. The regulating cassette from the TriTAUBI-Bd plasmid is enclosed by a rtTS-tTA cassette
(Hayakawa et al, 2006). The selection markers NEO and URA are flanked by loxP sites (indicated by a P within red arrowheads). The minimum cytomegalovirus
promoter (CMV), the tetO repeated sequences (tetO), all EcoRV (RV) sites, and the position of the Southern probe (see B) are indicated.

Southern blot analysis of EcoRV-digested genomic DNA from tails of wild-type (WT = +) mice and those with the targeted mutation (TG) before and after Cre-
mediated deletion of the selection cassette (TG ANEO). See (A) for expected sizes of ECORV fragments.

Separase expression is halved in SEPARASEY~ MEFs. Northern blot analysis and densitometry were used to quantify the expression of SEPARASE mRNA normalized to
the expression of ACTIN in total RNA preparations from SEPARASE™"* versus SEPARASE*~ MEFs (n = 4). Values represent means + standard deviations.

No increase in aneuploidy in SEPARASE*~ MEFs. MEFs were treated with colcemid for 4 h and processed using standard methanol-acetic fixation followed by DAPI
staining. MEFs from three embryos of each genotype and more than 100 metaphases per sample were counted. Values represent means + standard deviations.

No increase in lagging chromosomes in SEPARASE™~ MEFs. Cells passaged the day before were directly fixed and stained with DAPI. MEFs from three embryos of each
genotype and more than 100 anaphases per sample were counted. Values represent means + standard deviations.
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M Check for updates

Separation of eukaryotic sister chromatids during the cell cycle is timed by the spindle
assembly checkpoint (SAC) and ultimately triggered when separase cleaves
cohesion-mediating cohesin', Silencing of the SAC during metaphase activates the

ubiquitin ligase APC/C (anaphase-promoting complex, also known as the cyclosome)
andresultsin the proteasomal destruction of the separase inhibitor securin’. In the
absence of securin, mammalian chromosomes still segregate on schedule, but itis
unclear how separase is regulated under these conditions**. Here we show that human
shugoshin 2 (SG02), an essential protector of meiotic cohesin with unknown
functions in the soma®’, is turned into a separase inhibitor upon association with
SAC-activated MAD2.SGO2-MAD2 can functionally replace securin and sequesters
most separase in securin-knockout cells. Acute loss of securin and SGO2, but not of
either protein individually, resulted in separase deregulation associated with
premature cohesin cleavage and cytotoxicity. Similar to securin®’, SGO2is a
competitive inhibitor that uses a pseudo-substrate sequence to block the active site of
separase. APC/C-dependent ubiquitylation and action of the AAA-ATPase TRIP13 in
conjunction with the MAD2-specific adaptor p31°°™* liberate separase from SGO2-
MAD2 invitro. The latter mechanism facilitates a considerable degree of sister chromatid
separationin securin-knockout cells that lack APC/C activity. Thus, our resultsidentify an
unexpected function of SGO2 in mitotically dividing cells and a mechanism of separase
regulation thatisindependent of securin but still supervised by the SAC.

In all eukaryotic cells, anaphase is triggered when chromosomal
cohesinis cleaved by the essential Cys-endopeptidase separase>'.
To prevent the premature loss of sister chromatid cohesion, separase
needs to be tightly controlled. Separase is competitively inhibited by
association with securin for most of the cell cycle. Only in metaphase
does the E3 anaphase-promoting complex or cyclosome (APC/C)
mediate the degradation of securin via the ubiquitin-proteasome
system, thereby activating separase’. The destruction of securin
is timed by the SAC, which keeps the APC/C co-activator CDC20
inactive until all kinetochores are properly attached to spindle
microtubules’.

S$GO2is aprominentinteractor of separase

Unexpectedly, securinis not essential in human cells or mice**. This
can partially be explained by CDK1-cyclin Bl-dependent regulation
of separase®. Mouse Cdc20” embryos arrest in metaphase with
cohered chromosomes because they cannot degrade either cyclin
Blorsecurin'® Notably, double knockout of Cdc20 and Pttgl (which
encodessecurin) resulted inarrest with separated sister chromatids;
this defect was rescued by constitutive activation of the SAC', which
suggest that there is a SAC-dependent but securin-independent
mechanism to control separase. Rather than being stimulated by
the SAC, the binding of CDK1-cyclin Bl to separase is dampened by

phosphorylation of cyclin B during early mitosis'. However, a link
between the SAC and the cohesin protector shugoshin (S§GO) had
previously beenidentified in that human SGO2—similar to CDC20—
is bound by the essential SAC component MAD2’. Notably, mouse
SGO2 and separase interacted when co-expressed in Hek293 cells
(Extended Data Fig. 1a; see, however, Extended Data Fig. 1b). These
findings led to the idea that SAC-activated MAD2 could enable SGO2
to bind and inhibit separase. Indeed, when endogenous human
separase was isolated by immunoprecipitation (IP) from untrans-
fected, prometaphase-arrested Hek293T or untransformed RPE-1
cells,SGO2 (but not the related SGO1) and MAD2 co-purified, along
with the known interactors securin and cyclin B1 (Fig. 1a, Extended
Data Fig. 1c). In contrast to separase, SGO2 and MAD2 were unde-
tectablein asecurin IP and, vice versa, securin and cyclin Bl were
absent from an SGO2 IP (Fig. 1a). With previous results®, these
data argue that three mutually exclusive complexes co-exist in
human mitotic cells: separase-securin, separase-CDK1-cyclin B1
and separase-SGO2-MAD2. Following immunodepletion of the
three inhibitors from taxol-arrested Hek293T, HCT116 and HeLa-K
cells, we quantified the relative amounts of associated separase. On
average, 59,35, and 6% of total separase was sequestered by securin,
SGO02, and cyclinB1, respectively (Extended Data Fig. 1d). Notably,
in mitotic PTTGI" cells, most separase (85%) was in complex with
SGO2 (Fig. 1b).

'Chair of Genetics, University of Bayreuth, Bayreuth, Germany. 2Molecular Mechanisms Program, Centro de Investigacién del Cancer and Instituto de Biologia Molecular y Celular del Céncer
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Fig.1|MAD2-dependentbinding of human SGO2toseparase. a, Endogenous
proteins wereimmunoprecipitated (IP) from taxol-arrested Hek293T cells and
analysed by immunoblotting. Mock, nonspecific IgG. Sep., separase; sec.,
securin; cyc.B1, cyclin B1. b, Lysates from taxol-arrested PTTGI”" cells were
subjected to consecutiveimmunodepletions and analysed by immunoblotting.
¢, Transgenic Hek293 cells depleted of SGO2 or control-treated (Ctrl) were
transfected to express siRNA-resistant SGO2 variants asindicated (transgen.
SGO2; wild-type (WT), R153D or N58lI), induced with doxycycline to express
CDK1-cyclin Bl-resistant, stabilized Myc-separase(S1126A), arrested in

MAD2 enables SGO to bind separase

To test whether binding of SGO2 to separase required MAD2, we
used RNA interference (RNAi) to deplete cells of endogenous
SGO2 and replaced it with small interfering RNA (siRNA)-resistant,
transgene-encoded variants. Subsequent immunoprecipitation of
co-expressed Myc-separase showed that the MAD2-binding-deficient
SGO2(R153D) wasunabletointeract with separase, whereas SGO2(N58I),
which cannotinteract with protein phosphatase 2A (PP2A)’, stillbound
to MAD2 and separase (Fig. 1c). The SAC-shugoshin link is conserved
in Xenopus, with the difference that here SGO1rather than SGO2binds
MAD?2 and separase’ (Extended Data Fig. 2). Thus, the separase-shu-
goshin interaction depends on active MAD2 and is conserved in ver-
tebrates.

The separase-SG0O2-MAD2 complex was present in cells arrested
in G, early S, G2, and prometaphase (Fig. 1d) but not in taxol-treated
HeLa-K cells that were driven into an anaphase-like state by SAC abro-
gation with the auroraBkinase inhibitor ZM-447439 (Fig. 1e). This cell
cycle distribution mirrored that of CDC20-MAD2, the formation of
whichin interphase requires MAD1-dependent MAD2 activation at
nuclear pore complexes (NPCs)?. Consistently, separase-SGO2-MAD?2,
similar to CDC20-MAD2, became (almost) undetectable in unsyn-
chronized HeLa-K cells depleted of MAD1and/or the NPC component
TPR (Fig. If). Thus, conformationally activated MAD2 enables SGO2
to sequester separase through all of the cell cycle except for a short
period of SAC inactivity during late mitosis.

Separase deregulation uponloss of securinand SGO

Overexpression of a CDK1-cyclin Bl-resistant and stabilized
separase(S1126A) variant causes premature sister chromatid separa-
tion (PCS) in Hek293T cells>*. This PCS phenotype was aggravated
by siRNA-mediated depletion of endogenous SGO2 and alleviated

prometaphase, and then analysed by IP-immunoblotting (left) and
chromosome spreading (right). Bars show mean of three independent
experiments (dots). Cat., catalytic subunit.d, HeLa-K cells synchronized
intheindicated cell cycle phases were subjected to IP-immunoblotting.

e, Taxol-arrested HeLa-K cells were released with ZM-447439 and subjected to
time-resolved IP-immunoblotting. f, Control, MAD1-depleted, or
TPR-depleted, thymidine-arrested HeLa-K cells were analysed by IP-
immunoblotting. a-tub., a-tubulin.

by simultaneous slight overexpression of wild-type SGO2 from an
siRNA-resistant transgene (Fig. 1c). SGO2(R153D) did not rescue PCS
in this cellular assay, whereas transgenic SGO2(N53I) remained func-
tional. Together, these findings suggest that SGO2 mightindeed have
aninhibitory effect on separase and that this effect requires binding
of MAD2 but not PP2A to SGO2.

By recruiting PP2A to (peri)centromeres, SGO2 exerts essential
cohesin protective functions throughout meiosis I but, similar to
securin, itis dispensableinsomatic cells®”. If securinand SGO2-MAD2
could functionally replace each other as crucial negative regulators
of separase, then co-depletion of securin and SGO2 should result in
detrimental deregulation of separase. First, we assessed overall effects
oncellviability and proliferation using clonogenic assays. As expected,
knockdown of securin or SGO2 alone had no effect or only a small
inhibitory effect, respectively, on HeLa-K colony formation (Fig. 2a,
Extended Data Fig.3a). By sharp contrast, hardly any clones grew when
both separase interactors were depleted at the same time. Similarly,
depletion of SGO2 virtually extinguished colony formation in PTTGI "~
cells, whereas it only halved colony numbers in the parental HCT116
cellline (Extended Data Fig. 3b). The same tendencies were found for
Hek293T cells, although the effects were less pronounced (Extended
DataFig. 3c). Live imaging of histone H2B-eGFP-expressing HeLa-
K cellsrevealed that the individual knockdowns did not affect mitosis;
however, when both securin and SGO2 were missing, the ability to form
proper metaphase plates was markedly compromised (Extended Data
Fig.4a).HeLa-K cellslacking securinand SGO2 were also marked by the
otherwise uncommon absence of cohesin from early mitotic chromatin
(Extended DataFig. 4b). Individual knockdown of securin or SGO2 had
no effect on cohesion, whereas simultaneous removal of both resulted
inPCSasjudged by chromosome spreads from prometaphase-arrested
Hek293T cells (Extended Data Fig. 4c, d). The PCS phenotype was
further fortified by chemical inhibition (using epigallocatechin-
3-gallate (EGCG)) of PIN1, a peptidyl-prolyl-isomerase required for
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Fig.2|Co-depletion of securinand SGO2is cytotoxicandresultsin
prematuresister chromatid separation and cohesin cleavage. a, Exemplary
photographs of clonogenic assay with HeLa-K cells transfected with the
indicated siRNAs. Scale bar,1cm. b, siRNA-transfected Hek293T cells were
supplemented with taxoland EGCG and analysed by chromosome spreading.
Bars show mean of three independent experiments (dots). ¢, siRNA-transfected
HeLa-K cells were taxol-treated and analysed by IP-immunoblotting. WCE,
whole-cell extracts.d, Securin-depleted (siPTTGI) and separase-depleted
(siESPLI)Hek293T cells expressing siRNA-resistant, transgenic separase
(wild-type, AEEEL (V4), or MxXIXEE to AxxAxAA (V5)) were treated with taxol
and EGCG and analysed by chromosome spreading (left) and IP-
immunoblotting (right). Bars show mean of three independent experiments
(dots). Arrowhead marks auto-cleaved separase.

CDK1-cyclin Bl-dependent inhibition of separase" (Fig. 2b, Extended
DataFig. 4c, d).Inkeeping with the separase-SGO2 interaction being
dependent on MAD2, partial removal of MAD2, which alone had no
effect, inhibited colony formation and exacerbated PCSin conjunction
with RNAi of securin (Fig. 2b, Extended Data Figs. 3, 4c, d). All of these
phenotypes could be explained by precocious separase-dependent
cleavage of cohesin. Indeed, consistent with a previous study in yeast?,
the characteristic fragments of the RAD21 subunit of cohesin were
detected in prometaphase-arrested cells if—and only if—both securin
and SGO2had beendepleted (Fig. 2¢c). Likewise, atransiently expressed
separase activity sensor was already maximally cleaved in securin-and
SGO2-depleted HeLa-K cellsinataxol arrest, whereas in mock-depleted
cellsthesensorwas cleaved only uponaddition of ZM-447439 (Extended
DataFig.4e).Screening of separase mutantsidentified two variants (V4
andV5) that could notinteract with SGO2-MAD2 (Extended DataFig. 5).
When endogenous separase was replaced by these variants, depletion
of securin was sufficient to induce PCS (Fig. 2d). This indicates that a
direct separase inhibitory function of SGO2 works redundantly with
securin to prevent PCS.

Ininterphase, separaseis excluded fromthe nucleus but has an estab-
lished functionin centriole disengagement®. Therefore, we assessed this
licensing step of centrosome duplication rather than cleavage of chro-
mosomal cohesin upon depletion of securinand SGO2. Premature cen-
triole disengagement in G2-phase was increased threefold in Hek293T
cells lacking securin and SGO2 relative to singly- or mock-depleted
Hek293T cells (45% versus 10-15%, respectively) (Extended DataFig. 6).
Thus, cellslacking securinand SGO2 already contain active separasein
interphase and, hence, are expected to lose sister chromatid cohesion
immediately upon breakdown of the nuclear envelope.
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Shugoshins are characterized not only by an N-terminal
coiled-coil domain but also by a C-terminal SGO-box that binds
to BUBI-phosphorylated histone H2A%. Phosphorylated, but not
unphosphorylated, H2A peptide bound immobilized SGO2 (Extended
Data Fig. 7a-c). Notably, pre-incubation with phospho-H2A but not
with unphosphorylated H2A or a chemically similar but irrelevant
phospho-H3 peptide suppressed the ability of SGO2 to bind MAD2
(Extended Data Fig. 7a-d). Conversely, pre-incubation of immobi-
lized SGO2 with MAD2 prevented subsequent interaction between
phospho-H2A and SGO2 (Extended Data Fig. 7e, f). Phospho-H2A did
bind to SGO2 when previous SGO2-MAD2 complex formation was not
possible owing to the expression of SGO2(R153D) or a variant of MAD2
lacking the C-terminal domain (MAD2AC) instead of the correspond-
ing wild-type proteins. Thus, MAD2 and phospho-H2A bind SGO2ina
mutually exclusive manner. We propose that different pools of SGO2
either associate with chromatin or bind MAD2 and inhibit separase.

SGOis a pseudosubstrate inhibitor of separase

Incubation of the human separase-securin complex in
securin-degrading, anaphase-like Xenopus laevis egg extracts followed
by affinity purification of separase generates active protease that spe-
cifically cleaves **S-labelled RAD21". Pre-incubation of this separase
withinvitro-expressed SGO2 and MAD2 purified from Escherichia coli
blocked cleavage of RAD21 (Fig. 3a). The same effect was seen when
SGO2(N53I) was used instead of wild-type SGO2, but not when SGO2
or MAD2 was omitted or replaced by SGO2(R153D) or MAD2AC, respec-
tively. Thus, the PP2A-independent but MAD2-dependent inhibition of
human separase by SGO2 can be recapitulated in vitro.

Weinvestigated whether shugoshininhibits separase inthe same way
assecurin—by occupying the catalytic site withanon-cleavable pseudo-
substrate sequence®’. Using interaction-blocking antibodies, protein
fragments and point mutations, we mapped sites within X. laevis Sgol
thatareimportant for separase interaction (Extended Data Fig. 8). Nearby
putative pseudosubstrate sites (GExxX, with ¢ denoting a hydrophobic
residue, x denoting any residue and X denoting any residue except R)
were then changed into consensus sites (pExxR) and the resulting vari-
antsscreened for cleavage by active X. laevis separase. Notably, X. laevis
Sgol1(S135R) (but not Sgo1(F288R) or the wild type) was cleaved by sepa-
rase, and this cleavage was much more pronounced in the presence of
wild-type MAD2 thaninthe presence of MAD2AC (Extended DataFig.9a).

To confirm this finding independently, we switched back to the
human system and tested whether a specific pExxX-to-pExxR muta-
tion could also turn human SGO2 into a separase substrate. Indeed,
¥S-labelled SGO2(M114R) (but not SGO2(F95R) or SGO2(S126R)) was
fragmented in the presence of active separase and wild-type MAD2
(Fig. 3b). Cleavage of SGO2(M114R)—similar to that of RAD21**—was
further enhanced upon phosphorylation by Polo-like kinase 1. To test
invivo cleavage, we transfected HeLa-K cells to express Flag-tagged
variants of SGO2 or securin. Subsequent immunoprecipitation from
prometaphase lysates demonstrated that both securin(F118R) (positive
control) and SGO2(M114R) were fragmented, whereas the wild-type
proteins remained unprocessed (Fig.3c). Cleavage of SGO2(M114R) was
separase-specific becauseit was suppressed by introduction of asecond
mutation that compromised the interaction of SGO2 with separase
(amino acids 239-242 of SGO2 to Ala; Fig. 3c, Extended Data Fig. 9b).
Thus, shugoshin resembles securin in acting as a competitive inhibi-
tor of separase but differs in that it requires MAD2 binding to do so.

X. laevis Sgol and human SGO2 are very different in sequence (21%
similarity) and length (663 versus 1,265 residues). However, the relative
order of and distance between functional elements are the same inboth
proteins (Extended Data Fig. 9c). This suggests that MAD2 binding and
separase inhibition evolved before duplication of a primordial SGO
gene and were later lost randomly from one SGO gene but retained in
the other owing to selective pressure.
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TRIP13 liberates separase from SGO2-MAD2

In contrast to securin, human SGO2 is not (or only slowly and incom-
pletely) degraded in late mitosis. This raises the question of how sepa-
rase is liberated from SGO2-MAD2 when cells are ready to undergo
anaphase. The CDC20- and MAD2-containing mitotic checkpoint
complex (MCC) is disassembled by the combined action of the
AAA-ATPase TRIP13 and its MAD2-specific adaptor p31<°™ (ref. 7). We
tested whether this molecular machine could also dismantle the sepa-
rase-SGO2-MAD2 complex. The complex was immunoprecipitated
from securin-depleted, taxol-arrested HeLa-K cells using antibodies
against separase and incubated with different combinations of recom-
binant TRIP13 and p31°°™**variants. Beads were then washed to remove
detached proteins, incubated with **S-RAD21 to assay for activity of
theimmobilized separase, and finally analysed for retained proteins.
Notably, wild-type TRIP13 and p31°°™ quantitatively displaced SGO2
and MAD2 from separase, thereby leaving it proteolytically active
(Fig. 4a). Whereas TRIP13 alone partially disassembled separase-
SGO2-MAD2, the Walker-A and -B mutant variants of TRIP13 wereinac-
tive evenin the presence of p31°°™, Activation of separase by TRIP13
was also prevented by p31°°™** variants that were defective in MAD2
or TRIP13 interaction. To assess the role of TRIP13 and p31°°™invivo,
we additionally transfected securin-depleted HeLa-K cells with siRNAs
against TRIP13 and p31°°™, synchronized the cells in prometaphase
with taxol and then released them using ZM-447439. Unexpectedly,
late mitotic events, such as the de-phosphorylation of CDC27 and
histone H3 and the degradation of cyclin B1, were only slightly delayed
or occurred largely on schedule in cells lacking TRIP13 and p31¢°™*
relative to control-treated cells (Fig. 4b, top). By contrast, the sepa-
rase-SGO2-MAD2 complex was markedly stabilized in the absence
of TRIP13 and p31°™, as revealed by separase immunoprecipitation
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separase. Relevantupper and lower parts of the same gel are shown. ¢, SGO2-
and securin-depleted HeLa-K cells were transfected to express the indicated
siRNA-resistant, Flag-tagged SGO2 or securin variants, taxol-arrested and
analysed by IP-immunoblotting. Separase-induced N-and/or C-terminal
cleavage fragments of SGO2 and securinare labelled-Nand -C.

and immunoblotting (Fig. 4b, bottom). Thus, separase-SGO2-MAD2
is actively dismantled by TRIP13 and p31°°™*and might depend on
this molecular machine for its disassembly in late mitosis even more
than the MCC.

Sister separation without APC/C activity

The above results suggest that sister chromatid separation in the
absence of APC/C®P?? activity could be possible when separase is
chiefly controlled by SGO2-MAD?2 instead of securin. To test this
prediction, we supplemented taxol-arrested PTTGI” and parental
HCTI116 cells with the two APC/C inhibitors proTame and Apcin (or
carriersolvent), released the cellsby adding ZM-447439, and analysed
them by time-resolved immunoprecipitation-immunoblotting
and chromosome spreading. Thirty-five minutes after inhibition
of aurora B kinase, up to 60% of chromosomes were separated in
PTTGI” cells but only 20% on average in parental HCT116 cells,
despite the persistence of CDC27 phosphorylation and cyclin Bl
inboth (Fig. 4c, d). Whereas levels of separase-associated securin
also stayed constant in APC/C-inhibited HCT116 cells, SGO2 and
MAD2 (which appeared to be overexpressed in PTTGI” cells) disap-
peared from separase irrespective of securin status (Fig. 4d). Con-
sistent with SGO2-MAD2 being the primary inhibitor of separase,
auto-cleavage of separase was strongly increased in PTTGI cells.
Thus, activation of SGO2-MAD?2-inhibited separase occurs at least
partiallyindependently of APC/C. However, sister chromatid sepa-
ration was more effective in the absence of proTame and Apcin,
evenin PTTGI " cells (Fig. 4c). Given that APC/C-associated MCC
is disassembled also upon ubiquitylation of CDC20%, and given
the recent identification of separase and SGO2 as APC/C interac-
tors or substrates?®, we tested whether separase-SGO2-MAD2
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Fig.4|TRIP13-p31°°™*-dependent disassembly liberates separase from
SG02-MAD2.a, Experimental scheme (left) and corresponding immunoblots
and autoradiograph (right; relevant upper and lower parts of the same gel are
shown). A, TRIP13(G184A); B, TRIP13(E253Q); QF, p31°°™*(Q83A, F191A);

PK, p31°™*(P228A,K229A). b, siRNA-transfected, taxol-arrested HeLa-K cells
werereleased using ZM-447439 (ZM) and subjected to time-resolved IP-
immunoblotting. ¢, d, Taxol-arrested PTTGI”~ and parental HCT116 cells were
supplemented withZM and APC/Cinhibitors or carrier solvent (mock) and
analysed by chromosome spreading (c) and time-resolved IP-immunoblotting
(d).Bars show mean of fourindependent experiments (dots). Red diamonds

could also be dismantled by APC/C-dependent ubiquitylation
in vitro. Indeed, incubation of the immobilized complex with E1,
E2s (UBE2C and UBE2S) and active APC/C“® in the presence of
ubiquitinand ATP displaced SGO2 and MAD2 and rendered separase
proteolytically active (Extended Data Fig. 10). Dissociation was
accompanied by ubiquitylation of separase. The complex stayed
intact, however, when UBE2C was replaced by adominant-negative
variant or when APC/C®?° was omitted. These results suggest that
APC/C-dependent ubiquitylation represents a second mode of
separase-SGO2-MAD2 disassembly.

We propose amodelin which thereis bifurcated regulation of sepa-
rase downstream of the SAC (Fig. 4€). Next to the APC/C°“*-securin
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Metaphase-to-anaphase transition

indicate experiment shownind.e, Model of bifurcated regulation of separase.
Activation of MAD2 by SAC signalling inhibits APC/C°“%, thereby stabilizing
securin,and enables shugoshinto directly inhibit separase. Liberation of
separase fromsecurin requires TRIP13-p31°°™-dependent dissociation of
MAD2 from CDC20 followed by APC/C-dependent degradation of securin. By
contrast, TRIP13-p31«°™*-dependent dissociation of MAD2 from shugoshin
leads todirectactivation of associated separase. The alternative dissociation
of MAD2 fromiits targets by APC/C*“?°-dependent ubiquitylation and the
CDK1-cyclin Bl-dependentinhibition of separase are omitted for clarity.

axis, asecond major branchis represented by mammalian SGO2 (Sgol
in amphibians) which is turned into a direct, competitive inhibitor
of separase by SAC-activated MAD2. Both branches use TRIP13-
p31°°™* (and APC/C-dependent ubiquitylation) for disassembly of
their respective MAD2-containing complexes. However, while this
liberates separase from shugoshin, the canonical branch addition-
ally requires proteasomal destruction of securin. At least in the cell
lines tested here, securin and SGO2 can each compensate for loss
of the other. The reason for this seeming redundancy remains to be
clarified, but the different requirements for protein degradation
might make it beneficial at times to rely on one or the other mode of
separase regulation.
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Methods

Antibodies

Antibodies generated within this study are from Charles River Labo-
ratories. Antigenic peptides (Bachem) were coupled via terminal Cys
to maleimide-activated KLH (ThermoFisher) before immunization.
Antibodies were affinity-purified against immobilized antigens (pro-
teins coupled to NHS-activated sepharose (GE Healthcare) or peptides
coupledto Sulfo-link (ThermoFisher)). The following antibodies were
used forimmunoblotting according to standard protocols. Antibodies
directed against human proteins: rabbit or guinea pig anti-SGO2 (1.5
pg/ml; ‘ab1’; anti-DVPPRESHSHSDQSSKC), rabbit anti-SGO2 (1 ug/ml;
‘ab2’; anti-KSEDLSSERTSRRRRC), guinea pig anti-TRIP13 (raised against
full-length TRIP13), rabbit anti-p31°™* (raised against isoform 2 of
full-length p31°™"), rabbit anti-separase”, mouse anti-securin (1:1,000;
MBL, DCS-280), mouse anti-Flag (1:2,000; Sigma-Aldrich, M2), rabbit
anti-SGO2 (1:1,000; Bethyl, A301-262A), rabbit anti-SGO1(1:500, Abcam
ab21633), mouse anti-MAD2 (1:800; Santa Cruz Biotechnology, 17D10),
rabbit anti-MAD2 (1:1,000; Bethyl, A300-300A), mouse anti-MAD1
(1:1,000; Sigma-Aldrich, 9B10), mouse anti-APC7 (1:800; ThermoFisher,
PA5-20948), rabbit anti-phosphoSer10-histone H3 (H3-pS10;1:1,000;
Millipore, 06-570), mouse anti-PP2A-C (1:1,000; Millipore, 1D6), mouse
anti-cyclin B1 (1:1,000; Millipore, 05-373), goat anti-CDC27°°, mouse
anti-topoisomerase lla (1:1,000; Enzo Life Sciences, 1C5), mouse
anti-cyclin A2 (1:200; Santa Cruz Biotechnology, 46B11), mouse
anti-RAD21 (1:800; Santa Cruz Biotechnology, B-2), rabbit anti-RAD21
(1:1,000; Bethyl, A300-080A). Antibodies directed against Xenopus
proteins: rabbit anti-Mad2 (raised against full-length protein), four
different rabbitanti-Sgol (raised against amino acids200-300,300-
400,400-500,and 500-600 of X. laevis Sgol)’, rabbit anti-separase™.
Other antibodies: mouse anti-Myc (hybridoma supernatant 1:50;
DSHB, 9E10), rat anti-HA (1:2,000; Roche, 3F10), rabbit anti-ovalbumin
(1:1,000; ThermoFisher, PA1-196), mouse anti-ubiquitinylated proteins
(1:1,000; Millipore, FK2), mouse anti-GFP*, and mouse anti-a-tubulin
(hybridoma supernatant 1:200; DSHB, 12G10). For immunoprecipi-
tation experiments, the following affinity matrices and antibodies
were used: mouse anti-Myc agarose (Sigma-Aldrich, 4A6), mouse
anti-Flag M2-agarose (Sigma-Aldrich), mouse anti-RAD21 coupled to
protein G sepharose (GE Healthcare). Rabbit anti-separase (human),
rabbit anti-securin®, rabbit anti-SGO2 and rabbit anti-SGO1 (human)
were coupled to protein A sepharose (GE healthcare). To precipitate
X. laevis separase from CSF (cytostatic factor) extract, the correspond-
ing separase antibody or nonspecific rabbit IgG was coupled to mag-
netic protein ADynabeads (Invitrogen). For non-covalent coupling of
antibodiesto beads, 10 pl of the respective matrix was rotated with 2-5
pg antibody for 90 min at room temperature and then washed three
times with LP2lysis buffer. Forimmunofluorescence microscopy (IFM),
rabbit anti-Cap-E (anti-CAKSKAKPPKGAHVEV) and mouse anti-RAD21
(1:500; Millipore, 05-908) were used. Isolated centrosomes were
stained with rabbit anti-centrin-2, guinea-pig anti-C-Napl and mouse
anti-y-tubulin (Sigma-Aldrich, GTU-88) as previously described*.
Secondary antibodies (all 1:500): Cy3 donkey anti-guinea pig IgG and
Cy3goatanti-rabbit IgG (Invitrogen), Marina-Blue goat anti-mouse IgG
(ThermoFisher), Alexa Fluor 488 goat anti-rabbit IgG, and Alexa Fluor
488 goat anti-mouse IgG (both Invitrogen).

Celllines

hTERT RPE-1 cells were purchased from ATCC (CRL-4000). Hek293
Flp-In TRex cells were purchased from Invitrogen (R78007). All other
cell lines were gifts: Hek293T from M. W. Kirschner, HeLa-K from
D.Gerlich,and securinknockout and parental HCT116 from C. Lengauer.
Validation procedures for purchased cell lines are as described by the
corresponding manufacturers. All other cell lines were authenticated
viavisualinspection of typical morphology, immunoblotting analyses
(for example, absence of securin), cell synchronization behaviour,
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efficiencies of different transfection reagents and resistance to certain
antibiotics. Cell lines were not tested for mycoplasma contamination
but microscopic inspections of their fluorescently labelled DNA con-
tents were inconspicuous.

Allhuman cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Biowest) supplemented with 10% fetal calf serum (FCS;
Sigma-Aldrich) at 37 °C and 5% CO,. Generation of a stably transgenic
Hek293-FlpIn-TRex line (Invitrogen) expressing Myc,—separase(S1126A)
upon induction with doxycycline has been described®. For transient
expression of Flag;-Tev,-SGO2 variants (WT, R153D, N531, M114R,
RKK124-126A,LSE127-129A, HSDQ239-242A) Hek293T or HeLa-K cells
were transfected with the corresponding pCS2-based plasmids using
a calcium phosphate-based method or Lipofectamine 2000 (Invitro-
gen). For time-lapse experiments, HeLa cells stably expressing histone
H2B-eGFP were used. In addition, H2B-mCherry-SCCl,,; s~ €GFP"
was transiently transfected to visualize premature separase activation.

Cell treatments

For synchronization in early S-phase, cells were treated with 2 mM
thymidine (Sigma-Aldrich) for 20 h. Synchronization of cells in pro-
metaphase was done by addition of taxol (LC Laboratories) to 0.2
png/ml 6 h after release from a single thymidine block. G2 arrest was
achieved by addition of 10 u(M RO-3306 (Santa-Cruz Biotechnology) 4
h after G1/Srelease. To analyse cellsin G1-phase, cells were collected 15
h after release from a single thymidine block. For the ‘taxol-ZM over-
ride’ experiments, taxol-arrested mitotic HeLa-K cells were collected
by shake-off and released for the indicated times by reseeding into
medium supplemented with ZM-447439 (5 uM, Tocris Biosciences),
taxol (0.2 pg/ml), cycloheximide (30 pg/ml, Sigma-Aldrich) and, where
indicated, with proTame (6 uM, Boston Biochemicals) and Apcin (20
UM, Tocris Bioscience). To further enrich the endogenous separase-
SGO2-MAD2 complex for laterisolation, securin was depleted by RNAi.

Immunoprecipitation
We lysed 1 x 107 cells with a dounce homogenizer in 1 ml LP2 lysis
buffer (20 mM Tris-HCI pH 7.7, 100 mM NacCl, 10 mM NaF, 20 mM
B-glycerophosphate, 5mM MgCl,, 0.1% Triton X-100, 5% glycerol), com-
bined with benzonase (ad 30 U/I; Santa-Cruz Biotechnology), and incu-
bated themonice for1h. To preserve phosphorylation, lysis buffer was
additionally supplemented with 50 nM calyculin A (LC-Laboratories)
and 1pM microcystin LR (Alexis Biochemicals). Corresponding lysates
were centrifuged at 2,500g for 10 min followed by incubation of 1 ml
cleared lysate with10 pl of antibody-loaded beads for 4 hor overnight at
4 °Candwashed 5x with LP2.Insome cases, immobilized human SGO2
variants (purified from G1cells) or endogenous separase-SGO2-MAD2
complex (purified from mitotic cells) were used as starting material
for further experiments before bound proteins were eluted by boil-
ingin SDS-sample buffer. For consecutive immunoprecipitation from
PTTGI " cells, the lysate used for the first purification was kept and
served as origin for the second precipitation.
Forimmunoprecipitation of X. laevis separase, CSF-arrested Xenopus
eggextract was prepared as previously described** and combined with
cycloheximide (100 pg/ml), recombinant human A90-cyclin B1 (23
ng/ul =500 nM)® and sperm nuclei (2,000 pl™). After 15 min at room
temperature, the egg extract was released into anaphase I by addition
of CaCl, (0.6 mM). Previously prepared mock- or X. laevis separase
antibody-coupled magnetic beads were equilibrated in CSF-XB fol-
lowed by addition of anaphase extract (minimal volume of 500 pl) and
consecutive incubation for 45 min at 18 °C. After re-isolation, beads
were washed 5x in CSF-XB supplemented with 300 mM NaCl and 0.01%
Triton X-100.

RNAinterference
For efficient knockdown, cells were calcium phosphate or
RNAiMax (Invitrogen) transfected with 70-100 nM siRNA duplex



of PTTGI:5’-UCUUAGUGCUUCAGAGUUUGUGUGUAU-3’; SG0O2:5-GAA
CACAUUUCUUCGCCUATT-3"; MAD2: 5-GAGUCGGGACCACAGUUUA
UU-3’; MADI: 5’- AACCAGCGGCUCAAGGAGGUU-3’; P31°"; 5-GGCU
GCUGUCAGUUUACUUTT-3’; TRIP13:5’-CUGAUGAAGUGUCAGAUCA-3;
TRP:5-GGGUGAAGAUAGUAAUGAAUCTT-3'. Transfected cells were
grown for 12-24 h before synchronization procedures were applied.
Luciferase siRNA (GL2) was used as negative control (Ctrl).

Immunofluorescence staining and microscopy

Hela-K cells transfected with the indicated siRNAs were grown on
poly-lysine coated glass coverslips and processed 8 h after thymidine
release in the presence of BI-2536 (10 nM) to slow down prophase in
early mitotic cells. To remove soluble proteins, cells were pre-extracted
(PBS, 0.3% Triton X-100) for 5 min, washed once with PBS and fixed
with fixation solution (PBS, 3.7% formaldehyde, 0.3% Triton X-100) for
10 min at room temperature. Subsequently, coverslips were washed
twice with quenchingsolution (PBS, 100 mM glycine), incubated with
permeabilization solution (PBS, 0.5% Triton X-100) for 5 min, washed
once with PBS and then incubated in blocking solution (PBS, 1% (w/v)
BSA) for 1h at room temperature. Coverslips were transferred into a
wet chamber and incubated with primary antibodies for 1 h followed
by four washes with PBS-Tx (PBS, 0.1% Triton X-100). After incubation
with fluorescently labelled secondary antibodies for 40 min, samples
were washed once, stained for 10 min with 1 pg/ml Hoechst 33342 in
PBS-Tx and washed again four times. Finally, coverslips were mounted
in 20 mM Tris-HCI pH 8.0, 2.33% (w/v) 1,4-diazabicyclo(2.2.2)octane,
78%glycerol onaglass slide. IFM of fixed cells was performed ona DMI
6000 inverted microscope (Leica) usingaHCX PLAPO100%/1.40-0.70
oil objective. Toidentify early mitotic nuclei, DNA morphology (com-
mencing condensation) and condensin staining intensity were exam-
ined. For representative images, Z-stack series over 4 pumin 0.2-pm
increments were collected, deconvoluted and projected into one plane
using the LAS-AF software. Chromosome spreads were prepared using
Canoy’s solution as described®. Spreads were observed with the Zeiss
Axioplan 2 Imaging microscope using a Plan-APOCHROMAT 100x/1.40
Oil objective. A cell was counted as suffering from PCS when exhibit-
ing loss of cohesion of >50% of its chromosomes. At least 100 spreads
were counted per condition. To assess centriole engagement status,
centrosomes were isolated from RO-3306 arrested HeLa-K cells (4 x10°)
36 h after transfection of indicated siRNAs and stained as previously
described®.

Clonogenic assays

Twelve hours after siRNA transfection, HeLa-K, Hek293T, HCT116
parental or PTTGI " cells were seeded in 10-cm dishes (100 cells per
plate and condition). Cells were grown for 10 days and then fixed in
ice-cold methanol for 10 min. Staining was performed as described
except for the use of ethanol instead of glutaraldehyde. The number
of colonies per plate with aminimal area of 20 (circularity 0.00-1.00)
was determined with Image] particle analysis software.

Invitro disassembly of separase-SGO2-MAD2 complex

Ten microlitres of immobilized separase-SGO2-MAD2 complex was
incubated with2 mg/mlrecombinant variants of TRIP13 (WT; A, Walker
A mutant G184A; B, Walker B mutant E253Q) and RGS-His,—p31¢°™"
(WT; QF, Q83A/F191A MAD2-binding deficient; PK, P228A/K229A
TRIP13-binding deficient) in EDTA/EGTA-free lysis buffer supplemented
with ATP (1 mM) in a final volume of 30 pl for 30 min at 18 °C. Subse-
quently, 15pl of the corresponding supernatant was removed for later
analysis. Beads were washed three times with LP2 and then equilibrated
incleavage buffer (10 MM Hepes-KOH pH 7.7, 50 mM NacCl, 25 mM NaF,
1mMEGTA, 20% glycerol). To monitor separase activity, 2 pl of in vitro
translated *S-RAD21-GFP was added to a volume of 30 pl. Following
incubation for 30 min at 30 °C, reactions were stopped by boiling in
SDS-sample buffer. Assaying disassembly by in vitro ubiquitylation
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(Extended Data Fig.10) was performed essentially as described* with
the exception that instead of securin, 10 pl immobilized separase-
SG0O2-MAD2 complex was added as substrate.

Bacterially expressed proteins

pET28-vector encoded, His,-SUMO;-tagged® variants of TRIP13
(NP_004228) and p31°°™(NP_055443) were expressed individually in
E. coliRosetta 2 DE3 (Novagen). Bacteria were lysed in LP1 (PBS, 5 mM
imidazole, 0.5 mM DTT and an additional 400 mM NaCl) and purified
over Ni**-NTA-agarose (Qiagen) according to standard procedures.
Following elution with PBS supplemented with 250 mM imidazole, 0.5
mMDTT and an additional 400 mM NaCl (pH adjusted to 7.5 with HCI),
proteins were dialysed at 4 °C against LP1in presence of His,~SENP2 (10
ng per 100 pg of protein) and thenrotated for 3 h over 0.9x the amount
of fresh Ni**-NTA-agarose. Supernatants containing pure TRIP13 and
p31°™“were dialysed against 50 mM Hepes-KOH pH 7.7,10% glycerol,
100 mM NaCl, 5 mM MgCl,, 1 mM EDTA and ImM DTT. Human MAD2
and X. laevis Mad2 were purified as described previously’.

H2A-peptide binding assay

Thr-9-phosphorylated and unmodified histone H2A-peptides (QAVLLP-
KKTESHHKAKGK) were obtained from Bachem; Ser-10-phosphorylated
orunmodified histone H3-peptides were purchased from Eurogentec
(AS-61702 and AS-64611). One milligram of each of the H2A peptides
was conjugated to 10 mg/ml maleimide-activated ovalbumin (Ther-
moFisher) according to the manufacturer’s instructions and dialysed
against CSF-XB** containing 0.5 mM DTT. Reactions (final volume
of 30 pl) containing 10 pl immobilized FLAG;-Tev,-SGO2 and 1 pg
ovalbumin-coupled-H2A peptide, 5 ug free H2A or H3 peptide, or 4
pgofrecombinant MAD2 were assembled and incubated for 30 min at
18 °C. Unbound peptide or protein was removed by four washes with
CSF-XB and the second reaction was assembled with the correspond-
ing counterpartand againincubated for 30 min at 18 °C. Samples were
againwashed (four times with CSF-XB containing 0.01% Triton X-100)
before beads were eluted by boiling in SDS-sample buffer.

Mapping experiments in X. laevis Sgol

N-terminally tagged Myc,- or FLAG;-tagged X. laevis Sgol variants were
invitro translated inrabbit reticulocyte lysate (TNT Quick, Promega)
according to the manufacturer’s protocol. For mapping with the help
ofinteraction-blocking antibodies, 16 pl Sgol was combined with 2.5 ug
anti-X. laevis Sgol and 5 pg recombinant X. laevis Mad2 and incubated
for30 minat18 °C. Then, 10 pl of magnetic beads loaded with X. laevis
separase (isolated from anaphase egg extract) was added and reactions
wereincubated for 30 minat 18 °C. Beads were washed four times with
CSF-XB, 0.01% Triton X-100 and twice with CSF-XB, 0.01% Triton X-100,
300 mM NacCl and finally eluted by boiling in SDS-sample buffer. In all
other cases 12.5 pl Sgol and 5 pg Mad2 were pre-incubated in 300 pl
CSF-XB, 0.01% Triton X-100 followed by addition of 10 plimmobilized
separase.

Separase inhibition and cleavage assays

For separaseinhibition, 10 pl of FLAG;-Tev,-SGO2 bound to anti-FLAG
beads and 4 pg recombinant MAD2 were incubated in cleavage buffer
(total volume of 28 pl) for 10 min at 18 °C followed by the addition of
2.5 pl active (Ac, S1126A variant) or protease dead (PD, S1126A and
C2029S) separase”. After a10-min incubation at room temperature,
2ulinvitrotranslated, **S-labelled RAD21-GFP were added. Reactions
were stopped after 30 min by boiling in SDS-sample buffer. Samples
were separated by SDS-PAGE and blotted onto PVDF membrane
(SERVA), which was cut and analysed by immunoblotting before reas-
sembly and autoradiography. For Fig. 3b, 2 pl of each in vitro trans-
lated, *S-labelled SGO2 variant was combined with 1 pg human MAD2
and, where indicated, 0.1 pg PLK1 (ProQinase; No. 0183-0000-1) in
modified cleavage buffer (10 mM Hepes-KOH pH 7.7, 50 mM NaCl, 25
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mM NaF, 20% glycerol,1mM ATP, 10 mM MgCl,) and a total volume of
15 pl. After 15 min at 30 °C, 2.5 pl separase (Ac or PD) was added and
reactions were incubated for 30 min at room temperature. For Extended
Data Fig. 9a, 2 pl of each in vitro translated, **S-labelled X. laevis Sgol
variant was combined with 1 pg X. laevis Mad2 (WT or AC10) and 10 pl
immobilized X. laevis separase. Samples were further processed and
analysed as described above.

Live-cellimaging

Cellsin phenol red-free medium were seeded into p-slide 8-well cham-
bered coverslips (Ibidi) and kept in an atmosphere of 37 °C and 5%
humidified CO, during microscopy onaDMI 6000 inverted microscope
(Leica). Forimaging of unperturbed mitosis, GFP and DICimages were
captured 6 h after release from thymidine arrest at 10-min intervals
overaperiod of15h, throughaHCXPLAPO 40x%/0.85 CORR objective.
Changesinfocus plane due to mitotic rounding of the cells were com-
pensated by collecting Z-stacks at each time point. Captured images
fromeach experiment were analysed using the corresponding LAS-AF
software (Leica).

Statistics and reproducibility

No statistical methods were used to predetermine sample size. The
experiments were not randomized. For quantitative analyses of chro-
mosome spreads, clonogenic assays, and IFM specimen the investi-
gators were blinded to sample allocation. Experiments analysed by
immunoblotting were repeated 2-4 times with similar results (2-4
biological replicates).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
All'source data for this study are available online.
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activity.a, HeLa-K cells transfected with the indicated siRNAs and a histone
H2B-eGFP expression plasmid were observed by video fluorescence
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independent experiments (dots) counting prophase nuclei that were still
roundbut already stained positive for condensin (100 each). Scale bar, 5um.c,
Hek293T cells transfected with the indicated siRNAs were supplemented with
taxol (but not EGCG; compare Fig.2b) and analysed by chromosome spreading.
Barsshow mean of three independent experiments (dots). d, Exemplary
immunoblots of cells analysed in cand Fig. 2b. Star denotes nonspecific band.
e,siRNA-transfected HeLa-K cells expressing a separase activity sensor
(H2B-mCherry-RAD21'°25-e GFP) were released from a taxol arrest by
addition of ZM-447439 at time zero and analysed by time-resolved
immunoblotting.
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Myc-IP

variants. Taxol-arrested Hek293T cells expressing transgenic Myc-tagged
wild-type separase (WT) or one of the indicated variants (V1-V5) were analysed auto-cleaved separase® (see, for example, Fig. 3c). V3 cannotbind PP2A but can
by IP-immunoblotting using the indicated antibodies. The investigation of

variants: changes: amino acid positions:
V1 (ABBA) FxVFXE to AXAAXA  1362-7
V2 (non-cleavable): ExxR to RxxE 1483-6,1503-6,1532-5
V3 (PP2A-1): A55 1419-73
V4 (PP2A-2): AEEEL 1490-3
V5 (PP2A-3): MxxIXEE to AxxAxAA 1485-91

A1419-73
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to
AxxAxXAA

PP2A-binding-deficient variants was motivated by the notion that SGO2-
MAD?2, like PP2A, preferentially interacts with full-length rather than

bind SGO2-MAD2, indicating overlapping but notidentical binding sites.
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Correspondinglysates were used forimmunoblotting (bottom right) and
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Extended DataFig.7|Mutually exclusive binding of SGO2 to MAD2 or
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Experimental scheme for experiments showninb-d. Beadsloaded with the
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with wild-type or, where indicated, C-terminally truncated (AC) MAD2 (input 2).
Following washing (supernatant 2), bound proteins were visualized by
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168

H2A peptides to facilitate their detection by standard glycine-SDS-PAGE and
immunoblotting.d, Phosphorylated histone H3 peptide does not bind to
SGO2.Free H2A and H3 peptides, used tointerrogate immobilized SGO2, were
separated by Tricine-SDS-PAGE* and analysed by Coomassie staining and
immunoblotting. e, Pre-charging of SGO2 with MAD2 blocks subsequent
phospho-H2A binding. Experimental scheme (top) and corresponding
immunoblotting analysis (bottom). H2A peptides were coupled to ovalbumin
forease of detection. f, Cartoonillustrating that SGO2 can bind to H2A
phosphorylated on Thrl121or to MAD2 but notboth at the same time.
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M Check for updates

Prolonged mitosis often results in apoptosis'. Shortened mitosis causes tumorigenic
aneuploidy, but itis unclear whether it also activates the apoptotic machinery?.
Separase, a cysteine protease and trigger of all eukaryotic anaphases, has a
caspase-like catalytic domain but has not previously been associated with cell death®*.
Here we show that human cells that enter mitosis with already active separase rapidly
undergo death in mitosis owing to direct cleavage of anti-apoptotic MCL1and BCL-XL
by separase. Cleavage not only prevents MCL1 and BCL-XL from sequestering
pro-apoptotic BAK, but also converts theminto active promoters of death in mitosis.
Our datastrongly suggest that the deadliest cleavage fragment, the C-terminal half of

MCL1, forms BAK/BAX-like pores in the mitochondrial outer membrane. MCL1and
BCL-XL are turned into separase substrates only upon phosphorylation by NEK2A.
Early mitotic degradation of this kinase is therefore crucial for preventing apoptosis
upon scheduled activation of separase in metaphase. Speeding up mitosis by
abrogation of the spindle assembly checkpoint results in atemporal overlap of the
enzymatic activities of NEK2A and separase and consequently in cell death. We
propose that NEK2A and separase jointly check on spindle assembly checkpoint
integrity and eliminate cells that are prone to chromosome missegregation owing to
accelerated progression through early mitosis.

The intrinsic pathway of apoptosis is regulated by a balance between
pro- and anti-apoptotic BCL2 family proteins that are hallmarked by
presence of one to four BCL2 homology (BH) domains®. Pore formation
by homo-oligomerization of BAK and BAX leads to mitochondrial outer
membrane permeabilization (MOMP) and release of cytochrome cand
other apoptogenic factors from the intermembrane space. MOMP
is counteracted by family members such as BCL2 itself, BCL2-like 1
(BCL-XL) and myeloid cell leukaemia 1 (MCL1). These proteins use a
hydrophobic groove formed by their BH1-3 domains to sequester the
BH3 domain of BAK/BAX and inhibit their self-interaction. BH3-only
proteins such as BIM or BAD activate BAK/BAX either directly by tran-
sient interaction or indirectly by forcing BAK/BAX off anti-apoptotic
BCL2 members through competition®. Intrinsic apoptosis in response
to excessive cellular stress, such as DNA damage, isinitiated by activa-
tion of BH3-only proteins, typically via upregulated transcription®”.
Other triggers of intrinsic apoptosis are less well understood. Likewise,
it remains unclear whether proteins other than BAK/BAX might also
be able to form pores and contribute to MOMP.

Separaseis the essential trigger protease of all eukaryotic anaphases*.
Once activated in metaphase, it opens the DNA-embracing cohesin
ring complex by cleavage of the kleisin subunit, thus resolving sister
chromatid cohesion and enabling chromosome segregation. Separase
contains a C-terminal caspase-like proteolytic domain®, but it has not
been functionally linked to apoptosis. For most of the cell cycle, spindle
assembly checkpoint (SAC) signalling ensures that human separase is
heldinactive by association with securin, SGO2-MAD2 or CDK1-cyclin
B1%°. In response to improper attachment of kinetochores to spindle

microtubules, the SAC delays activation of separase and other late
mitotic events, thereby giving the cell time for error correction®'.
Hyperstimulation of the SAC by spindle toxins such as taxol (paclitaxel)
prolongs mitosis™. Conversely, SAC impairment results in shortened
mitosis, chromosomalinstability and tumorigenesis®. While prolonged
mitosisisknownto resultin death in mitosis (DiM) or mitotic slippage
followed by apoptosis in interphase’, it remains unstudied whether
shortened mitosis might also trigger intrinsic apoptosis.

DiM upon premature separase activation

Bothdepletion of the cohesion-protecting factors SGO1or sororinand
derepression of separase (by co-depletion of SGO2 and securin) resultin
premature sister chromatid separation®?** (Extended DataFig. 1a). This
was followed by prolonged mitoticarrest of cells lacking SGO1 or sororin,
as previously described'>*. However, cells lacking SGO2 and securin
exhibited DiM as judged by cleavage of poly(ADP-ribose) polymerase
(PARP) and fluorogenic caspase reporters (Extended Data Fig. 1b-h).
DiM in cells depleted of SGO2 and securin was specific because it was
suppressed by concomitant knockdown of separase (Extended Data
Fig.1g, h). Thus, premature activity of separase rather than premature
sister chromatid separation represents an apoptotic stimulus.

MCL1and BCL-XL are separase substrates

We speculated that MCL1and BCL-XL could be relevant targets of sepa-
rasein DiM because both (1) have previously been linked to apoptosis
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Fig.1| The pro-survival factors MCL1and BCL-XL are separase substrates.
a,b, Autoradiographies of invitro cleavage assaysin the presence of active
NEK2A and ATP. WT, wild type; HFHF, His,-Flag-His,-Flag tag; ATM,
transmembrane domain deleted. ¢, siRNA-transfected, taxol-arrested
Hek293T cells were treated with Q-VD-OPh or mock-treated and analysed by
immunoblotting.siPTTGI, securindepletion. d, Immunoblots of parental (-/-)
and MCL1™" heterozygous (-/+) hTERT RPE1 cells after (+) or without (-)
rapamycin-induced TEV protease complementation. H3-pS10,
Serl0-phosphorylated histone H3 (mitotic marker).

after prolonged mitotic arrest'"; (2) have been reported to be cleaved
by caspases'®'’; and (3) contain an ExxR motif that matches the con-
sensus cleavage site of separase close to the caspase cleavage site(s).
Indeed, human BCL-XL and MCL1 were cleaved in vitro not only by
caspase 3 butalso by separase, and the resulting fragments were clearly
distinguishableinsize (Fig.1a, b). Replacing 31-ExxR-34 in BCL-XL and
173-ExxR-176 in MCL1 with tobacco etch virus (TEV)-protease cleav-
age sites required only a few amino acid exchanges (Extended Data
Fig.2a). This rendered both survival factors resistant to separase but
susceptibleto TEV protease, while leaving cleavage by caspase 3 unaf-
fected (Fig. 1a, b). The proteolytic fragments that were generated by
either separase or TEV protease exhibited identical mobilitiesin SDS—
PAGE, thereby indicating that separase cleaves BCL-XL after Arg34 and
MCL1after Argl76. Various in vitro-expressed fragments were used as
length standards to confirm the location of the cleavage site for MCL1
(Extended DataFig. 2b). In mice, the ExxR motifiis conserved in BCL-XL
but hasbeenreplaced with DxxR in MCLL. Still, mouse MCL1 was readily
cleaved by separasein vitro (Extended Data Fig. 2c). BCL-XL and MCL1
werealso cleaved inhumanHek293T, HeLa-K, HCT116, hTERT RPE1 and
mouse NIH/3T3 cells during DiM triggered by RNA interference (RNAi)
using smallinterfering RNAs (siRNAs) against SGO2and PTTGI (which
encodes securin) (Extended Data Fig. 2d-g; see also below). Notably,
theseinvivo cleavages were mediated by separase rather than caspase
because (1) Q-VD-OPh, a pan-specific caspase inhibitor, blocked cleav-
age of PARP but not of BCL-XL and MCL1 (Fig. 1c); (2) fragmentation was
not detectable when the endogenous proteins were replaced by their
separase-resistant but caspase-sensitive TEV variants (Extended Data
Fig.2d); and (3) MCL1 fragments from Hek293T cells lacking SGO2 and
securin perfectly co-migrated within vitro-expressed fragments com-
prising amino acids 1-176 (MCL1-N) and 177-350 (MCL1-C) (Extended
DataFig. 2f).Infact, we never observed caspase-dependent processing
of MCL1 or BCL-XL in vivo, although this might be due to our focus on
early stages of DiM. Using CRISPR-Cas9 gene editing in hTERT RPE1
cells, wereplaced the separase cleavage site with a TEV protease cleav-
agesiteinoneallele of MCL1.Uponactivation of ‘split TEV protease’ by
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Fig.2|Cleavage of MCL1by separase enables BH3-only proteins toliberate
BAK. a,Immunoblots of (TEV protease supplemented, +) lysates and Flag
immunoprecipitation of transfected, mitotic Hek293T cells expressing the
indicated, C-terminally His,-Flag-His,-Flag (HFHF)-tagged MCL1fragments
together with HA-tagged BAK and BIM. b, Model of how separase inactivates
MCL1.

rapamycin-induced complementation, half of endogenous MCL1was
cleaved, as expected (Fig. 1d). This was accompanied by considerable
PARP cleavage, but only when the cells were in mitosis. Thus, MCL1
cleavage at position176 is sufficient to initiate DiM during a prometa-
phase arrest.

Cleavage of MCL1and BCL-XL liberates BAK

We investigated whether separase-dependent cleavage affected the
interactions of MCL1and BCL-XL with other BCL2 family members. To
this end, we used Flag tags to affinity-purify MCL1and the correspond-
ing C-terminal separase cleavage fragment from transfected Hek293T
cellsand analysed them for association with co-expressed BAK relative
tothe BH3-only protein BIM. Whereas MCL1 preferentially interacted
with BAK, as expected, MCL1-C bound only to BIM (Fig. 2a). An analo-
gous experiment was conducted with BCL-XL but using BAD instead
of BIMowing to the different binding preference of its C-terminal frag-
ment (Extended Data Fig. 3a). Removal of the N-terminal 34 amino acids
switched BCL-XL from binding BAK to binding BAD (Extended Data
Fig.3b). For MCL1, the exchange of binding partners upon cleavage
was additionally recapitulated by addition of TEV protease to cell lysate
containing the TEV variant of MCL1 (Fig. 2a). The BH4 domain of BCL-2
contributes directly to BAX binding®. Similarly, MCL1-N co-purified
with BAK from transfected Hek293T cells (Extended DataFig. 3c), show-
ing that MCL1 contacts BAK not only via its hydrophobic groove but
also via its N-terminal domain. We propose that cleavage by separase
abolishes the cooperativity of binding, thereby enabling BH3-only
proteins such as BIM to supersede BAK from the C-terminal fragment
of MCL1 (Fig. 2b). Liberated BAK would then lead to MOMP.

MCL1-N and MCL1-C actively promote apoptosis

We made the counter-intuitive observationthat DiM induced by siRNAs
against SGO2and PTTGI was alleviated by co-depletion of MCL1 (Fig. 3a,
b) and almost fully rescued by co-depletion of both MCL1 and BCL-XL
(Extended DataFig.3d, e). While this showed that these two BCL2 family
proteins are the crucial—if not the only—substrates of separase during
DiM, it also suggested that the separase cleavage fragments of MCL1
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Fig.3|Bothseparase cleavage fragments of MCL1are pro-apoptotic and
MCLI-Cforms macropores duringlate stages of DiM.a, b, HeLa-K cells
transfected with theindicated siRNAs and expression plasmids were released
fromearly S-phase arrest, supplemented with the DNA stain SiR-Hoechstand a
fluorogenic caspase-3/7 reporter and analysed by immunoblotting (a; 10 h
afterrelease) and live cellimaging (b; cell fate profiles). ¢, Immunoblots of

and BCL-XL are apoptogenic. Consistent with this hypothesis, the miti-
gation of PARP cleavage by depletion of BCL-XL or MCL1 (Extended
DataFig.2d, lanes 4-6) wasreversed by expression of siRNA-resistant
transgenic BCL-XL or MCL1 but not their separase-resistant TEV vari-
ants (lanes 7-10). Given the stronger effects of MCL1 depletion, we
further studied its cleavage fragmentsindividually. Full-length MCL1,
MCL1-Nor MCL1-Cwas expressed in Hek293T cellsinwhich endogenous
MCL1 (but not SGO2 or securin) was depleted by RNAI. Short-term
absence of MCL1 caused very little apoptosis on its own but led to
some cell death in conjunction with chemical inhibition of BCL-XL
by WEHI-539 (Fig. 3¢, lanes 5 and 6). This phenotype was rescued by
transgenic full-length MCL1 (lane 9). Notably, expression of MCL1-N
or MCL1-Cresulted in PARP cleavage even in the absence of WEHI-
539, with the C-terminal fragment having the stronger effect (lanes
11 and 14). PARP cleavage correlated with annexin V and propidium
iodide staining as additional markers for apoptosis (Extended Data
Fig. 3f, g). Induction of apoptosis by MCL1-N or MCL1-C did not occur
ininterphase but only intaxol-treated cultures (Fig. 3c, Extended Data
Fig. 3f). Time-lapse microscopy further illustrated that HeLa-K cells
expressing MCL1-N or MCLI1-C also underwent DiM in the absence of
spindle toxin (Extended Data Fig. 3h, i). Thus, separase-dependent
cleavage not only extinguishes the pro-survival activity of MCL1 but
also creates two fragments, each of which kills cells upon entry into
mitosis without requiring prolonged mitotic arrest. Investigation of
MCLI1-N-induced apoptosis suggested that it promotes both libera-
tion of BAK and separase-dependent cleavage of BCL-XL by a positive
feedback mechanism (Extended Data Fig. 4).

MCLI1-CKkills by mitosis-specific MOMP

Interaction analyses of epitope-tagged forms of MCL1 revealed that
MCL1-C exhibited homotypic interactions, whereas uncleaved,
full-length MCL1 could associate neither with itself nor with MCL1-C
(Extended Data Fig. 5a). Self-interaction of MCL1-C and its ability to

MCLI- or control-depleted HeLa-K cells expressing transgenic full-length MCL1
or fragments thereofasindicated. d, Immunofluorescence 2D SIM of SGO2-
andsecurin-depleted Hek293T cells undergoing DiM. Note the absence of the
mitochondrial outer membrane marker TOM20 from the centres of MCL1
rings. Scalebars, 0.5 um.

induce PARP cleavage were blocked by deletion of the transmembrane
domain or presence of the BH3-mimicking MCL1-inhibitor A-1210477,
which blocked not only binding of BAK to full-length MCL1 but also
binding of BIM to MCL1-C (Extended Data Fig. 5b—d). Tandem affin-
ity purification of co-expressed, differently tagged MCL1-C further
revealed that homo-oligomerization and BIM binding are mutually
exclusive (Extended DataFig.5d), whichsuggeststhat BIMinteracts with
MCL1-C only transiently and disengages upon MCL1-C self-interaction.
These observations are reminiscent of the requirements for BAK/
BAX-dependent MOMP? 2 and, thus, are consistent with pore forma-
tion by MCL1-C. Notably, homotypic MCL1-C interactions occurred
only in extracts from mitotic, and not interphase, cells (Extended
DataFig.5b); thisis consistent with the finding that the pro-apoptotic
effect of MCL1-C is cell-cycle-dependent. According to our hypoth-
esis, separase-induced DiM should be delayed or diminished, but still
occur, in the absence of BAK and BAX, whereas MCL1-C-induced DiM
should be independent of them. Using time-resolved fractionation of
chromatin and organelles, including mitochondria, from the cytosol
followed by immunoblotting analyses, we compared parental HCT116
and BAKI"~ BAX"" double-knockout cells as they went synchronously
from G2- through M-phase. Whereas the kinetics of MCL1-cleavage
wereindistinguishablein the absence of SGO2 and securin, the release
of cytochrome cinto the cytosol and PARP cleavage were delayed, but
still occurred, in the absence of BAK and BAX (Extended Data Fig. 6a,
b).Infact, PARP cleavage and accumulation of Ser139-phosphorylated
histone H2A-X (yH2AX) inthe absence of BAK and BAX were less affected
during DiM induced by siRNAs against SGO2 and PTTGI than during
staurosporine-induced apoptosis** (Extended Data Fig. 6¢). Notably,
thetiming and extent of cytochrome crelease and PARP cleavage were
thesameinboth cell lines when DiMwas induced by MCLI1-C expression
(Extended Data Fig. 6d).

At later stages of intrinsic apoptosis, the mitochondrial network
fragmentsinto globular structures, and BAK and BAX form large rings
and macropores within the outer membrane®?. Immunofluorescence
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microscopy of MCL1 and the MOM protein TOM20 in taxol-arrested
Hek293T cells showed that MCL1and TOM20 colocalized during DiM,
and this colocalization increased when the network dissolved into
spheres (Extended Data Fig. 7a, b). Notably, 2D structural illumination
microscopy (SIM) revealed the formation of large, typically 0.3-pum
rings by MCL1-Cin SGO2- and securin-depleted cells undergoing DiM
(Fig.3d, Extended Data Fig. 7c). TOM20 appeared largely absent from
the centre of the rings, suggesting that they represent macropores.

Phosphorylation might explain why the MOMP activity of MCL1-Cis
specific to mitosis. A candidate approachidentified Thr301. Changing
this residue to phosphorylation-mimicking Glu enabled MCL1-C to
induce apoptosis also in interphase, whereas changing Thr301to Ala
abrogated the pro-apoptotic and self-interaction properties of MCL1-C
(Extended Data Figs. 5d, 7d, e). The detection of affinity-purified
MCLI1-Cby aphospho-Thr-specific antibody was limited to mitosis and
abolished by the Thr301Ala mutation, suggesting that this positionis
phosphorylatedinvivo (Extended Data Fig. 7d)—possibly by aurora B
(Extended DataFig. 7f, g). Existing structural information places Thr301
of MCL1 at the end of a-helix 6, and dimerization of the correspond-
ing helix has been reported to be involved in homo-oligomerization
of BAK®?, Sequence alignment implies that the Thr301-equivalent
positionisoccupied by a Gluin BAX (Extended DataFig. 7h). When we
changed this constitutively negatively charged residue at position
146 to Ala, the pro-apoptotic function of BAX was abrogated, whereas
changing it to Thr rendered BAX a largely mitosis-specific effector of
cell death (Extended Data Fig. 7i). A salt bridge at the end of a-helix 6
might therefore be required for pore formation (Extended DataFig. 7j)
and explainwhy MCL1-C becomes pro-apoptotic only upon phospho-
rylation of Thr301 during mitosis, whereas MOMP by wild-type BAX is
independent of the cell cycle.

Importance of phosphorylation by NEK2A

Inunperturbed cells, MCL1and BCL-XL are present at the onset of ana-
phase. The question arises of why then cells do not die when separase
becomes active on schedule. Considering that cleavage of meiotic
kleisin by separase requires its phosphorylation®, we tested the effect
of various kinases when first establishing MCL1 and BCL-XL cleavage
by separase in vitro (Extended Data Fig. 8). These analyses revealed
that cleavage of MCL1 by separase essentially requires NEK2A, while
cleavage of BCL-XL was enabled by NEK2A and (less so) CDK1/2-cyc-
lin A2 (note that NEK2A was included in Fig. 1a, b and Extended Data
Figs.2b, ¢,4c). NEK2A and CDK1/2-cyclin A are special among mitotic
kinases and APC/C substrates in that they are degraded early—that s,
atatime when separase activationisstill blocked by SAC signalling®*,

To identify phosphorylation sites within MCL1 and BCL-XL that are
relevant for cleavage, we changed candidate serine and threonine
residues to alanine or phosphorylation-mimicking acidic residues
andscreened corresponding variantsinkinase and/or cleavage assays.
These analyses revealed the following (Extended Data Fig. 9): (1) the
NEK2A-dependent phosphorylation of Ser60 and Thr163 is essential for
separase-dependent cleavage of MCL1, and phosphorylation of Ser159
further improves it. (2) NEK2A and CDK1/2-cyclin A2 phosphorylate
Ser4 and Ser164, and Ser62, respectively, of BCL-XL to enable its cleav-
age by separase. (3) The phosphorylation-mimicking variants MCL1(S/
T60,159,163D/Q) and BCL-XL(S4,62,164D) are cleaved by separase in
the absence of kinases.

The above findings suggested that separase does not trigger DiM
atanaphase onset merely because NEK2A (and cyclin A2) is absent by
thenand MCL1and BCL-XL—owingto dephosphorylation—no longer
represent separase substrates (Fig. 4a, top). Asacorollary, any tempo-
ral overlap between the enzymatic activities of NEK2A and separase
should cause DiM. Indeed, this explains why constitutive activity
of separase causes early mitotic cell death and why knockdown of
NEK2A largely suppressed DiM induced by siRNAs against SGO2 and
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PTTGI (Extended Data Fig. 1g, h). Extending the window of NEK2A
activity until separase activation in anaphase should also cause
DiM (Fig. 4a, middle). Live cell imaging of transfected HeLa-K cells
revealed that overexpression of wild-type NEK2A was compatible
with normal mitosis, whereas production of a C-terminally trun-
cated, stabilized variant (AMR)* triggered DiM, typically shortly after
anaphase onset (Extended Data Figs. 3i,10a). This was confirmed by
time-resolved immunoprecipitation and western analysis of cells
synchronously undergoing late mitosis. NEK2A-AMR-expressing
and mock-treated populations both degraded cyclin Bland securin
and lost SGO2 from separase with similar kinetics (Extended Data
Fig.10b). However, only in NEK2A-AMR-containing cells did activa-
tion of separase coincide with cleavage of MCL1 and PARP. Consistent
with MCL1and BCL-XL being the relevant targets, apoptosis in ana-
phase was also triggered by expression of the constitutive separase
substrates BCL-XL(S4,62,164D) or MCL1(S/T-60,159,163D/Q) instead
of NEK2A-AMR (Extended Data Fig. 10c, d). Thus, NEK2A must be
degraded in early mitosis to prevent separase from killing cells in
anaphase.

Separase-induced DiM increases with MCL1

To investigate whether DiM in response to stabilization of NEK2A
was graded with MCL1dosage, we transfected siRNA or plasmids into
Hek293T cells to express wild-type NEK2A or the AMR variant and,
simultaneously, to reduce or increase the amount of MCL1. When
transgenic NEK2A was wild-type and, hence, degraded upon entry
into mitosis, or when NEK2A-AMR expression was combined with
MCL1depletion, cells showed no signs of apoptosis (Fig. 4b, Extended
DataFig. 11a-c). As seen before, NEK2A-AMR induced some DiM at
endogenous levels of MCL1. However, annexin V staining and PARP
cleavage increased with increasing levels of (transgene-encoded)
MCL1and cleavage fragments thereof. These data suggest that phar-
macological inhibition of early mitotic NEK2A degradation should
preferentially kill MCL1-overexpressing cells, which are a hallmark
of many cancers®.

A minimal duration of mitosis checkpoint

The SACisactive in each M-phase and chiefly determinesits duration’.
Abrogation of the SAC results in chromosomal instability owing to
accelerated progression through mitosis®. We investigated whether,
under these conditions, separase might become active when NEK2A
has not yet been fully degraded (Fig. 4a, bottom). When MAD2 and
the SAC kinase BUBR1 were depleted by RNAI, HeLa-K cells that had
been released from a thymidine arrest degraded securin and cyclin
Blearlier than control cells; this correlated with earlier auto-cleavage
of separase, as expected (Fig. 4c). At the same time, degradation of
NEK2A and the disappearance of a corresponding MCL1-S60 phos-
phorylation mark were delayed, which we attribute to competition
by other substrates for the APC/C (Fig. 4c, Extended Data Fig. 11d).
Notably, this was accompanied by cleavage of MCL1, BCL-XL and PARP
and appearance of a sub-G1 peak in flow cytometry, which is another
hallmark of apoptotic cells. As seen before, these phenotypes were
largely suppressed by co-depletion of MCL1and BCL-XL and fully sup-
pressed by additional expression of separase-resistant TEV variants
of MCL1 and BCL-XL, but re-installed by transfection with the corre-
sponding wild-type transgenes. Cleavage of MCL1, BCL-XL and PARP
alsooccurred uponindividual depletion of MAD2 or BUBRI, albeit to
lesser extent (Extended DataFig. 11e). It also occurred inboth mouse
and human cells upon chemical inhibition of the SAC kinase MPS1
withreversine (Fig. 4d, Extended Data Fig. 11e). Thus, in mammalian
cells SAC abrogation suffices toinduce cleavage of MCL1and BCL-XL
by separase and consequent DiM. A corollary is that the few existing
SAC-deficient tumour cell lines (unless slowed in mitotic progression
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Fig.4 |DiMdue tosimultaneous activity of NEK2A and separaseis graded
byMClL1level and triggered by SACdeficiency. a, Both prolonged activity of
NEK2A (middle) and speeded-up mitosis due to SAC deficiency (bottom) cause
DiM.b, Fluorescence microscopic quantification of annexin V-and propidium
iodide (PI)-positive Hek293T cells transfected with siMCL1 and expression
plasmids for GFP-MCL1and NEK2A-WT or NEK2A-AMR, asindicated, and
released for10-12 h from thymidine arrest (thy. rel.). Expression of MCL1and
degree of PARP cleavage were quantified by densitometry ofimmunoblots
(Extended Data Fig.11b). ¢, HeLa-K cells transfected with the indicated siRNAs

by SAC-independent means®*) should have found away to avoid cleav-
age of MCL1and BCL-XL. Weimmunoprecipitated MCL1from four can-
cer celllines: partially SAC-compromised SW480, SAC deficient T47D
and A427 and, as a control, SAC-proficient A549 cells™*?*, Notably, only
MCL1 from A549 cells was cleaved upon incubation with NEK2A and
separase (Fig.4e).Itisunclear how MCL1fromthe other three cell lines
isrendered separase-resistant, butitis not due to the mere absence of
p53 (Extended Data Fig. 11f). Cancer-associated MCL1 variants seem to
be rare. However, of the few catalogued in the Catalogue of Somatic
Mutations in Cancer (COSMIC) database®, deletion of Glul71is by
far the most abundant one, being identified ten times in six studies.
Althoughitleaves the ExxR motifintact, unexpectedly, this mutation
renders MCL1resistant to separase (Fig. 4f).

Conclusion

Inmost cases studied, the intrinsic pathway of apoptosis is triggered by
transcriptional upregulation of BH3-only protein expression®’. Here,
we describe amechanismof DiM, which is probably conserved in ver-
tebrates (Extended Data Fig.12) and consists of separase-dependent

and expression plasmids were released from thymidine arrest and analysed
byimmunoblotting and propidiumiodide staining with flow cytometry
8-12hthereafter.siBUBIA,BUBR1depletion;siBCL2L1, BCL-XL depletion.

d, Time-resolved immunoblots of NIH/3T3 cells transfected with indicated
siRNAs, pre-synchronized with thymidine, and treated with Q-VD-OPhand/or
reversine, undergoing mitosis. Asterisk, nonspecific band. e, Immunoblots of
lysates and NEK2A/separase-treated Mcllimmunoprecipitations from the
indicated celllines. f, Autoradiograph of in vitro-expressed, NEK2A/
separase-treated **S-MCL1-WT and **S-MCL1-AE171.

cleavage of MCL1 and BCL-XL and their concurrent transformation
from pro-survival into mitosis-specific pro-apoptotic factors. Our
results strongly suggest that the deadliest fragment, MCL1-C, per-
meabilizes the mitochondrial outer membrane by forming pores.
Because separase-dependent cleavage of BCL-XL is also sufficient
for DiM, the same might be true of BCL-XL-C. Degradation of MCL1
was causally linked to apoptosis upon mitotic arrest, but exactly how
MCL1is removed remains unknown®™', Although we have not done
so here, it will therefore be interesting to investigate whether MCL1
somehow becomes phosphorylated and separase-activated during
prolonged mitosis. Here we studied shortened mitosis. Our results
show that abrogation of SAC results in DiM owing to simultaneous
activity of NEK2A and separase (Fig. 4a, bottom). We propose that
NEK2A and separase form a surveillance mechanism that eliminates
SAC-deficient cells that would otherwise be doomed to massive chro-
mosomalinstability and aneuploidy, thereby ensuring the survival of
cellswith the correctlength of M-phase and protecting the organism
from tumorigenesis. This ‘minimal duration of early mitosis check-
point’ (DMC) might explain why mutational inactivation of SAC genes
in cancer is rare®,
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Methods

Antibodies

Antibodies generated within this study were raised and purified as
described’. The following antibodies were used for immunoblotting
and immunofluorescence microscopy (IFM): Rabbit anti-separase®,
rabbit anti-sororin*’, rabbit anti-PIN1*, goat anti-CDC27*, mouse
anti-GFP*, mouse anti-Flag (1:2,000; Sigma-Aldrich, M2), rabbit
anti-SGO2 (1:1,000; Bethyl, A301-262A), rabbit or guinea pig anti-SGO2
(1.5 pg/ml; anti-DVPPRESHSHSDQSSKC), rabbit anti-SGO1 (1:500;
Abcam, ab21633), mouse anti-securin (1:1,000; MBL, DCS-280), rab-
bit anti-phosphoSer10-histone H3 (‘H3-pS10’; 1:1,000; Millipore,
06-570), mouse anti-cyclin B1 (1:1,000; Millipore, 05-373), rabbit
anti-cleaved caspase 3 (Aspl175; 1:1,000; Cell Signaling, S5A1E), rabbit
anti-BCL-XL (1:1,000; Cell Signaling, 2762), mouse anti-MCL1 (1:800;
BioLegend, W16014A), guinea-pig anti-MCL1 (0.75 pg/ml; for IFM
1.5 pg/ml; raised against amino acids 1-327 (ATM) of human MCL1),
guinea-pig anti-phosphoSer10-MCL1 (‘MCL1-pS60’; 0.5 pg/ml; for
IFM 1 pg/ml; anti-CVIGGpSAGA, liberated from reactivity towards
CVIGGSAGA), anti-TOM20 (1:500; Santa-Cruz Biotechnology, F10),
mouse anti-cytochrome ¢ (1:1,000; BD Pharmingen, 7H8.2C12), mouse
anti-Bubrl (1:1,000; BD Transduction Laboratories, clone 9), rabbit
anti-BAX (1:1,000; Abcam, ab32503), rabbit anti-BAK (1:1,000; Abcam,
ab32371), rabbit anti-MAD?2 (1:1,000; Bethyl, A300-300A), rabbit
anti-PARP (1:800; Cell Signaling, 46D11), mouse anti-PARP (1:1000;
Calbiochem, AM30), anti-MBP monoclonal (1:1,000; NEB Biolabs,
E8038S, HRP-conjugated), mouse anti-NEK2 (1:600; BD Transduc-
tion Laboratories, clone 20), mouse anti-RGS-His, (1:1,000; Qiagen
34610), rabbit anti-phosphoSer139-histone H2A.X (‘yH2AX’; 1:5,000;
Millipore, EP854(2)Y), mouse anti-topoisomerase lla (1:1,000; Enzo Life
Sciences, 1C5), mouse anti-cyclin A2 (1:200; Santa Cruz Biotechnology,
46Bl11), rat anti-HA (1:2,000; Roche, 3F10) and mouse anti-a-tubulin
(hybridoma supernatant 1:200; DSHB, 12G10). Nonspecific rabbit,
mouse and guinea pig IgGs were from Sigma-Aldrich. Forimmunopre-
cipitation experiments, the following affinity matrices and antibodies
were used: mouse anti-Flag agarose (Sigma-Aldrich, M2), rat anti-HA
agarose (Roche, clone 3F10), anti-GFP nanobody covalently coupled
to NHS-agarose (GE Healthcare), mouse anti-RGS-His, or guinea
pig anti-MCL1 coupled to protein G sepharose (GE Healthcare) and
rabbit anti-BCL-XL coupled to protein A sepharose (GE Healthcare).
For non-covalent coupling of antibodies, 10 pl of the respective matrix
wasrotated with2-5pugantibody inthe presence of 1% w/v BSA (Roth)
for 90 min at room temperature and then washed three times. Sec-
ondary antibodies forimmunoblotting were horseradish peroxidase
(HRP)-conjugated goat anti-rabbit, anti-mouse and anti-guinea pig
IgGs (Sigma-Aldrich, all used at 1:20,000). The following secondary
antibodies were used for IFM (all 1:500): Cy3 donkey anti-guinea pig
IgG, Cy5 goat anti-mouse IgG (both Jackson Immunoresearch Labo-
ratories), Alexa Fluor 488 goat anti-mouse IgG (Invitrogen). Antisera
against mouse SGO2 and mouse securin were gifts from A. M. Pendas.

Celllines and plasmids

HelLa-K,Hek293T, hTERT RPE-1, HCT116, HCT116 BAK -, BAX ", HCT116
TP537",SW480,and NIH/3T3 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Biowest), T-47D cellsin RPMI-1640 (Biowest)
and A427 and A549 cellsin essential minimum Eagle’s medium (EMEM)
(Roth). All media were supplemented with 10% heat-inactivated fetal
calf serum (FCS) (Sigma-Aldrich). Cells were cultured at 37 °C in 5%
CO,. Xenopus laevis S3 cells were grown at 27 °C under atmospheric
CO, in 70% Leibovitz’s L-15 medium (Gibco) supplemented with 1%
Glutamax (Gibco) and 10% heat-inactivated FCS. MCL1 (NM_021960)
was PCR-cloned from human testis cDNA (Clontech), BCL-XL (BCL2L1,
NM_138578), BAK1(BCL2L7,NM_001188),BIM(BCL2L11,NM_001204106)
and BAD (BCL2L8,NM_032989) were PCR-cloned from self-made HeLa
cell cDNA. MCL1 from X. laevis (NP_001131055), Xenopus tropicalis
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(XP_002935512) and Danio rerio (NP_571674) were PCR-cloned from
self-made oocyte cDNA, zygote cDNA (a gift from C. Niehrs) and 72-h
embryos (agift from P. Braaker), respectively. Details about the result-
ing plasmids and derivatives thereof are available upon request. The
ZipGFP plasmid was a gift from X. Shu (Addgene plasmid #81241)*.
For transient expression of proteins, Hek293T, HeLa-K or hTERT RPE-1
cells were transfected with corresponding pCS2- or pcDNA5-based
plasmids using a calcium phosphate-based method or Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. X. laevis
S3 cells were transfected using PEI (Polysciences; 3 pl of 1pug/pl per1pg
DNA). MCLI™ hTERT RPE1 cells were generated using the co-CRISPR
approach® with 0.8 pM ouabain octahydrate (Sigma) 72 h after trans-
fection with30 pmol ssODNMCLI™ (5-GCTGGAGTTGGTCGGGGAATC
TGGTAATAACACCAGTACGGACGGGTCACTACCCTCGACGCCGCCGCC
AGCAGAGGAGGAGGAGGACGAGAACTTGTACTTCCAGTCGCTCGAGA
TTATCTCTCGGTACCTTCGGGAGC-3’),10 pmol ssODN ATP1A1 and
1ug eSpCas9_ATP1A1_G3_Dual_sgRNA (agift from Y. Doyon, Addgene
plasmid #86613) encoding the corresponding sgRNA for MCLI™"
(5’- CGAGTTGTACCGGCAGTCGC-3’). Ouabain-resistant clones
were screened by PCR with oligonucleotides (fwd: 5-GAGTTC
GCTGGCGCCACCCCGTAGGACT-3, rev: 5-GGGAGTGAGGCCTTGG
CGATTAATGAACCCCCTT-3’) and the resulting 871-bp fragment was
further analysed for the presence of a Xhol site.

Cell treatments

For synchronizationinearly S-phase, human and frog cells were treated
with2 mM thymidine (Sigma-Aldrich) for 20 h. Uponrelease/wash-out,
cells entered mitosis within 8-10 h. Synchronization of cellsin prometa-
phase was done by addition of taxol (LC Laboratories) to 0.2 pg/ml6 h
after release from thymidine block. G2 arrest was achieved by addition
of 10 ptM RO-3306 (Santa-Cruz Biotechnology) 4 h after release from
thymidine arrest for 6-10 h. For release from G2 arrest, cells were trypsi-
nized, washed 5x with fresh medium and reseeded for the indicated
incubation times. Toinhibit MCL1, BCL-XL, caspases or MPS1kinase, cells
were supplemented with A-1210477 (2.5puM, Abcam), WEHI-539 (0.5 pM,
Cayman Chemicals), Q-VD-OPh (20 uM, BD Pharmingen) or reversine (1or
5p1M, Cayman Chemicals), respectively, at the time of taxol addition and
incubated for 6 h. To assess apoptosisininterphase, cells were arrested
with thymidine for 20 h together with simultaneous transfection of cor-
responding plasmids or siRNA, released for 15 h, re-supplemented with
thymidine and analysed 10 h thereafter. To assess apoptosis in mitosis,
cells were transfected 10-12 h before thymidine addition, released and
treated withtaxol as described above, and collected when morphological
signs of apoptosis firstbecame visible (typically 10-13 h after thymidine
wash-out). When studying depletion of MCL1and BCL-XL without sepa-
rase deregulation, the taxol arrest was prolonged to 12 h before cells
were analysed. As control, cells were treated with 1 uM staurosporine
(Abcam) for 8-12 h. To address DiM in SAC-abrogated HeLa-K cells, the
corresponding plasmids were transfected first. Ten hours later, siRNA
was transfected. Thymidine was added 14 h thereafter. (In the case of
NIH/3T3 cells, thymidine (4 mM) was added immediately after siRNA
transfection and washed away 18 h thereafter. This was followed by
asecond thymidine block 10 hlater.) After 20 h, cells were released,
re-seeded, supplemented with reversine (5 uM unless stated otherwise)
andincubated for the indicated times without addition of taxol. For the
‘taxol-ZM override’ experiments, taxol-arrested HeLa-K cells were col-
lected by shake-off and released for the indicated times by replating into
medium supplemented withZM 447439 (5 uM, Tocris Biosciences), taxol
(0.2 pg/ml) and cycloheximide (30 pg/ml, Sigma-Aldrich). To induce
FRB-FKBP heterodimerization of the split TEV*¢, rapamycin (100 nM,
Sigma) was added 10 h before cells were collected.

Immunoprecipitation and subcellular fractionation
Cells (1x107) were lysed with a dounce homogenizer in 1 ml LP2 lysis
buffer (20 mM Tris-HCI (pH 7.7), 100 mM NacCl, 10 mM NaF, 20 mM



B-glycerophosphate, 5mM MgCl,, 0.1% Triton X-100, 5% glycerol), sup-
plemented with benzonase (30 U/I; Santa Cruz) and complete protease
inhibitor cocktail (Roche), and incubated on ice for 1 h. To preserve
phosphorylations, lysis buffer was additionally supplemented with
calyculin A (50 nM, LC-Laboratories) and microcystin LR (1M, Alexis
Biochemicals). If transmembrane proteins were to be analysed, the
corresponding lysis reactions were cleared by low-speed centrifuga-
tion (2,500g for 10 min), giving rise to whole-cell extracts (WCE). In all
other cases, lysis reactions were cleared by centrifugation at16,000g
for30 min, resultinginlysates. Forimmunoprecipitations, 1 ml of WCE
or lysate was rotated over 10 pl of antibody-carrying beads for4-12 h at
4 °Candwashed 5x with lysis buffer. For Extended Data Figs. 4cand 8c,
immobilized MCL1 or BCL-XL-BAK/-BAD complexes were incubated
with separase before boiling in SDS-sample buffer. For Fig.4e, incuba-
tionalsoincluded NEK2A and ATP. For cleavage of MCL1-TEVin lysate
(Fig.2a),20 U of Hiss-TEV protease was added at 18 °C and immuno-
precipitation was started 30 min thereafter. Intact mitochondriawere
enriched and separated from cytosol as described”.

RNAinterference

For efficient knockdown, cells were transfected with calcium phosphate
orRNAiMax (Invitrogen) using 70-100 nMsiRNA duplex directed against
PTTGI1 (SECURIN): 5-UCUUAGUGCUUCAGAGUUUGUGUGUAU-3’,
SGO2: 5’-GAACACAUUUCUUCGCCUATT-3’, ESPL1 (SEPARASE):
5-AACUGUUCUACCUCCAAGGUUAGAUUU-3’, NEK2A: 3’-UUCUGAG
AGUCAGCUCACA-5, MCLI: 5-CGAAGGAAGUAUCGAAUUUTT-3’,
BCL2L1 (BCL-XL): 5’-CCAGGGAGCUUGAAAGUUUTT-3’, SGO1I:
5’-GAUGACAGCUCCAGAAAUUTT-3’, CDCAS (SORORIN): 3’-UGGAG
GAGCUCGAGACGGA-5’, BUBIB (BUBR1): 5-GGACACATTTAGATG
CACTTT-3’and/or MAD2:5-GCTTGTAACTACTGATCTTTT-3'. For trans-
fer of siRNA into NIH/3T3 cells, we used Lipofectamine 2000 (Invitro-
gen) according to an optimized protocol supplied by the manufacturer.
Thefollowing pre-designed siRNAs (IDT) were used: mm.RI.MCL1.13.1:
5-GAGUGCUGACUAGAUGAUCAACUAUUCAUCUAGUC-3’, mm.RI.
MCL1.13.2: 5-GCGUAAACCAAGAAAGCUUCGAUGAAGCUUUCUUGG-3’
(a mixture of both was used for Fig. 4d), mm.RI.PTTG1.13.1 (‘a’ in
Extended Data Fig. 2g): 5’-UAUCUUUGUUGAUAAGGAUUCAUU
AUCCUUAUCAAC-3’, mm.RI.PTTG1.13.2 (‘b’ in Extended Data
Fig. 2g): 5-AUCACCGAGAAGUCUACUGUGUCUUAGUAGACUUCU-%,
mm.RI.SGOL2a.13.1 (‘a’ in Extended Data Fig. 2g): 5-ACCUCU
UCAGUAUCAAGAAAGGUUGUCUUGAUACUG-3’and mm.RI.S
GOL2a.13.2 (‘b’ in Extended Data Fig. 2g): 5’-GAAACUUAGAC
AAAAGGUUCGAUUUACCUUUUGUCU-3'. LuciferasesiRNA (GL2) served
ascontrol (Ctrl).If depletion of the corresponding protein caused DiM,
siRNA transfection was performed during thymidine block and cells
were collected upon entering mitosis. In all other cases transfection
was performed on asynchronous cells 12 h before synchronization.

Fluorescence microscopy

To detect apoptosis in fixed samples, Hek293T cells were grown on
poly-lysine-coated glass coverslips and processed 10-12 h after release
from thymidine arrest. Different staining and fixation procedures were
carried out. Where indicated, cells were stained with annexin V-FITC
and propidium iodide according to the manufacturer’s protocol
(Annexin V-FITC Apoptosis Detection Kit, Abcam), washed once with
corresponding binding buffer and mounted onto coverslipsin 5 pl
DAPI-Fix (1x MMR, 48% glycerol, 11% formaldehyde, 1 mg/ml Hoechst
33342)*. To label intact mitochondria, 200 nM MitoTracker (Orange
CMTMRos, Invitrogen) was added 10 h after release from thymidine
to Hek293T cells in serum-free cell culture medium and incubated
for 45 min before cells were fixed. If additional antibody staining was
performed, corresponding coverslips were washed once with PBS, fixed
with fixation solution (PBS, 3.7% formaldehyde) for 15 min at room
temperature, and then washed twice with quenching solution (PBS,100
mM glycine). Cells were then treated with permeabilization solution
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(PBS, 0.5% Triton X-100) for 5 min, washed with PBS and incubated in
blocking solution (PBS, 1% (w/v) BSA) overnight at 4 °C. Coverslips were
transferred into awet chamber, incubated with primary antibodies for
1h, washed four times with PBS-Tx (PBS, 0.1% Triton X-100), incubated
with fluorescently labelled secondary antibodies for 1 h, washed once
with PBS-Tx, stained for 10 min with 1 pg/mlHoechst 33342 in PBS-T,
washed four times and mounted in 20 mM Tris-HCI (pH 8.0), 2.33% (w/v)
1,4-diazabicyclo(2.2.2)octane, 78% glycerol on a glass slide. Immuno-
fluorescence microscopy of fixed cells was performed ona DMI 6000
inverted microscope (Leica) usinga HCX PL APO 100%/1.40-0.70 oil
objective. Z-stack series were collected in 0.2-pum increments over 10
pum, deconvoluted (blind algorithm) and, where indicated, projected
into one plane using the LAS-AF software. For 2D SIM, cells were grown
on Precision cover glasses (Marienfeld) and imaged with the Nikon
Eclipse Ti2 usinga SRAPO TIRF AC100xH objective. Z-stacks were cap-
turedin 0.1-pmincrements over 2 pm, processed using the stack recon-
struction mode and visualized by volume and maximum projection
of the NIS-Elements AR software (Nikon). Chromosome spreads were
prepared as described*®. For video microscopy, transfected HeLa-K or
X. laevis S3 cells were released from single 20 h thymidine block (how
long?), transferred into ap-Slide 8-well (Ibidi) dish, and imaged starting
5-6hlater overaperiod of 5-15hin 8-10-minintervals onaDMI 6000
inverted microscope (Leica) usingaHCX PLAPO 40x/0.85 CORR (HeLa)
or HCXPLFLUOTAR L20x%/0.40 CORR PH1 (S3) objective and the cor-
responding LAS AF600 software. To visualize chromatin, SiR-Hoechst
(200 nM)* and Verapamil (1M, both from Spirochrome) were added
to the culture medium 6 h before imaging. Where indicated, medium
was additionally supplemented with IncuCyte Caspase 3/7 reagent (5
UM, Essen Bioscience)®.

Invitrokinase and cleavage assay

MCLI from different origins served as substrates for in vitro phospho-
rylationreactions. Immunoprecipitated MCL1bound to10 pl beads, 3 pl
ofinvitrotranslated MCLIATM (TNT Quick-coupled Transcription and
Translationkit, reticulocyte lysate-based, Promega) or 2 pg bacterially
expressed, purified MCLIATM were combined with ‘cold’ ATP (5uM) and
40 pCi y-**P-ATP (Hartmann Analytic) for radioactive labelling or only
with cold ATP (1mM) for non-radioactive phosphorylation. Reactions of
25plwere assembled in kinase buffer (10 mM Hepes-KOH (pH7.7), 50 mM
NaCl,25mM NaF,1mMEGTA, 20% glycerol,10 mM MgCl,,10 mM DTT)
including 1 pl of NEK2A-AMR, NEK2B-AMR or A86-cyclinA2-CDK1/2
(corresponding to12.5x10° transfected Hek293T cells each; see below),
0.4 ng of His,-tagged A90-cyclinB1-CDK1*, 0.1 pg of PLK1 (ProQinase,
No. 0183-0000-1) or 0.1 pg of GST-tagged Aurora B (PRECISIO-Kinase,
A2108). To specifically inhibit phosphorylation, the following kinase
inhibitors were used: RO-3306 (2 pM, Santa-Cruz), BI-2536 (100 nM,
Boehringer-Ingelheim), staurosporine (300 nM, Abcam) and ZM-447439
(0.5uM, Tocris). For reactions containing BCL-XLATM, 3 ul IVT served as
substrate. To test kinase activity, 2 pg each of histone H1 (NEB) or myelin
basic protein (MBP, Upstate Biotechnology) were used. Kinase reactions
were incubated for 30 min at 37 °C, subjected to SDS-PAGE, blotted
onto PVDF membrane (SERVA) and analysed by autoradiography using
aphospho-sensitive imaging plate (Fujifilm). The same membrane was
re-activated with methanol and further analysed by immunoblotting.
For cleavage assays, 12.5-pl reactions were incubated with 1 pl separase
(active P1127A variant or protease-dead (PD) C2029S variant)**, 1U
human caspase 3 (Enzo) or 20 U TEV protease, incubated for 30 min at
room temperature (separase) or 37 °C (both others) and stopped by
addition of SDS-sample buffer.

Recombinant protein expression and purification

To produce recombinant NEK2A-AMR (active or kinase-dead (KD, L37M),
NEK2B-AMR and A86-cyclinA2 (in complex with endogenous CDK1/2),
10 x 10” Hek293T cells were transfected with the corresponding
plasmids to express the kinases in fusion with a GFP-SUMOstar tag*?,
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supplemented with taxol 24-48 h thereafter and collected 12 h later.
Lysates in LP2 (including protease and phosphatase inhibitors) were
cleared by centrifugation for 30 min at 16,500g and rotated for 4 h at
4 °Cwith anti-GFP nanobody beads (0.1 ml corresponding to 1mg nano-
body). Immobilized kinases were washed three times in LP2 (200g, 1
min, 4 °C), transferred into cleavage buffer (10 mM Hepes-KOH (pH7.7),
50 mMNacCl, 25 mM NaF,1mMEGTA, 20% glycerol) and incubated with
40 pg His,-SUMOstar protease® for 45 minat 18 °C. Eluates (80 pl) were
snap-frozen and stored in aliquots at =80 °C. His,-SUMO1-MCL1ATM
was expressed froma pET28-derivativein Escherichia coli.Rosetta2 DE3
(Novagen).Bacteriawerelysed in LP1(PBS,5mMimidazole, 0.5mMDTT
and an additional 400 mM NacCl) and purified over Ni**-NTA-agarose
(Qiagen) according to standard procedures. The eluate in PBS sup-
plemented with250 mMimidazole, 0.5 mMDTT and anadditional 400
mM NaCl (pH adjusted to 7.5 with HCI) was dialysed against LP1for 12 h
at4 °Cinthe presence of 10 ng His,-Senp2% per 100 ug MCL1and then
rotated for 3 h over 9/10th the amount of fresh Ni**-NTA-agarose. The
flow-through containing pure MCLIATM was dialysed against PBS and
storedinaliquots at-80 °C.

Flow cytometry

Tomeasure apoptosisin vivo, Hela-K cells transfected with correspond-
ing siRNAs and plasmids were collected by gentle trypsination, washed
once withmedium, and then stained with annexin V-FITC and propid-
iumiodide according to the manufacturer’s protocol (Abcam, ab14085).
Samples were analysed immediately on a Cytomix FC 500 (Beckman
Coulter) using an FL1 signal detector for FITC and FL2 for propidium
iodide and counting at least 20,000 single cells per condition. Flow
cytometry of propidiumiodide-stained cells was done as described*.

Statistics and reproducibility

No statistical methods were used to predetermine sample size. Experi-
ments analysed by immunoblotting or autoradiography were repeated
2-4 times with similar results (2-4 biological replicates). For quantita-
tive analyses of chromosome spreads, clonogenic assays, and IFM speci-
men, the investigators were blinded to sample allocation. Otherwise,
experiments were not randomized.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are available within
the paper. Source Data for Figs. 1-4 and Extended Data Figs. 1-12 are
provided withthe paper. Data or other materials are available from the
corresponding author upon reasonable request.
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taxol-arrested Hek293T cells transfected with siRNAs and expression plasmids
asindicated. During separase-triggered DiM, MCL1 cleavage stimulates BCL-XL
cleavage and vice versa, which—atleastin the case of MCL1—is mediated by the
corresponding N-terminal fragment (Extended Data Fig. 4b). e, Co-depletion of
SGO2andsecurininduces cleavage of MCL1and BCL-XL followed by apoptosis
innon-transformed cells. Immunoblots of siRNA-transfected, taxol-arrested
hTERT RPE1cells expressing ZipGFP. f, MCL1is cleaved after R176 during DiM of
SGO2-and securin-depleted cells. Immunoblots of extractsand MCL1
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theindicated siRNAs.IVT,invitro translated. g, Mouse MCL1and BCL-XL are
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staurosporine asindicated were analysed by immunoblotting.

182



a co-expression of: 1P b N &) ) C RS co-expression of:
S O OO O
Hisg-Mcl1-CATM @7 S VS P Q% Q Flag-Tev-Bak
BolXL-CATN-FI & S0 & WY NV F S S q@ Q;@.%a? His,-Bak
C'XH'A Bad a9 T IR PO & PE LIREY and Mcl1-N;
moc i - - + Tev-prot.inlysate - + - taxol arrest
HA-Bim Hise - - # |<BclxLATM
| Bolxl ~Flag Bak — +Fli|g-Teél-?<ak Bak )
— -~ - |
whole ol exract 112 - bl e L e e e R ) R
(WCE) < HA-Bad -Flag » Western
mock< Hlsf— /jag-lF‘ -~ e |<HABm HA ## |« HA-Bad Mct[ww =] MoiN—[ee  |Mct  Flag-P
Western: a-tub. |- artub, [ - a—tub.lE 4 5 6 Tev—prlot_>elut \I'I1Vestern:
i ? - o homotypic
Bim or Bad bound lysate  Flag-IP 1.2 3 U Hisg-IPinteraction?
Mcl1-N binding?
d 10 h after thymidine mitoTracker casp.3/7 reagent Hoechst e siSGO2/SEC.: + + -
- 173 sIMCL1BCL-XL: - + -
=39 ) 2 SICTRL: = - +
w
Lo Q
g0 2 b
8% 20 O Securn [ =2
~ o m =
» Q2 8 e
22 m e E
28 : . 'Br BolxL 2
S (ohd 2m 3
e} %9 o
E 0 H =] [l a-tubulin El
siSGO2/SEC.: + + - o
SMCL1BCLXL: - + - S YH2AX I:l 3
siCTRL.: - - + ’:g g’
SiRNA:  siCTRL. siMCL1 siMCL1 siMCL1 siMCL1
transgen.Mcl1:  none none aa 1-350 aa 177-350 aa 1-176 g siMCL 1/tax. ‘siMCL1/tax./aa’]-350
100 \ ] \ \ H
90 Annexin V- and Pl-positive . .
80 Annexin V-positive only ! ! o
g : : ' ' ) late
© 70 ' ' ' ' w] necrotic apoptotic
3 60 ' ' ' '
o 1 1 1 '
g 50 . ) . ) T
= \ ' . )
g : 1 : : o] ety | e
s 30 ! ) h . pop
20 ) ' ) ) : .
' ' ' ' 10 10! 100 0 e Jrawi®
10 ' ! ' ' annexin V—— i
0 w
taxo - + + - + + - + + - + + - + +
WEHL = - + - - 4 — — 4+ — — 4+ - - 4 i T T
12 3 4 5 6 7 8 9 10 11 12 13 14 15
h NEB until metaphase = Ml / metaphase = / anaphase until cytokinesis = / death in mitosis = ll | s @ é}@ S‘ ,{bb\\?
Mcl1-N Mcl1-C-WT Mcl1-C-T301A &0\6‘99 o “v”’» QO O
— — — NE G QTN W N
L
—_— — — & S A R S
—— —— e— OL-TUD . | ————
» [ — Nek2a -
3 — - l« Mcl1-N
= — Mcl1
2 — — = <« Mcl1-C
= [e——
° - - ~ -
2 PARP - -
e e— (10 h after release from thymidine)
50 100 time[min] O 50 100 150 0 50 100

Extended DataFig. 3 | Characterization of separase cleavage fragments of
MCL1and BCL-XL. a, The C-terminal separase cleavage fragments of MCL1and
BCL-XL preferentially bind BIMand BAD, respectively. Experimental setup and
immunoblots of theindicated immunoprecipitation fromtaxol-arrested
Hek293T cells co-expressing His,~MCL1-CATM, BCL-XL-CATM-Flag, HA-BAD,
and HA-BIM. b, BCL-XL and BCL-XL-C bind BAK and BAD, respectively.
Immunoblots of Flagimmunoprecipitation from transfected, mitotic
Hek293T cells expressing the indicated Flag-tagged BCL-XL fragments
together with HA-tagged BAK and BAD. ¢, MCL1-Ninteracts with BAK.
Experimental setup and immunoblots of lysate and consecutive Flag and His,
immunoprecipitations from transfected, mitotic Hek293T cells co-expressing
Flag-TEV-BAK, His,-BAK, and MCL1-N. TEV protease supplementation of lysate
served as anegative control. Self-interaction of BAK is mutually exclusive with
binding of MCL1-N.d, Separase-induced DiM is suppressed by knock-down of

MCL1and BCL-XL. Quantification and representative images of
siRNA-transfected, mitotic Hek293T cells cultivated in the presence of
mitoTrackerand afluorogenic caspase 3/7 reporter before fixation and
Hoechststaining. Atleast100 cells each were counted. Scale bar, 5pum.

e, Immunoblots of cells fromd.f, MCL1-N and -C promote DiM. Plot of early
(dark grey) and late (light grey) apoptosis as judged by flow cytometric analysis
of propidiumiodide and annexin V staining of Hek293T cells transfected with
siRNAs and expression vectors for transgenic MCL1 (fragments) and
supplemented with taxol and BCL-XL inhibitor WEHI-539 (WEHI) as indicated.
g, Representative 2D scatter plots of cells from fand their interpretation.

h, Induction of DiM by MCL1-C does not require taxol treatment but does
require Thr301. Cell fate profiles of HeLa-K cells expressing the indicated MCL1
fragments and culturedin the presence of SiR-Hoechst and a fluorogenic
caspase 3/7reporter.i,Immunoblot of cells from h and Extended Data Fig. 10a.
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Extended DataFig.4|MCL1-N enables BAD toreplace BAK as aninteractor of HAimmunoprecipitation from taxol-arrested Hek293T cells expressing

of BCL-XL and enhances cleavage of BCL-XL by separase.a, MCL1-N causes a NEK2A-AMR and either HA-BAK or HA-BAD plus MCL1-N. Before SDS-PAGE,
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MCLI1fragments. Separase was not deregulated in this experiment, whichis to cleavage by separase, this breaks the cooperative binding of BCL-XL to BAK,
whyBCL-XLisnotcleaved.b, Separase-dependent BCL-XL cleavageincellsis resultingin BH3-only proteins, such as BAD, excluding BAK from BCL-XL. At the
primarily stimulated by MCL1-N. Immunoblots of SGO2/securin/MCL1 same time, thisrenders BCL-XL abetter separase substrate. MCL1-Nacts
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theindicated transgenic MCL1variants. ¢, Separase prefers BCL-XL in complex formation by the latter (dotted arrow; Extended Data Fig. 3c).
with BAD as asubstrate rather than BAK. Experimental setup and immunoblots
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Extended DataFig. 5|Self-interaction of pro-apoptotic MCL1-Cshares
characteristics with pore formation by BAK/BAX butrequires
mitosis-specific phosphorylation. a-c, MCL1-C exhibits mitosis-specific
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interactionserved asacontrol for the effectiveness of A-1210477.d, The
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homotypicinteraction of MCL1-C is mutually exclusive with BIM binding. Top,
experimental setup; bottom,immunoblots of consecutive Flag and His,
immunoprecipitations from Hek293T cells expressing HA-BIM together with
Flag-TEV-and His,-tagged forms of either wild-type MCL1-C or the T301A
variant. X, irrelevantlane between HA-BIM control (asterisk) and His,
immunoprecipitation samples. The T301A mutation prevents self-interaction
of MCLI-Cbut notitsassociation with BIM.
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Extended DataFig. 6| BAK/BAX-independentrelease of cytochrome cby
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Extended DataFig.7|The pro-apoptotic effect of MCL1-C and BAX requires
anegative chargeattheend of a-helix 6. a, b, Immunofluorescence
micrographsof taxol-arrested Hek293T cells transfected with the indicated
siRNAs. Shown are maximum projections of 20 z-stacks (a) or asingle,
deconvoluted plane (b). Theinterruption of TOM20 rings by MCL1dots s
consistent with a cross-section through a fragmented mitochondrion
containingan MCL1ring.Scalebars,3 um. ¢, MCLI-Cis likely to form
macroporesinto the mitochondrial outer membrane. Immunofluorescence 2D
SIM of SGO2/securin-depleted Hek293T cells undergoing DiM. Note the
absence of the mitochondrial outer membrane marker TOM20 from the
centres of MCL1rings. Scalebar, 0.5 pm. d, Immunoblots of extracts and Flag
immunoprecipitations frominterphase or mitotic Hek293T cells expressing
Flag-tagged MCL1-C-WT (T), MCL1-C(T301A) (A), or MCL1-C(T30L1E) (E).

e, Identifying serine and threonine residues that affect the pro-apoptotic
nature of MCL1-N and MCL1-C. Immunoblot of MCL1-depleted, taxol-arrested
Hek293T cells expressing the indicated siRNA-resistant variants of MCL1-N or
MCLI-C.BCL-XLis not cleaved during apoptosisif separase remains inhibited.
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f,g, AuroraBkinase phosphorylates MCL1-Cin vitro, probably at position 301
primarily. Immunoblots and autoradiographs of in vitro-translated wild-type
MCL1-CATM and variants thereof after incubation with the indicated kinases
andinhibitorsinthe presence of y*>P-ATP. Activity of the recombinantkinase
was confirmed using model substrates (f, lower panels). KD, kinase-dead; RO,
RO-3306; BI, BI-2536; ZM, ZM-447439; MBP, myelin basic protein; H1, histone
H1.h, Local alignment of MCL1and BAX. Vertical lines and colons mark
identical and chemically similar residues, respectively; dashes represent gaps.
i, Immunoblots of interphase or mitotic Hek293T cells expressing BAX with (+)
orwithout (A) TM and with Glu (E), Ala (A), or Thr (T) at position 146. j, Model of
MOMP by MCL1-C homo-oligomerization. The indicated conformational
changesareinspired by knowledge about BAK/BAX pore formation and their
hierarchy was chosen to best explain our data; that is, why the T301A mutation
abolished self-interaction of MCL1-C but left BIM binding unaffected
(Extended Data Fig. 5d). Minus signs represents phosphorylated Thr30land
plussignsrepresentanearby basicresidue.
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Extended DataFig. 8| NEK2A kinase turns MCL1and BCL-XL into separase
substrates. a, Autoradiographs and immunoblots of combined kinase
(**P-labelling) and cleavage (fragment-generation) assays using bacterially
expressed, purified MCL1ATM and kinases, specific inhibitors and active (ac) or
inactive (PD) separase, asindicated. b, CDK1-cyclinBland PLK1enhance
separase-dependent cleavage of NEK2A-phosphorylated MCL1. Immunoblots
of cleavage assays using bacterially expressed, purified MCLIATM and the
indicated combination of kinases and separase variants.c, When
immunoprecipitated from NEK2A-AMR-expressing, SAC-arrested cells,
endogenous MCL1is efficiently cleaved by separase in vitro. Left, experimental
setup; right,immunoblots of cleavage assay combining active orinactive
separase with MCL1immunoprecipitation from prometaphase Hek293T cells
expressing MCLIATM-Flag and, where indicated, Flag-NEK2A-AMR or
N-terminally truncated (A86) Flag-cyclin A2.d, Cleavage of mouse (M.m) MCL1
by separase alsorequires NEK2A-dependent phosphorylation.
Invitro-translated *S-MYC6-M.m.MCL1ATM was incubated with separase,

caspase 3and NEK2A/ATP asindicated. Reactions were resolved by SDS-PAGE
and analysed by autoradiography and immunoblotting. KD, kinase-dead
(K37M). e, NEK2A and (to alesser extent) CDK1/2-cyclin A2 sensitize BCL-XL to
separase. Autoradiography of cleavage assay combining in vitro-translated
3S-RAD21 (positive control) or**S-BCL-XLATM with kinases/ATP and separase
variants as indicated. f, Autoradiography of kinase assays (**P-labelling) using
modelsubstrates and the kinases fromd. g-i, The NEK2A-related NEK2B does
notsupportseparase-dependent MCL1cleavage. g, Schematics and C-terminal
sequences (dashed box) of NEK2A and NEK2B, which arise by alternative
splicing of the same gene**. NEK2A-specific, C-terminal degrons (KEN box and
MR-tail) are underlined. h, Both NEK2A and NEK2B can phosphorylate the
modelsubstrate MBP. i, NEK2B cannot phosphorylate MCL1. Left,
experimental setup; top right, kinase assay; bottomright, cleavage assay
combining MCL1IATM with NEK2A, NEK2B, staurosporine (kinase inhibitor)
and active separase asindicated.
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