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1 Zusammenfassung

In der Mitose werden die Schwesterchromatiden getrennt und auf beide Tochter-
zellen verteilt. Die Trennung der Schwesterchromatiden erfordert die proteolyti-
sche Spaltung des Scc1-Proteins. Scc1 ist Bestandteil des Kohasin-Komplexes,
der die Schwesterchromatiden nach ihrer Entstehung in der S-Phase bis zum Be-
ginn der Anaphase gepaart halt. Die Protease, die durch Scc1-Spaltung die
Schwesterchromatiden-Trennung einleitet, heil3t Separase. Die Separase wird erst
dann aktiviert, wenn alle Chromosomen bipolar mit dem mitotischen Spindelappa-
rat verbunden sind. Die Aktivierung der Separase erfordert die Ubiquitin-
abhangige Degradation des Securins, einer inhibitorischen Untereinheit der Sepa-
rase. Weitere Mechanismen der Separase-Regulation sind noch nicht vollstandig
verstanden.

Das Securin von Drosophila melanogaster ist das Protein Pimples (PIM). Die
Separase (SSE) von D. melanogaster besitzt zwar eine Protease-Domane, aber
die N-terminale regulatorische Domane, die in Separasen anderer Eukaryoten ge-
funden wird, fehlt in SSE fast vollstandig. In dieser Arbeit wurde gezeigt, dass PIM
und SSE einen heterotrimeren Komplex mit dem Protein Three rows (THR) bilden.
THR besitzt Bindungsstellen fur PIM und SSE. In anderen Organismen besitzt die
N-terminale Separase-Domane Bindungsstellen fir das Securin und die Protease-
Domane der Separase. Diese Ergebnisse legen nahe, dass THR strukturell der N-
terminalen Domane anderer Separasen entspricht. Die Separase aus D. melano-
gaster scheint demnach aus zwei Untereinheiten aufgebaut zu sein.

Wahrend SSE die katalytische Domane der Separase beinhaltet, wurde hier
gezeigt, dass THR eine regulatorische Separase-Untereinheit ist. THR wird nach
dem Metaphasen-Anaphasen-Ubergang proteolytisch gespalten. Diese Spaltung
erfolgt nur in funktionellen Separase-Komplexen, und die Spaltstelle in THR ent-
spricht dem Konsensus einer Separase-Spaltstelle. Mutationen in dieser Spaltstel-
le unterbinden die THR-Spaltung. Diese Daten legen nahe, dass THR durch die
katalytische Untereinheit der Separase gespalten wird. Die Expression von nicht
spaltbaren THR-Varianten fuhrt zu frihembryonaler Letalitat bei erniedrigter Tem-
peratur. Diese Letalitat wird unterdrickt wenn die katalytische Aktivitat der Sepa-
rase erniedrigt wird. Die Spaltung von THR tragt demnach zur Inaktivierung der
Separase bei. Die Spaltung von THR ist vor allem wahrend der Zellularisierung
wichtig, einem insektenspezifischen Prozess in der Embryonalentwicklung von D.
melanogaster. Wahrend der Zellularisierung fuhrt die ausbleibende Inaktivierung
der Separase zu Defekten im Tubulin-Zytoskelett. Dieses Ergebnis legt nahe, dass
die Separase in D. melanogaster weitere Substrate neben den Kohasinen und
andere Funktionen als in der Schwesterchromatiden-Trennung hat.



2 Summary

2 Summary

In mitosis, sister chromatids are separated and distributed onto two daughter cells.
Separation of sister chromatids depends on proteolytic cleavage of Scc1. Scc1 is
part of the cohesin complex, that holds sister chromatids together after they are
synthesized in S-phase until they are separated in anaphase. The protease that
initiates sister chromatid separation by cleavage of Scc1 is called separase.
Separase is only activated when all chromosomes are attached to the mitotic
spindle in a bipolar fashion. Activation of separase involves ubiquitin-dependent
degradation of securin, an inhibitory separase subunit. Additional mechanisms that
regulate separase activity are still poorly understood.

In Drosophila melanogaster, Pimples (PIM) is the securin. The separase
(SSE) from D. melanogaster has a protease domain although it lacks most of the
N terminal regulatory domain found in all other eukaryotic separases. It is shown
here, that PIM and SSE form a heterotrimeric complex with Three rows (THR).
THR has binding sites for both PIM and SSE. The N-terminal domains of other
separases have binding sites for the securin and the protease domain of
separase. These data suggest that THR structurally corresponds to the N-terminal
domain of other separases. Therefore, the separase from D. melanogaster ap-
pears to consist of two independent subunits.

While SSE includes the catalytic separase domain, THR was found to be a
regulatory separase subunit. THR is cleaved after the metaphase-to-anaphase
transition. Cleavage only occurs in functional SSE complexes and in a region that
matches the separase cleavage site consensus. Mutations in this region abolish
THR cleavage. These results indicate that THR is cleaved by the catalytic
separase subunit. Expression of noncleavable THR variants results in early-
embryonic lethality at lowered temperature. This lethality can be suppressed by a
reduction of catalytically active separase levels, indicating that THR cleavage con-
tributes to inactivation of separase. THR cleavage is particularly important during
cellularization, an insect specific process in early-embryonic development of D.
melanogaster. During cellularization the lack of separase inactivation severely dis-
rupts organization of the tubulin-cytoskeleton. These results suggest that D. mela-
nogaster separase has other targets in addition to cohesin subunits and might
have other functions than sister chromatid separation.
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3 Einleitung

Diese Arbeit befasst sich mit der Verteilung des genetischen Materials auf die
Tochterzellen. Aufgrund seiner zentralen zellularen Bedeutung scheint dieser Pro-
zess in Eukaryoten evolutionar konserviert zu sein. (Zur Ubersicht: Nasmyth,
2002).
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Abbildung 1: S-Phase und Aufbau der Schwesterchromatiden-Kohésion

(A) Schematische Darstellung einer Zelle in der S-Phase. Die dekondensierte DNA befindet sich
im Zellkern (grau). An der Kernmembran sind die Zentrosomen lokalisiert (rot).

(B) Etablierung der Schwesterchromatiden-Kohasion wahrend der Replikation in der S-Phase.
Wahrend der Verdopplung der DNA-Strange (grau) bindet der Kohasin-Komplex an die DNA. Dar-
gestellt ist auBerdem ein mégliches, rdumliches Modell fir den Kohasin-Komplex aus S. cerevisiae,
mit den Proteinen Smc1, Smc3, Scc1 und Scc3. (Modell modifiziert nach: Nasmyth, 2002)

Eine Voraussetzung fur die korrekte Verteilung der Schwesterchromatiden ist,
dass sie von ihrer Entstehung in der S-Phase an bis in die Mitose verbunden blei-
ben (Uhlmann und Nasmyth, 1998). Diese Verbindung, die als Schwesterchromat-
iden-Kohasion bezeichnet wird, bewahrt die Information dariber, welche Chromat-
iden exakte Kopien voneinander sind. Diese mussen in der Mitose in unterschied-
liche Tochterzellen segregiert werden. In Saccharomyces cerevisiae wurde ge-
zeigt, dass die Kohasion der Schwesterchromatiden durch die Proteine
Scc1/Mcd1, Sce3, Smc1 und Smc3 vermittelt wird, die so genannten Kohasine
(Michaelis et al., 1997; Toth et al., 1999). Mittlerweile wurden Kohasine auch in
anderen Organismen, wie Schizosaccharomyces pombe, Drosophila melano-
gaster, Xenopus laevis und dem Menschen beschrieben (Losada et al., 1998;
Tomonaga et al., 2000; Warren et al., 2000a; Hauf et al., 2001). Die Kohasine bil-
den einen Proteinkomplex, der wahrend der S-Phase an die entstehenden
Schwesterchromatiden bindet und so deren Zusammenhalt etabliert (Abb. 1).
Neuere, ultrastrukturelle Analysen haben zu einem raumlichen Modell des Koha-
sin-Komplexes gefuhrt (Haering et al., 2002). Danach legt sich ein Heterodimer
aus Smc1 und Smc3 wie eine Spange um die beiden DNA Strange. Diese Spange
wird an ihrem offenen Ende von einem Heterodimer aus Scc1 und Scc3 zusam-
mengehalten (Abb. 1).
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In S. cerevisiae erfolgt die Trennung der Schwesterchromatiden durch die proteo-
lytische Spaltung des Kohasins Scc1 (Uhimann et al., 1999). In héheren Eukaryo-
ten erfolgt die Auflosung der Kohasion in zwei Schritten. Wahrend der Prophase
dissoziiert der Kohasin-Komplex unabhangig von Scc1-Spaltung von den Armen
der Chromosomen. Die Dissoziation des Kohasin-Komplexes im Bereich der
Chromosomen-Arme wird Uber Phosphorylierung der Scc1- und Scc3-
Untereinheiten reguliert (Sumara et al., 2002). Lediglich im zentromernahen Be-
reich bleibt die Kohasion der Schwesterchromatiden in der Prophase noch erhal-
ten (Sumara et al., 2000; Waizenegger et al., 2000; Warren et al., 2000b, siehe
auch Abb. 2). Der zweite Schritt, bei dem wahrend dem Ubergang von der Meta-
phase in die Anaphase die Kohasion am Zentromer aufgelost wird, ist auch in ho-
heren Eukaryoten von Scc1-Spaltung abhangig (Waizenegger et al., 2000).
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Abbildung 2: Prophase und Kondensation des Chromatins

(A) Schematische Darstellung einer Zelle in der Prophase der Mitose. Innerhalb der Zelle werden
die Chromosomen sichtbar (grau) und die Kernmembran |6st sich auf (gestrichelter Kreis). Die
Zentrosomen (rot) wandern auseinander um spater gegentiberliegende Pole der mitotischen Spin-
del zu bilden (Pfeile). Wahrenddessen beginnen sich astrale Mikrotubuli auszubilden (schwarz).

(B) Kondensation und Kohasion der Schwesterchromatiden. Wahrend der Kondensation des
Chromatins wird in héheren Eukaryoten die Kohasion an den Armen der Chromosomen aufgel6st.
Dieser Vorgang erfordert keine Spaltung von Scc1. Im Bereich der Zentromere, auf denen die Kine-
tochore aufgebaut sind (orange), bleibt die Kohasion erhalten. In S. cerevisiae bleibt wahrend der
weniger ausgepragten Kondensation des Chromatins, die Kohasion auf der ganzen Lange der
Chromatiden erhalten (kleiner Kasten).

Die Scc1-Spaltung und endgultige Trennung der Schwesterchromatiden er-
folgt erst dann, wenn alle Chromosomen korrekt in der so genannten Metaphasen-
Platte angeordnet sind (Abb. 3). Erreicht wird dieser Zustand durch die Wechsel-
wirkung der Chromosomen mit dem mitotischen Spindelapparat, der sich wahrend
der Metaphase als eine bipolare Struktur herausbildet (Zur Ubersicht: Sharp et al.,
2000; Karsenti und Vernos, 2001).

An den Chromosomen-Armen wird Uber Mikrotubuli und Chromatin-
gebundene Motorproteine, eine von den Polen wegweisende Kraft erzeugt, der so
genannte ,polar wind“ (blaue Pfeile in Abb. 3). Dieser Mechanismus ist essentiell
fur die Ausrichtung der Chromosomen in der Metaphase. An den Kinetochoren,
die auf den Zentromeren der Chromosomen aufgebaut sind, werden Mikrotubuli
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ebenfalls Uber Motorproteine gebunden. Am Kinetochor wird jedoch eine Kraft er-
zeugt, die zum jeweiligen Pol hinweist (grine Pfeile in Abb. 3). Die Bindung der
Mikrotubuli am Kinetochor bleibt instabil, solange ein Chromosom nur mit einem
der beiden Spindel-Pole verbunden ist. Erst wenn beide Schwester-Kinetochore
mit entgegengesetzten Spindel-Polen verknlpft sind, wird die Bindung der Mikro-
tubuli am Kinetochor stabilisiert. Das Ergebnis der Chromosomen-Ausrichtung in
der Metaphase ist ein stabiler Zustand, bei dem die Schwester-Kinetochore eines
Chromosoms mit entgegengesetzten Spindel-Polen verknupft sind. Diese bipolare
Verknupfung mit der Spindel erlaubt die Trennung der Schwesterchromatiden. Da
die Schwesterchromatiden mit gegenuberliegenden Polen verbunden sind, werden
sie, sobald die Kohasion gelbst ist, zu gegenuberliegenden Polen segregiert. Auf
diese Weise wird sichergestellt, dass jede Tochterzelle eines und nur eines der
beiden Duplikate eines Chromosoms erhalt.

A B
\ L §\ \ /4
= — il
S 70l ANy S
\’
Metaphase Chromosomen-Ausrichtung

Abbildung 3: Metaphase und Ausrichtung der Chromosomen in der Metaphasen-Platte

(A) Schematische Darstellung einer Zelle in der Metaphase der Mitose. Die Chromosomen (grau)
ordnen sich in der Metaphasen-Platte an. Die Zentrosomen (rot) befinden sich an gegeniberlie-
genden Polen der mitotischen Spindel (schwarz).

(B) Modell der Chromosomen-Ausrichtung in der Metaphase. An den Chromosomen-Armen erzeu-
gen Mikrotubuli und Motorproteine eine vom Pol wegweisende Kraft (blaue Pfeile). An den Kineto-
choren wird tber andere Motorproteine eine zum Pol hinweisende Kraft erzeugt (griine Pfeile). Die-
se Prozesse wirken zusammen bei der Ausbildung der Metaphasen-Platte.

Die bipolare Verknupfung der Chromosomen mit der Spindel ist eine unabdingba-
re Voraussetzung fur die Schwesterchromatiden-Trennung (Abb.4). Auf molekula-
rer Ebene wird diese Abhangigkeit durch einen Kontrollmechanismus gewahrleis-
tet, den sogenannten ,spindle assembly checkpoint®. Dieser Kontrollmechanismus
verhindert die Einleitung der Anaphase, solange Kinetochore vorliegen, die nur mit
einem Spindel-Pol verbunden sind (Zur Ubersicht: Amon, 1999). Schon in sehr
frhen Arbeiten hatte sich gezeigt, dass fir die Einleitung der Anaphase Ubiquitin-
abhangige proteolytische Degradation erforderlich ist (Holloway et al., 1993). In
der Folge wurde die kritische E3-Ubiquitin-Ligase identifiziert, der sogenannte ,a-
naphase promoting complex/cyclosome® (APC/C). In der Mitose bendtigt der
APC/C eine aktivierende Untereinheit, das Fizzy/Cdc20 Protein. Solange der
,Spindle assembly checkpoint® aktiv ist, verhindert er die Fizzy/Cdc20-APC/C-
abhangige Degradation eines Anaphase-Inhibitors (Zur Ubersicht: Peters, 2002).
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Zu den am besten charakterisierten Substraten des APC/C gehoren die mitoti-
schen Cycline (Glotzer et al., 1991; Hershko et al., 1991). Als positive, regulatori-
sche Untereinheiten der Cyclin-abhangigen Kinasen (Cdk) sind sie essentiell fur
den Eintritt in die Mitose. In den mitotischen Cyclinen konnte ein Sequenzelement,
die sogenannte ,destruction box“ (D-Box) identifiziert werden, welches fur ihren
APC/C-abhangigen Abbau hinreichend und notwendig ist (Glotzer et al., 1991).
Der Abbau der mitotischen Cycline ist erforderlich um die Mitose zu beenden. Wird
die Degradation der mitotischen Cycline verhindert, unterbleibt die Dekondensati-
on des Chromatins und die Depolymerisation der mitotischen Spindel. Experimen-
te mit nicht degradierbaren Cyclinen haben jedoch gezeigt, dass die Trennung der
Schwesterchromatiden nicht vom Abbau der mitotischen Cycline abhangig ist
(Holloway et al., 1993; Irniger et al., 1995; Tugendreich et al., 1995).

Daraus ergab sich das Postulat, dass mindestens ein weiteres Protein existie-
ren muss, welches ein Substrat des APC/C ist und als Anaphase-Inhibitor wirkt.
Proteine mit diesen Eigenschaften konnten mittlerweile in vielen Organismen iden-
tifiziert werden (Cohen-Fix et al., 1996; Funabiki et al., 1996; Zou et al., 1999,
Teilarbeit A). Diese Proteine stellen sicher, dass keine verfrihte Schwesterchro-
matiden-Trennung erfolgt und sie werden heute als Securine bezeichnet.

Alle bislang charakterisierten Securine binden an eine Protease, die essentiell
fur die Trennung der Schwesterchromatiden ist (Funabiki et al., 1996a; Ciosk et
al., 1998; Zou et al., 1999; Teilarbeit B). Diese als Separase bezeichnete Protease
vermittelt die Spaltung der Scc1-Kohasin-Untereinheit und damit die Trennung der
Schwesterchromatiden (Uhlmann et al., 2000). Die Bindung des Securins inhibiert
die Aktivitat der Separase (Hornig et al., 2002; Waizenegger et al., 2002). Dem-
nach erlaubt die Degradation des Securins am Metaphasen-Anaphasen-Ubergang
die Aktivierung der Separase (Abb. 4). Dieser Mechanismus zur Aktivierung der
Separase scheint in allen Organismen konserviert zu sein. Obwohl die Trennung
der Schwesterchromatiden ein konservierter Prozess ist, zeigen die Securine, ab-
gesehen von Degradationssignalen (D-Box, KEN-Box) keine Verwandtschaft auf
Sequenzebene. Die Identifizierung der Securine erfolgte daher anhand funktionel-
ler Kriterien. Bei den Separasen handelt es sich um Cystein-Proteasen aus der
CD-Familie, zu denen auch die Caspasen gehoéren. Wie die Caspasen sind die
Separasen sequenzspezifische Endoproteasen, deren Erkennungssequenz einem
evolutionar konservierten Konsensus entspricht (Hauf et al., 2001). Im Gegensatz
zu den Securinen zeigen die Separasen deutliche Sequenzhomologien zueinan-
der. Diese Homologien beschranken sich jedoch auf eine C-terminale Domane, in
der sich das katalytisch aktive Zentrum der Protease befindet. In der N-terminalen
Domane, die fur die Bindung der Securine bendtigt wird, zeigen die Separasen
dagegen keine Sequenzahnlichkeiten. (Funabiki et al., 1996a; Uhlmann et al.,
2000).
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Abbildung 4: Metaphasen-Anaphasen-Ubergang und Zytokinese

(A) Schematische Darstellung des Metaphasen-Anaphasen-Ubergangs. Der ,spindle assembly
checkpoint” verhindert, dass die Anaphase eingeleitet wird solange Kinetochore vorliegen, die nicht
bipolar mit der Spindel verkniipft sind. Dies geschieht durch die Inhibition des fizzy/Cdc20 Aktiva-
tors der APC/C Ubiquitin-Ligase. Nachdem die Kinetochore bipolar mit der Spindel verknipft sind,
wird der APC/C durch fizzy/Cdc20 aktiviert. Der APC/C vermittelt die Ubiquitin-abhangige Degrada-
tion der mitotischen Cycline und des Securins. Die Auswirkung der Degradation ist in beiden Fallen
verschieden. Der Abbau der mitotischen Cycline fuhrt zur Inaktivierung der Cdk1-Kinase und zum
Austritt aus der Mitose. Der Abbau des Securins fiihrt zur Aktivierung der Separase. Die aktive Se-
parase spaltet das Scc1-Kohasin, wodurch die Trennung der Schwesterchromatiden ermdglicht
wird. Die beiden Schwesterchromatiden werden daraufhin durch die mitotische Spindel zu gegenii-
berliegenden Polen segregiert. In Vertebraten kann die Aktivitat der Separase Uber inhibitorische
Phosphorylierung durch die Cdk1-Kinase reguliert werden. In S. cerevisiae wurde gezeigt, dass die
polo/Cdc5-Kinase das Scc1 phosphoryliert, wodurch die Spaltung von Scc1 unterstitzt wird.

(B-D) Schematische Darstellung von Zellen nach dem Metaphasen-Anaphasen-Ubergang. Darge-
stellt sind DNA (grau), Mikrotubuli (schwarz) und Zentrosomen (rot).

(B) Anaphase der Mitose. Die getrennten Schwesterchromatiden werden durch die Spindel zu ge-
geniberliegenden Spindel-Polen segregiert.

(C) Telophase der Mitose. Das Chromatin beginnt zu dekondensieren und die mitotische Spindel
bildet sich zurlick. Im Zentrum der Zelle bildet sich der Mittelkdrper aus Mikrotubuli und die Zytoki-
nese beginnt mit der Einschnirung der Zellmembran.

(D) Interphase. Nach der vollendeten Zytokinese tritt die Zelle in die Interphase ein. Wahrend der
Interphase findet die Replikation der dekondensierten DNA und die Duplikation der Zentrosomen
statt.
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Die Aktivitat der Separase wird auf3er durch die Degradation des Securins
durch weitere Mechanismen reguliert. Diese Mechanismen sind nicht vollstandig
verstanden und scheinen evolutionar divergent zu sein. Die Securine aus D. me-
lanogaster und S. pombe, PIM und Cut2, wirken beispielsweise nicht nur inhibito-
risch auf die Separase. Im Gegentelil, sie sind absolut essentiell fur die Schwester-
chromatiden-Trennung. Diese Securine sind daher auch fur die Aktivierung der
Separase erforderlich. (Funabiki et al., 1996b; Stratmann und Lehner, 1996). Die
Securine aus S. cerevisiae und H. sapiens, Pds1 und PTTG, haben diese essen-
tielle Funktion nicht (Yamamoto et al., 1996; Jallepalli et al., 2001; Mei et al., 2001;
Wang et al., 2001). Im Fall von PTTG konnten dafur funktionelle Redundanzen
verantwortlich sein, da in der menschlichen Genom-Sequenz zwei weitere, zu
PTTG homologe Gene identifiziert wurden (Chen et al., 2000). Es konnte gezeigt
werden, dass die Separasen Esp1 aus S. cerevisiae und Cut1 aus S. pombe in
einer Securin-abhangigen Weise in den Zellkern importiert und dort an die mitoti-
sche Spindel lokalisiert werden (Kumada et al., 1998; Jensen et al., 2001, Hornig
et al., 2002). In S. cerevisiae kann dieser Mechanismus nicht essentiell sein. Das
Securin (Pds1) ist nur bei erhdhter Temperatur essentiell, ansonsten lauft die
Schwesterchromatiden-Trennung auch in Pds1 Deletions-Mutanten normal ab. In
S. pombe ist das Securin (Cut2) jedoch essentiell und die subzellulare Lokalisation
der Separase konnte tatsachlich einen Beitrag zur Aktivierung der Separase leis-
ten. In jungerer Vergangenheit wurde in Vertebraten auflerdem ein Securin-
unabhangiger Mechanismus zur Regulation der Separase-Aktivitat gefunden. Es
konnte gezeigt werden, dass die Separase-Aktivitat durch multiple, Cdk1-
abhangige Phosphorylierungen inhibiert werden kann (Stemmann et al., 2001).

Neben der Regulation der Separase-Aktivitat scheinen weitere Mechanismen
zu existieren, durch die eine verfrihte Schwesterchromatiden-Trennung verhindert
wird. In S. cerevisiae kann in Pds1-Deletions-Mutanten die Aktivitat der Separase
nicht durch die Bindung des Securins inhibiert werden. Es wurde gezeigt, dass die
Separase in Pds1-Deletions-Mutanten wahrend des gesamten Zellteilungszyklus
aktiv ist. Dennoch findet keine verfrihte Schwesterchromatiden-Trennung statt.
Daher muss in S. cerevisiae eine zusatzliche Ebene der Regulation existieren. In
der Tat konnte gezeigt werden dass Scc1 in S. cerevisiae kurz vor dem Metapha-
sen-Anaphasen-Ubergang durch die polo/Cdc5-Kinase phosphoryliert und seine
Spaltung dadurch stimuliert wird (Alexandru et al., 2001, siehe auch Abb. 4). Die-
ser Mechanismus ist jedoch in Anwesenheit von Pds1 nicht essentiell, und seine
Bedeutung in anderen Organismen ist nicht geklart.
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4 Problemstellung

Zu Beginn dieser Arbeit waren in D. melanogaster zwei Gene bekannt, pimples
(pim) und three rows (thr), die spezifisch fur die Trennung der Schwesterchromat-
iden benotigt werden (D'Andrea et al., 1993; Philp et al., 1993; Stratmann und
Lehner, 1996). Der Funktionsverlust von pim oder thr fihrt zum kompletten Ausfall
der Schwesterchromatiden-Trennung. Die von diesen Genen kodierten Proteine,
Pimples (PIM) und Three Rows (THR), zeigen auf Sequenzebene keine Ahnlich-
keiten zu anderen bekannten Proteinen. Sie enthalten auch keine Sequenzele-
mente, Uber die auf ihre molekulare Wirkungsweise geschlossen werden kénnte.

Die Fragestellung dieser Arbeit war, welche Funktionen PIM und THR in der
Schwesterchromatiden-Trennung Ubernehmen. Von PIM war bekannt, dass es am
Metaphasen-Anaphasen-Ubergang degradiert wird (Stratmann und Lehner, 1996).
Diese Beobachtung gab Anlass zur Hypothese, dass es sich bei PIM um das D.
melanogaster Securin handeln kdnnte. Diese Hypothese konnte belegt werden
(Teilarbeit A). Im Verlauf dieser Arbeit wurde das Gen fur Separase (Sse) in D.
melanogaster identifiziert (Teilarbeit B). Es konnte gezeigt werden, dass PIM an
SSE bindet. Daraus ergab sich die Frage, ob THR eine weitere, neue Komponente
im Separase-abhangigen Mechanismus der Schwesterchromatiden-Trennung ist,
oder Uber einen anderen Weg zur Schwesterchromatiden-Trennung beitragt. Es
konnte gezeigt werden, dass THR einen heterotrimeren Komplex mit PIM und
SSE ausbildet (Teilarbeit B). Auf diesen Ergebnissen aufbauend, wurde die Be-
deutung von THR in der Regulation der Schwesterchromatiden-Trennung naher
analysiert (Teilarbeit C).
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5 Ausfiuhrliche Zusammenfassung und Diskussion der Ergeb-

nisse

5.1 Bindungspartner von THR

Zunachst wurde untersucht ob THR einen Protein-Komplex mit PIM oder SSE
ausbilden kann. Dazu wurden zwei sich ergédnzende methodische Ansatze ver-
folgt. Einerseits wurden Immunprazipitations-Experimente durchgeflihrt und ande-
rerseits Interaktionsstudien im Hefe-Two-Hybrid-System. Durch diese Experimente
konnte gezeigt werden, dass THR einen heterotrimeren Komplex mit PIM und
SSE ausbildet.

Mit Immunprazipitations-Experimente wurde untersucht, ob THR in vivo Kom-
plexe ausbildet, die PIM oder SSE enthalten. Ein wichtiges Hilfsmittel fur diese
Experimente waren Epitop-markierte Versionen von THR und PIM. Diese Protei-
ne, THR-myc und PIM-myc, tragen mehrere Kopien des myc-Epitops an ihrem C-
Terminus. THR-myc und PIM-myc wurden durch die Transgene gthr-myc und
gpim-myc in D. melanogaster exprimiert. Diese Transgene enthalten die regulato-
rischen Bereiche des jeweiligen endogenen Gen-Locus. Durch genetische Kom-
plementations-Tests wurde gezeigt, dass gthr-myc die Funktion von thr, und gpim-
myc die Funktion von pim ersetzen kann (Stratmann und Lehner, 1996, Teilarbeit
A). Daraus folgt, dass die Epitop-Markierung keinen wesentlichen Einflu auf die
Funktion von THR oder PIM hat. Ein Vorteil der Epitop-Markierung von THR und
PIM liegt darin, dass ein sehr spezifischer Antikorper gegen das myc-Epitop zur
Verfigung steht. THR-myc wurde mit Antikdrpern gegen das myc-Epitop aus Pro-
teinextrakten angereichert. Die Immunprazipitate wurden durch Immuno-Blotting
analysiert. Daraus ging hervor, dass PIM mit THR-myc ko-prazipitiert wird (Teilar-
beit A, Fig. 1). Die Signifikanz dieses Ergebnisses wurde durch Kontrollexperimen-
te mit Cdk1-myc belegt, welches weder mit PIM noch mit THR assoziiert. Nach der
Charakterisierung des Separase-Gens (Sse) konnte gezeigt werden, dass THR
auch mit SSE in einem Proteinkomplex vorliegt (Teilarbeit B, Fig. 5C).

Im Hefe-Two-Hybrid-System wurde Uberprift, ob THR, PIM und SSE auch in
einem heterologen System, ohne die Anwesenheit weiterer D. melanogaster Pro-
teine miteinander wechselwirken konnen. Diese Experimente geben daher einen
Hinweise darauf, ob THR direkt an PIM oder SSE bindet. Auch im Hefe-Two-
Hybrid-System konnte eine Interaktion von THR mit PIM und SSE nachgewiesen
werden (Teilarbeit B, Fig. 3). Allerdings war es dazu ndétig eine verkurzte THR-
Variante (THR 1-933) zu verwenden, denn mit einem vollstandigen THR Protein
(THR 1-1379) konnte keine Interaktion beobachtet werden. Diese Tatsache ist
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vermutlich darauf zurlickzuflhren, dass THR 1-1379 aufgrund seiner Grolde nicht
in den Zellkern von S. cerevisiae gelangt, wo die Aktivierung der Reportergene
stattfinden muss. Im Hefe-Two-Hybrid-System konnte au3erdem eine Wechsel-
wirkung von PIM und SSE gefunden werden (Teilarbeit B, Fig. 3). Das bestatigt
Immunprazipitations-Experimente, die mit Antikérpern gegen SSE durchgeflhrt
wurden (Hubert Jager, Teilarbeit B, Fig. 4). Diese Ergebnisse legen eine direkte
Interaktion der drei Proteine THR, PIM und SSE nahe. Allerdings beweisen sie
noch nicht, dass THR, PIM und SSE in vivo heterotrimere Komplexe bilden.

Um zu untersuchen ob in vivo heterotrimere Komplexe aus THR, PIM und SSE
gebildet werden, wurden weitere Immunprazipitations-Experimente durchgefuhrt.

Fur die bereits beschriebenen Immunprazipitations-Experimente wurden Pro-
teinextrakte aus Embryonen hergestellt, deren Zellen zum Uberwiegenden Teil
mitotisch proliferierten. In diesen Extrakten liegen THR, PIM und SSE in ver-
gleichbar hoher Konzentration vor, da alle drei Proteine fur die Teilung von Zellen
bendtigt werden (D'Andrea et al., 1993; Philp et al., 1993; Stratmann und Lehner,
1996, Teilarbeit B). In spateren Stadien der Embryogenese nimmt die Anzahl an
proliferierenden Zellen ab, und die Menge an THR, PIM und SSE geht sehr stark
zuruck. In Embryonen dieses Entwicklungsstadiums wurde entweder thr-myc oder
pim-myc durch geeignete Transgene Uberexprimiert. Gleichzeitig wurde in beiden
Fallen HA-Sse, eine mit HA-Epitopen markierte, voll funktionsfahige Variante von
Sse, ektopisch exprimiert (Teilarbeit B). Dadurch wurden Extrakte erhalten, in de-
nen die Kombinationen HA-SSE und THR-myc bzw. HA-SSE und PIM-myc in ho-
her Konzentrationen vorhanden waren, nicht jedoch PIM oder THR. Aus diesen
Extrakten wurde HA-SSE immunprazipitiert. Das Ergebnis dieser Experimente
war, dass HA-SSE und THR-myc einen stabilen Komplex ausbilden kdonnen. Im
Gegensatz dazu bilden HA-SSE und PIM-myc in vivo keinen stabilen Komplex.
Eine stabile Interaktion von HA-SSE mit PIM-myc wird erst dann mdglich, wenn
gleichzeitig THR-myc exprimiert wird und an den Komplex bindet (Teilarbeit B, Fig.
5A,B). Demzufolge ist die Wechselwirkung von SSE mit PIM abhangig von der
gleichzeitigen Bindung von THR. Damit wurde gezeigt, dass SSE, PIM und THR in
vivo einen heterotrimeren Komplex ausbilden konnen.

Die Stochiometrie der Komponenten im Separase-Komplex wurde ebenfalls durch
Immunprazipitations-Experimente aufgeklart. Aus Extrakten die sowohl THR als
auch THR-myc enthielten, wurde mit einem Antikdrper gegen das myc-Epitop
THR-myc angereichert, nicht aber THR (Teilarbeit A, Fig. 1). Das bedeutet, dass
Separase-Komplexe, die THR-myc enthalten, kein THR enthalten. Somit liegt je-
weils nur ein Molekul THR pro Separase-Komplex vor. Analoge Ergebnisse wur-
den mit PIM-myc und PIM, sowie mit HA-SSE und SSE erhalten (Teilarbeit A, Fig.
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1 und Daten nicht gezeigt). Daraus ergibt sich, dass der Separase-Komplex nicht
mehr als jeweils ein Molekll THR, PIM und SSE enthalt.

5.2 Modell fur THR-Separase-Komplexe in D. melanogaster

Mit weiteren Interaktionsstudien im Hefe-Two-Hybrid-System und durch Im-
munprazipitations-Experimente mit THR-Deletionsvarianten wurden die Bindungs-
stellen charakterisiert, Uber die THR, PIM und SSE miteinander wechselwirken
(Teilarbeit B, Fig. 3 und Fig. 4). Zusammen mit den bereits dargestellten Ergeb-
nissen, wurden diese Daten in ein Modell integriert (Abb. 5A, vergleiche auch Teil-
arbeit B, Fig. 6).

Entsprechend diesem Modell liegt wahrend der Interphase des Zellzyklus ein
heterotrimerer Komplex aus THR, PIM und SSE vor. In diesem Komplex vermittelt
PIM die Assoziation von THR und SSE. Dies tragt der Tatsache Rechnung, dass
PIM im Hefe-Two-Hybrid-System Uber seinen N-Terminus mit SSE und Uber sei-
nen C-Terminus mit THR interagiert (Teilarbeit B, Fig. 3). Aullerdem wird dadurch
berucksichtigt, dass PIM und THR an denselben Bereich im N-Terminus von SSE
binden (Teilarbeit B, Fig. 3). Da dieser Bereich nicht weiter eingeengt wurde, ist es
allerdings nicht ausgeschlossen, dass THR auch eine Bindungsstelle in SSE be-
sitzt, die nicht mit der Bindungsstelle von PIM Uberlappt.

Im Hefe-Two-Hybrid-System konnen Interaktionen nachgewiesen werden, die
in vivo scheinbar nicht stabil sind. Im Gegensatz zum Two-Hybrid-System bindet
PIM in vivo nicht effizient an SSE. Dies geschieht in vivo nur, wenn PIM auch mit
THR wechselwirken kann. Ebenso wird ein mutantes PIM-Protein (PIM A110-114
oder PIM?-myc, Stratmann und Lehner, 1996), das im Hefe-Two-Hybrid-System an
THR aber nicht an SSE binden kann, in vivo nicht effizient in den Separase-
Komplex eingebaut (Teilarbeit B, Fig. 3 und Fig. 5). Die Diskrepanzen zwischen
den Ergebnissen aus dem Hefe-Two-Hybrid-System und den Daten aus Im-
munprazipitations-Experimenten konnten darauf zurlckzufihren sein, dass die
Proteine im Hefe-Two-Hybrid-System sehr stark exprimiert werden und so auch
schwache Wechselwirkungen nachweisbar sind. Es ware jedoch ebenfalls mdg-
lich, dass in D. melanogaster Mechanismen existieren, die sicherstellen, dass PIM
nur dann stabil in den Separase-Komplex eingebaut wird, wenn es gleichzeitig an
THR und SSE binden kann.

Entsprechend seiner Funktion als Securin, reprimiert PIM wahrend der Inter-
phase die Aktivitdt von SSE. Am Ubergang von der Metaphase in die Anaphase
wird PIM degradiert, und die Separase aktiviert. Nach dem hier vorgeschlagenen
Modell wird durch die Degradation von PIM ein direkter Kontakt zwischen THR
und SSE ermdglicht. Daher konnte die inhibitorische Funktion von PIM darin be-
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stehen, eine aktivierende Wechselwirkung zwischen THR und SSE zu unterbin-

den.

A

SSE

THR

D. melanogaster

PIM
Degradation

—

Separase aktiv

Separase

Securin Degradation

Andere
Organismen

Securin

—

Separase aktiv

Abbildung 5: Modell fiir den Aufbau des Separase-Komplexes.

(A) In D. melanogaster ist der Separase-Komplex wahrend der Interphase aus den Proteinen THR,
SSE und PIM zusammengesetzt. PIM inhibiert als Securin die katalytische Aktivitdt von SSE. Nach
der Degradation von PIM wird SSE durch die Wechselwirkung mit THR aktiviert (angedeutet durch
einen Stern). Im Gegensatz zu den Securin/Separase-Komplexen anderer Organismen besteht die
Separase in D. melanogaster aus zwei Untereinheiten, THR und SSE.
(B) In anderen Organismen hat das Securin nach diesem Modell zwei Bindungsstellen in der Sepa-
rase. Nach der Degradation des Securins, erfolgt die Aktivierung der Separase durch eine intramo-

lekularen Wechselwirkung zwischen N- und C-Terminus der Separase.

Eine Frage die dieses Modell nicht beantworten kann ist, warum PIM neben
der Inhibition der Separase auch eine positive Funktion bei der Trennung der
Schwesterchromatiden hat. Der aktive Separase-Komplex besteht in der Anapha-
se vermutlich aus einem THR/SSE Heterodimer. Das ist konsistent mit der Degra-
dation von PIM am Metaphasen-Anaphasen-Ubergang, und der Tatsache, dass
THR und SSE einen stabilen Komplex ohne PIM ausbilden kénnen. Ein Komplex
zwischen THR und SSE sollte sich demnach auch dann ausbilden, wenn PIM auf-
grund von Mutationen nicht gebildet werden kann. In pim-Mutanten werden die
Schwesterchromatiden aber nicht getrennt, die gebildeten Separase-Komplexe
sind demnach vermutlich nicht aktiv. Daraus ergibt sich, dass die Bindung von PIM
den Separase-Komplex in einer bislang nicht verstandenen Weise aktiviert.
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Im Rahmen dieser Arbeit wurden Versuche unternommen einen in vitro Assay
fur die Aktivitat der Separase aus D. melanogaster zu etablieren. Fur die humane
Separase konnte ein solcher Assay bereits erfolgreich etabliert werden
(Waizenegger et al., 2000). In diesen bereits beschriebenen Experimenten wurde
humane Separase immunprazipitiert, und das mit der Separase assoziierte Secu-
rin durch die Inkubation der Prazipitate in mitotischen Xenopus-Extrakten degra-
diert. Diese ,aktivierten® Separase-Prazipitate konnten erfolgreich zur Spaltung
von in vitro translatietem humanen Scc1-Protein verwendet werden. Analog dazu
wurden in dieser Arbeit Immunprazipitate des D. melanogaster Separase-
Komplexes in mitotischen Xenopus-Extrakten inkubiert. Dadurch konnte die De-
gradation von PIM erreicht werden. Die Spaltung von in vitro translatiertem D. me-
lanogaster Scc1-Protein konnte jedoch nicht erreicht werden (Daten nicht gezeigt).
Es ist unklar warum dieser Assay fur Separase-Aktivitat nicht auf D. melanogaster
ubertragbar ist. Diese Tatsache deutet jedoch an, dass die Aktivitat der Separase
aus D. melanogaster durch weitere Mechanismen neben der Degradation des Se-
curins reguliert wird. Dazu kénnte die subzellulare Lokalisation der Separase oder
die Interaktion der Separase mit weiteren Proteinen zahlen, die nicht im Separase-
Komplex vorliegen. Konsistent damit wurde gefunden, dass in Zellen in der Mitose
ein Teil von THR an der mitotischen Spindel lokalisiert ist (Daten nicht gezeigt).
Diese Lokalisation entspricht der Lokalisation der Separasen aus S. cerevisiae
und S. pombe. Fur PIM und SSE konnte die subzellulare Lokalisation nicht unter-
sucht werden, da die vorhandenen Antikdrper gegen diese Proteine nicht die er-
forderliche Sensitivitat des Nachweises ermoglichen (Daten nicht gezeigt).

Die hier vorgeschlagenen Modelle fir den Aufbau des Separase-Komplexes
aus D. melanogaster und aus anderen Organismen sind prinzipiell sehr ahnlich
(Abb. 5). In dieser Arbeit wurden jedoch deutliche Hinweise darauf erhalten, dass
THR in D. melanogaster strukturell dem N-Terminus der Separasen anderer Or-
ganismen entspricht. SSE ist im Vergleich zu den Separasen anderer Organismen
aulBergewohnlich klein und entspricht fast ausschlieBlich der in allen Separasen
konservierten C-terminalen Protease-Domane (Teilarbeit B, siehe auch Abb. 5A).
Die N-terminale Domane umfasst in allen Separasen auller SSE mehr als 110 kD
und ist auf Sequenzebene nicht konserviert. THR ist ein Protein von etwa 160 kD
und zeigt auf Sequenzebene keine Homologien zu anderen Proteinen. Struktur-
vorhersagen zeigen jedoch, dass in THR und den N-terminalen Doméanen anderer
Separasen gleiche Strukturelemente, sogenannte ,Armadillo-repeats®, vorhanden
sein kénnten (H. Sticht, Lehrstuhl Biopolymere, Universitat Bayreuth, persoénliche
Mitteilung). Neben strukturellen Gemeinsamkeiten hat THR auch funktionelle Ge-
meinsamkeiten mit der N-terminalen Domane anderer Separasen. Verschiedene
Untersuchungen haben gezeigt, dass die N-terminalen Domane der Separasen
eine Bindungsstelle fur das Securin enthalt (Kumada et al., 1998; Jensen et al.,
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2001, siehe auch Abb. 5B). In Ubereinstimmung damit liegt in THR eine Bin-
dungsstelle fur PIM. In D. melanogaster hat PIM jedoch eine zweite Bindungsstelle
in SSE. Neuere Ergebnisse haben bestatigt, dass das Securin in anderen Orga-
nismen ebenfalls eine zweite Bindungsstelle im C-Terminus der Separase besitzt
(Hornig et al., 2002). Dieselbe Untersuchung hat auRerdem gezeigt, dass zur Akti-
vierung der Separase aus S. cerevisiae eine intramolekulare Wechselwirkung zwi-
schen den N- und C-terminalen Domanen erforderlich ist (Abb. 5B). Dies entspra-
che der bereits vorgeschlagenen, aktivierenden Wechselwirkung zwischen THR
und SSE (Abb. 5A).

Der Vergleich zu anderen Organismen lasst vermuten, dass thr und Sse im
Laufe der Evolution durch eine Genspaltung aus einem ursprunglichen Separase-
Gen hervorgegangen sind. Daraus ergab sich die Frage welche funktionelle Be-
deutung der Aufteilung der Separase auf zwei unabhangige Untereinheiten zu-
kommt.

5.3 Mitotische Spaltung der THR-Untereinheit

Unter der Annahme, dass THR eine regulatorische Untereinheit des Separase-
Komplexes sein konnte, wurde zunachst die Stabilitdt von THR wahrend der Zell-
teilung untersucht. Dazu wurden zwei experimentelle Ansatze verfolgt.

Auf der einen Seite wurden Immunfluoreszenz-Farbungen an D. melanogaster
Embryonen durchgeflihrt. Die Embryonen wurden in einem Entwicklungsstadium
fixiert, in dem die Zellteilung in einem reproduzierbaren raumlichen und zeitlichen
Muster stattfindet. Die Zellen dieser fixierten Embryonen befinden sich daher in
verschiedenen Stadien des Zellteilungszyklus. Vor der Mitose verfugen diese Zel-
len Uber hohe Mengen an Cyclin B, eines der mitotischen Cycline in D. melano-
gaster. In der Mitose wird Cyclin B am Metaphasen-Anaphasen-Ubergang degra-
diert. In Zellen unmittelbar nach der Mitose ist Cyclin B nicht nachweisbar. Durch
die Immunfluoreszenz-Farbung von Cyclin B wird also erkennbar welche Zellen
die Mitose durchlaufen haben (Teilarbeit C, Fig. 1B,D). Durch eine Doppelmarkie-
rung von Cyclin B und THR-myc konnte gezeigt werden, dass THR-myc ebenfalls
degradiert wird, wenn Zellen die Mitose durchlaufen (Teilarbeit C, Fig. 1A,B). Die
Degradation von THR-myc ist jedoch weniger vollstandig als der Abbau von Cyclin
B. Wahrend der Mitose konnen die einzelnen Stadien durch Fluoreszenz-
Markierung der DNA identifiziert werden. Dabei wurde deutlich, dass THR-myc
erst beim Austritt aus der Mitose degradiert wird, und nicht am Metaphasen-
Anaphasen-Ubergang wie Cyclin B (Teilarbeit C, Fig. 1F).

Auf der anderen Seite wurde die Stabilitdt von THR durch Immuno-Blotting
analysiert. Dafur wurden Embryonen in einem friheren Entwicklungsstadium ver-
wendet als fur die Immunfluoreszenz-Farbungen. Wahrend dieser frihen Entwick-
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lung befinden sich die Zellkerne der Embryonen in einem Synzytium und fast alle
Zellkerne durchlaufen den Zellzyklus synchron. Embryonen wahrend dieser synzy-
tialen Kernteilungen wurden fixiert und anhand einer DNA-Markierung nach Zell-
zyklus-Stadien sortiert. Aus diesen Embryonen wurden Proteinextrakte hergestellt
und durch Immuno-Blotting analysiert. Als Uberraschendes Ergebnis zeigte dieses
Experiment, dass sowohl THR als auch THR-myc nach dem Metaphasen-
Anaphasen-Ubergang proteolytisch gespalten werden (Teilarbeit C, Fig 1H). Die
Abundanz des Spaltprodukts nimmt nach der Telophase bis zur nachsten Meta-
phase kontinuierlich ab. Die synchronen Kernteilungen verlaufen mit 6-12 min pro
Zyklus sehr schnell (Foe und Alberts, 1983) und daher zeigt dieses Experiment,
dass die nachgewiesenen Spaltprodukte von THR und THR-myc instabil sind.

Durch Immuno-Blotting wurde jeweils nur ein Spaltprodukt von THR oder
THR-myc nachgewiesen. Die polyklonalen Antikérper gegen THR sind gegen C-
terminale Epitope gerichtet, und die myc-Epitope in THR-myc sind am C-Terminus
von THR lokalisiert. Daher beinhaltet das nachgewiesene Spaltprodukt den C-
Terminus von THR. Das N-terminale Spaltprodukt konnte in diesen Experimenten
nicht nachgewiesen werden. Epitop-Markierungen am N-Terminus von THR be-
wirken einen Funktionsverlust von THR und verhindern die Spaltung von THR
(Daten nicht gezeigt). Daher liegen keine Informationen Uber die Stabilitat des N-
terminalen Spaltprodukts vor. Fir die Immunfluoreszenz-Farbung wurde ein Anti-
korper gegen die myc-Epitope von THR-myc verwendet. Daher wurde hier eben-
falls das instabile, C-terminale Spaltprodukt von THR-myc nachgewiesen. Es ist
daher anzunehmen, dass der Abbau von THR-myc am Austritt aus der Mitose die
Lebensdauer des C-terminalen Spaltprodukts widerspiegelt.

5.4 THR-Spaltung durch Separase-Aktivitat

Zur Identifikation der Protease, die fur die Spaltung von THR verantwortlich ist,
wurde zunachst die Spaltstelle in THR charakterisiert. Die Position der Spaltstelle
wurde durch den Vergleich der gelelektrophoretischen Mobilitat des C-terminalen
Spaltprodukts mit in vitro translatierten THR Fragmenten auf einige Aminosauren
genau festgelegt. (Teilarbeit C, Fig. 2A). In dieser Region von THR befindet sich
die Aminosaure-Sequenz 1031 VEPIRKQ 1037. Diese Sequenz ist in THR-
Proteinen aus verschiedenen Drosophila-Spezies konserviert, obwohl thr ein
schnell evolvierendes Gen ist (H. Jager, C. F. Lehner, S. Heidmann, unveroéffent-
lichte Ergebnisse). AulRerhalb dieser Sequenz existiert nur ein Protein-Bereich in
THR, der vergleichbar konserviert ist. Die Sequenz 1031 VEPIRKQ 1037 ent-
spricht dem Konsensus einer Separase-Spaltstelle. Aus der Analyse verschiede-
ner Separase-Spaltstellen ging hervor, dass ein D/ExxR Motiv essentiell fur die
Spaltung durch die Separase ist. Die Spaltung erfolgt dabei unmittelbar C-terminal
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des Arginin-Restes. Ein Austausch dieses Arginin-Restes gegen Asparaginsaure
oder Alanin unterbindet die Separase-abhangige Spaltung in Scc1 (Uhimann et
al., 1999; Hauf et al., 2001; Waizenegger et al., 2002). Daraus ergab sich die
Vermutung, dass die Spaltung der THR-Untereinheit durch die Separase selbst
erfolgt. Um diese Vermutung zu Uberprifen wurde die vermeintliche Spaltstelle in
THR-myc inaktiviert. Dies wurde einerseits durch eine Deletion der Sequenz 1031
VEPIRKQ 1037 (THR*Y®-myc) und andererseits durch den Austausch von Arginin
1035 gegen Asparaginsaure (THRRP-myc) erreicht (Teilarbeit C, Fig. 2B). Beide
THR-Varianten werden nach dem Metaphasen-Anaphasen-Ubergang nicht mehr
gespalten (Teilarbeit C, Fig. 2C,D). Dieses Ergebnis weist darauf hin, dass THR
durch die katalytische Untereinheit der Separase gespalten wird.

Wenn die katalytische SSE-Untereinheit der Separase fir die mitotische Spal-
tung von THR verantwortlich ist, sollte THR stabilisiert werden sobald keine Sepa-
rase-Aktivitat mehr vorhanden ist. Eine Inaktivierung der Separase wurde durch
zwei experimentelle Ansatze erhalten. Zum einen wurden Embryonen mit dem
Spindelgift Demecolcin behandelt, wodurch der ,spindle assembly checkpoint®
ausgelost wird. Zum anderen wurden pim-Mutanten untersucht, in denen die
Schwesterchromatiden-Trennung ausbleibt und die Separase vermutlich inaktiv
bleibt. In beiden Fallen wird THR-myc stabilisiert (Teilarbeit C, Fig. 3). Diese Re-
sultate sind konsistent damit, dass die Spaltung der THR-Untereinheit durch die
SSE-Untereinheit erfolgt.

Um weiter zu Uberprifen ob die katalytische Aktivitat der Separase direkt fur
die Spaltung der THR-Untereinheit verantwortlich ist, wurden THR-
Deletionsvarianten untersucht. Diese Varianten, THR 445-1379-myc und THR 1-
1204-myc, wurden durch die Transgene gthr445-1379-myc und gthr1-1204-myc in
D. melanogaster exprimiert. THR 445-1379-myc und THR 1-1204-myc assoziieren
mit der SSE-Untereinheit (Teilarbeit B, Fig. 5C und Daten nicht gezeigt). In geneti-
schen Komplementations-Tests wurde jedoch gezeigt, dass keines der beiden
Transgene in der Lage ist einen Funktionsverlust von thr zu ersetzen (Daten nicht
gezeigt). Daraus folgt, dass die SSE-Untereinheit im Komplex mit diesen Deleti-
onsvarianten vermutlich inaktiv ist. THR 445-1379-myc und THR 1-1204-myc be-
inhalten die wildtypische THR-Spaltstelle. Es wurde untersucht ob THR 445-1379-
myc und THR 1-1204-myc nach dem Metaphasen-Anaphasen-Ubergang gespal-
ten werden. Beide THR-Deletionsvarianten werden in der Mitose stabilisiert (Tei-
larbeit C, Fig. 4). Die Expression der THR-Deletionsvarianten erfolgte in einem
wildtypischen Hintergrund. Daher waren in diesen Experimenten, neben den durch
die Deletionsvarianten inaktivierten Separase-Komplexen, auch funktionelle Sepa-
rase-Komplexe vorhanden. Diese Resultate legen also nahe, dass die Spaltung
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der THR-Untereinheit nur innerhalb eines Separase-Komplexes, durch die direkt
assoziierte SSE-Untereinheit, erfolgt.

Die Charakterisierung von Mutationen in der THR Spaltstelle, sowie die Ab-
hangigkeit der THR Spaltung von Separase-Aktivitat, sind deutliche Hinweise da-
fur, dass die THR-Untereinheit der Separase ein Substrat der SSE-Untereinheit
ist. Das C-terminale THR-Spaltprodukt wird nach der Spaltung rasch degradiert. In
Analogie zu den Scc1-Spaltprodukten aus S. cerevisiae, konnte das durch den
Ubiquitin-abhangigen ,N-end-rule“ Mechanismus geschehen (Rao et al., 2001).
Konsistent mit dieser Vermutung lalt sich aus der Sequenz der THR-Spaltstelle
schliel®en, dass das C-terminale Spaltprodukt mit einem Lysin-Rest beginnt, wel-
cher nach der ,N-end-rule” destabilisierend wirkt (Varshavsky, 1996).

5.5 Expression von nicht spaltbaren THR-Varianten

Die THR-Untereinheit ist eine essentielle Komponente des Separase-Komplexes.
Daher lag die Vermutung nahe, dass die Spaltung der THR-Untereinheit einen
Einfluss auf die Funktion der Separase hat. Zunachst wurde geklart ob die THR-
Spaltung flr einen bestimmten biologischen Prozess bendétigt wird. Darauf auf-
bauend wurde untersucht ob die Spaltung der THR-Untereinheit zur Regulation
der Separase beitragt.

Amorphe Mutationen in thr fUhren zu Letalitat. Die nicht spaltbaren THR-
Varianten wurden durch Transgene in D. melanogaster eingebracht, welche die
regulatorischen Genbereiche von thr enthalten (gthr*S-myc und gthr"°-myc).
Durch beide Transgene wird die Letalitdt von amorphen thr-Mutationen aufgeho-
ben. Das bedeutet, dass THR*V®myc und THRRP-myc funktionsfahige THR-
Varianten sind. Die Spaltung von THR ist also unter optimalen Bedingungen nicht
essentiell.

Die Spaltung von THR wird jedoch essentiell, wenn die Kulturtemperatur von
25°C auf 18°C gesenkt wird. Unter diesen Bedingungen fuhrt die Expression von
THRAVQ-myc oder THRRD-myc zu embryonaler Letalitat. Die Expression von THR-
myc hat unter diesen Bedingungen keinen Effekt. Interessanterweise ist die Ex-
pression von THR2®-myc oder THRRP-myc auch dann letal, wenn gleichzeitig
spaltbares THR-Protein vorhanden ist.

In Temperatur-Wechsel-Experimenten wurde die Entwicklungsphase be-
stimmt, in der die Expression von THR*Y®-myc und THRRP-myc Letalitat hervor-
ruft. Es stellte sich heraus, dass die Expression von nicht spaltbaren THR-
Varianten nur wahrend der frihen Phase der Embryogenese zu Letalitat fuhrt.
Spatere Stadien der Embryogenese und die Larven-Entwicklung sind auch bei
18°C nicht betroffen (Teilarbeit C, Fig. 5A und Daten nicht gezeigt).
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In D. melanogaster findet in den frGhen Stadien der Embryogenese keine
Transkription statt, und der Embryo ist auf Proteine und mRNA angewiesen, die
durch die Mutter im Ei abgelegt werden (maternale Kontribution). Daher hangt die
Abundanz der meisten Proteine in dieser Phase der Embryogenese nicht vom
Genotyp des Embryos, sondern vom Genotyp der Mutter ab. Es wurde gefunden,
dass in den Muttern zwei Kopien der Transgene flr nicht spaltbares THR erforder-
lich sind, um in den Nachkommen Letalitat hervorzurufen. Eine Kopie des gthr*'“-
myc Transgens in den Mittern bleibt ohne Wirkung auf das Uberleben der Nach-
kommen (Teilarbeit C, Fig. 5A). Daraus folgt, dass die Letalitdt aul’er von der
Temperatur auch von der Abundanz von nicht spaltbarem THR abhangig ist. Im
Folgenden werden Embryonen, die von Muttern mit zwei Kopien der Transgene
gthr*-myc oder gthr*°’-myc abstammen, der Ubersichtlichkeit halber als THR V-
und THRRD-Embryonen bezeichnet.

Nachdem die temperatursensitive Phase in der Entwicklung von THRAVY. und
THRRD-Embryonen bestimmt war, wurde untersucht welche Schaden durch die
Expression von nicht spaltbaren THR-Varianten hervorgerufen werden. Die tem-
peratursensitive Entwicklungsphase zeichnet sich durch Prozesse aus, die in spa-
teren Stadien nicht ablaufen. Zu Beginn der Embryogenese finden 13 schnelle
Kernteilungszyklen statt. Die Kernteilungen sind nicht von Zytokinese begleitet und
fuhren daher zu einem Synzytium. Im Verlauf der synzytialen Kernteilungen wan-
dern die Zellkerne an die Peripherie des Embryos. Dort bilden sie schliel3lich eine
Schicht von Zellkernen. Im Prozess der Zellularisierung werden diese Zellkerne
mit Zellmembranen umgeben. Dadurch wird ein einschichtiges zellulares Epithel
gebildet, das zelluldre Blastoderm. THR*V9- und THRRP-Embryonen weisen bei
18°C sowohl in den synzytialen Kernteilungen als auch in der Zellularisierung De-
fekte auf. Beide Prozesse sind jedoch in unterschiedlichem Ausmal betroffen.

Die synzytialen Kernteilungen sind nur schwach betroffen. In fixierten Embry-
onen wurden vielgestaltige Abnormalitaten gefunden. Einzelne Kerne scheinen in
der Proliferation gestort zu sein und eliminiert zu werden (Teilarbeit C). Die Elimi-
nation von Zellkernen scheint in synzytialen Embryonen einen allgemeinen Me-
chanismus darzustellen, um Kerne nach fehlerhaften Replikations- oder Teilungs-
Ereignissen an der weiteren Proliferation zu hindern.

Ein ausgepragter und starker Defekt wurde wahrend der Zellularisierung bei
18°C gefunden. In mindestens 98% der THR V- oder THRRP-Embryonen verluft
die Zellularisierung fehlerhaft (Teilarbeit C). An fixierten THR*V®- und THRRP-
Embryonen wurde gezeigt, dass die Zellularisierung nicht wie im Wildtyp zur Bil-
dung eines Epithels flhrt, sondern viele Zellkerne im Innern des Embryos akkumu-
lieren (Teilarbeit C, Fig. 5B,C). Um die Zellularisierung auch in lebenden Embryo-
nen verfolgen zu kénnen wurde in THR“V9-Embryonen eine mit GFP markierte



22 Zusammenfassung und Diskussion

Histon-Variante exprimiert. In diesen Embryonen wurde das Chromatin der Zell-
kerne durch zeitaufgeldste Mikroskopie verfolgt. Dabei wurde beobachtet, wie sich
Zellkerne von der Peripherie des Embryos 16sen und internalisiert werden. Dieser
Vorgang setzt deutlich nach der letzten Kernteilung des synzytialen Embryos ein,
etwa zu dem Zeitpunkt, an dem die Zellularisierung beginnt. Diese in vivo Analy-
sen haben auRerdem gezeigt, dass die Zellularisierung defekt ist, obwohl die vor-
hergehende Kernteilung scheinbar normal durchlaufen wird. Daher ist der Zellula-
risierungsdefekt in THRV- und THRRP-Embryonen vermutlich keine Folge von
friheren Defekten (Daten nicht gezeigt).

Nachdem die Zellularisierung als der biologische Prozess mit den schwerwie-
gendsten Defekten in THR2V®- und THRRP-Embryonen identifiziert war, wurden
diese Defekte auf zellularer Ebene charakterisiert. Der Beginn der Zellularisierung
ist durch die Invagination von Zellmembranen gekennzeichnet. Die Invagination
beginnt am Kortex des Embryos, setzt sich ins Innere des Embryos fort, und
schliel3t die Zellkerne dabei ein. Die Membran-Invagination kann durch Immunfluo-
reszenz-Farbung des D. melanogaster B-Catenin-Homologs Armadillo verfolgt
werden (Teilarbeit C, Fig. 5D-F, siehe auch Hunter und Wieschaus, 2000). Eine
entsprechende Markierung an THR *Y®-Embryonen legt nahe, dass der Beginn der
Membran-Invagination verzogert ist, und gleichzeitig damit die Internalisierung der
Zellkerne beginnt (Teilarbeit C, Fig. 5G-J). Ein weiterer Aspekt des Zellularisie-
rungsdefekts konnte durch die Immunfluoreszenz-Farbungen von a-Tubulin und y-
Tubulin aufgedeckt werden (Teilarbeit C, Fig. 5K-R). Danach ist die Internalisie-
rung der Kerne mit einem Verlust des Kontakts der Kerne zum Tubulin-Zytoskelett
verbunden (Teilarbeit C, Pfeilspitzen in Fig. 5Q-R). Das Tubulin-Zytoskelett wird
im Wildtyp ausgehend von einem am Kortex verankerten Zentrosomenpaar orga-
nisiert und umschliet normalerweise die jeweils darunterliegenden Kerne. Die
Funktion der Zentrosomen scheint in THRAVQ-Embryonen ebenfalls betroffen zu
sein. Die Zentrosomen zeigen eine reduzierte Assoziation mit y-Tubulin und einen
Defekt in der Zentrosomen-Separation (Teilarbeit C, Pfeile in Fig. 50, vergleiche
Fig. 5K).

Zusammengefasst hat die Untersuchung von nicht spaltbaren THR-Varianten
gezeigt, dass die Spaltung von THR bei erniedrigter Temperatur essentiell ist.
Diese essentielle Funktion beschrankt sich auf die frihe Phase der Embryonal-
entwicklung. Eine detaillierte Analyse hat gezeigt, dass besonders in der Zellulari-
sierung drastische Defekte ausgeldst werden. Es konnte gezeigt werden, dass
nicht spaltbares THR verantwortlich fur Schaden in der Organisation des Tubulin-
Zytoskeletts ist. Die Verzogerung der Membran-Invagination ist moglicherweise
eine Folge dieser Schaden, denn es ist bekannt, dass die Invagination der Memb-
ranen abhangig von der Funktion des Tubulin-Zytoskeletts ist (Lecuit und Wie-
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schaus, 2000). Diese Ergebnisse waren Uberraschend, da bislang keine Funktion
von THR, PIM und SSE in der Zellularisierung oder der Organisation des Tubulin-
Zytoskeletts bekannt war.

5.6 Regulatorische Funktion der THR-Spaltung

Die Expression von nicht spaltbarem THR koénnte eine Fehlregulation der Separa-
se zur Folge haben. Prinzipiell kénnte der Zellularisierungsdefekt in THR*V-
Embryonen durch eine erhdohte oder eine erniedrigte Separase-Aktivitat ausgelost
werden. Wenn nicht spaltbares THR eine erhdhte Separase-Aktivitat zur Folge
hatte, dann sollte die experimentelle Erniedrigung der Separase-Aktivitat zu einer
Suppression des Zellularisierungsdefekts fuhren. Im umgekehrten Fall sollte eine
Erniedrigung der Separase-Aktivitat zu einer Verstarkung des Zellularisierungsde-
fekts fuhren.

Durch Einkreuzen einer Sse-Mutation konnte in THR*V®-Embryonen die Men-
ge der katalytischen SSE-Untereinheit der Separase um etwa die Halfte verringert
werden. Als Ergebnis daraus wird der Zellularisierungsdefekt fast vollstandig un-
terdrickt (Teilarbeit C, Fig. 6B). Dieses Experiment gibt einen Hinweis darauf,
dass der Zellularisierungsdefekt durch eine erhdhte Aktivitat der Separase ausge-
|0st wird.

Um zweifelsfrei zu zeigen, dass der Zellularisierungsdefekt von der katalyti-
schen Aktivitat der Separase abhangig ist und nicht nur von der Menge an SSE-
Protein, wurde ein weiteres Experiment durchgefuhrt. Dabei wurde in THRAV
Embryonen die Menge an endogenem SSE-Protein durch eine Sse-Mutation ge-
senkt und gleichzeitig funktionelles SSE-Protein (HA-SSE) oder katalytisch inakti-
ves SSE-Protein (HA-SSE®**"S) durch geeignete Transgene (iberexprimiert. Durch
die Expression der funktionsfahigen SSE-Untereinheit wurde der Zellularisie-
rungsdefekt wiederhergestellt. Durch die Expression der katalytisch inaktiven
SSE-Untereinheit wurde der Zellularisierungsdefekt nicht wiederhergestellt (Teil-
arbeit C, Fig. 6C). HA-SSE und HA-SSE®*®"S wurden in diesem Experiment gleich
stark exprimiert. Daher kann geschlossen werden, dass spezifisch die katalytische
Aktivitat der SSE-Untereinheit erforderlich ist damit THR2%-myc die Zellularisie-
rung storen kann. Der Zellularisierungsdefekt ist dementsprechend abhangig von
Separase-Aktivitat und auf eine erhohte Aktivitat der Separase zurickzufuhren. Da
die Expression von nicht spaltbarem THR demnach zu einer Uberaktivierung der
Separase fluhrt, liegt die eigentliche Funktion der THR-Spaltung in der Inaktivie-
rung der Separase.
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5.7 Modell der Separase-Regulation durch THR-Spaltung

Die Ergebnisse dieser Teilarbeit kdnnen in einem Modell zusammengefasst wer-
den, dessen Kernaussage die Selbstinaktivierung der D. melanogaster Separase
durch die Spaltung der THR-Untereinheit ist (Abb. 6A).
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D. melanogaster

T 4

THR Spaltung Separase inaktiv

H. sapiens
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Abbildung 6: Modell fiir die Regulation der Separase-Aktivitat durch Proteolyse.

(A) Der aktivierte Separase-Komplex ist in D. melanogaster fiir die Spaltung von Scc1 und anderer
Substrate verantwortlich, die fir die Regulation der Mikrotubuli-Organisation bendtigt werden. Die
Spaltung der THR-Untereinheit wird durch die SSE-Untereinheit katalysiert und fihrt zur Inaktivie-
rung der Separase. Das C-terminale Spaltprodukt der THR-Untereinheit wird degradiert und es ent-
steht ein neuer C-Terminus von THR (C').

(B) Die aktivierte Separase aus H. sapiens besitzt neben Scc1 mdglicherweise ebenfalls weitere
Substrate (angedeutet durch X). Nach der autoproteolytischen Spaltung der humanen Separase
bleiben die Spaltprodukte miteinander assoziiert und unverandert aktiv. Es ist unklar ob die Selbst-
spaltung der Separase vor oder nach der Spaltung anderer Substrate stattfindet. Daher sind in die-
ser Darstellung beide Vorgange nicht durch einen Pfeil verbunden.

In einem in vitro Assay konnte gezeigt werden, dass auch die Separase aus
H. sapiens autoproteolytisch gespalten wird (Waizenegger et al., 2000, siehe auch
Abb. 5B). Es wurden Versuche unternommen analog zu diesem Assay die Spal-
tung der THR-Untereinheit in vitro durchzufihren. Aus unbekannten Grinden
konnte in diesem Assay jedoch keine Spaltung der THR-Untereinheit nachgewie-
sen werden (Daten nicht gezeigt). Wie bereits erwahnt, konnte in vitro auch keine
Spaltung von D. melanogaster Scc1 erreicht werden. Beide Resultate sind konsi-
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stent damit, dass der Separase-Komplex aus D. melanogaster in vitro nicht durch
die Degradation des Securins aktiviert werden konnte.

Bislang konnte nur im Menschen und in D. melanogaster gezeigt werden,
dass die Separase autoproteolytisch gespalten wird. Fur die Separasen aus S.
cerevisiae und S. pombe liegen keine Hinweise auf eine mitotische Spaltung vor.
Unter der Annahme, dass die THR-Untereinheit dem nicht konservierten N-
Terminus der anderen Separasen entspricht, lasst sich die Position der Spaltstelle
aus der humanen Separase auf ein hypothetisches THR-SSE-Fusionsprotein U-
bertragen. Danach musste die Spaltung nicht in der THR-Untereinheit, sondern
innerhalb des N-Terminus der SSE-Untereinheit erfolgen. Die mitotische Stabilitat
von SSE wurde untersucht, aber es wurden keine Hinweise fur eine Spaltung von
SSE gefunden (Daten nicht gezeigt). Mittlerweile konnte demonstriert werden,
dass die Spaltung der humanen Separase nicht fur die Aktivierung der Separase
bendtigt wird, jedoch auch nicht unmittelbar zur Inaktivierung der Separase fuhrt
(Stemmann et al., 2001; Waizenegger et al., 2002). Da diese Ergebnisse aus ei-
nem in vitro System stammen, ist die physiologische Relevanz der Separase-
Spaltung im Menschen immer noch unklar. Auch wenn in D. melanogaster direkte
biochemische Evidenzen fehlen, belegen die hier dargestellten Ergebnisse, dass
die THR-Untereinheit in vivo ein Substrat der Separase ist und diese Spaltung un-
ter physiologischen Bedingungen zur Inaktivierung der Separase beitragt.

Da die Inaktivierung der Separase autoproteolytisch ist, muss die Spaltung der
THR-Untereinheit zeitlich reguliert sein. Nach der Aktivierung des Separase-
Komplexes muss ein Zeitfenster existieren, in dem die Separase essentielle Sub-
strate wie Scc1 spalten kann, bevor die Spaltung der THR-Untereinheit zur Inakti-
vierung der Separase fuhrt. Es ist unklar wie diese sukzessive Spaltung verschie-
dener Substrate erreicht wird. Eine einfache Moglichkeit ware, dass die Kinetik der
unterschiedlichen Spaltungsreaktionen verschieden ist. Eine schnelle und effizien-
te Spaltung anderer Substrate, kdnnte in Kombination mit einer langsamen Spal-
tung der THR-Untereinheit, das erforderliche Zeitfenster von Separase-Aktivitat
erzeugen. Alternativ kdnnte die Spaltung von THR abhangig von der Proteolyse
anderer Substrate sein, indem sie beispielsweise durch Spaltprodukte dieser Sub-
strate reguliert wird.

Eine weitere Frage ist, warum die Spaltung der THR-Untereinheit zur Inaktivie-
rung der Separase fuhrt. Nach der Spaltung von THR entsteht ein N-terminales
Spaltprodukt (Aminosauren 1-1035) und ein C-terminales Spaltprodukt (Amino-
sauren 1036-1379). Die Deletionsvarianten THR 1-930-myc und THR 1-1204-myc
binden vergleichbar mit THR-myc an PIM und SSE, sie sind jedoch nicht funktio-
nell (Teilarbeit B, Fig. 5C und Daten nicht gezeigt). Daraus folgt, dass der C-
Terminus von THR eine essentielle Funktion hat, die unabhangig von der Bindung
an PIM und SSE ist. Diese essentielle Funktion ist in dem Teil von THR lokalisiert,
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welcher in das instabile C-terminale Spaltprodukt von THR Ubergeht. Die Doma-
nen fur die Interaktion mit PIM und SSE liegen dagegen im N-terminalen Spaltpro-
dukt. Es ist daher anzunehmen, dass nach der Spaltung der THR-Untereinheit das
C-terminale Spaltprodukt aus dem Separase-Komplex dissoziiert und damit eine
essentielle Funktion der Separase verloren geht (Abb. 6A). Dieser Uberlegung
zufolge wirde die Spaltung der THR-Untereinheit eine sehr schnelle Inaktivierung
der Separase ermoglichen. Alternativ ware denkbar, dass erst die Degradation
des C-terminalen Spaltprodukts zur Inaktivierung der Separase fuhrt. In jedem Fall
scheint jedoch der Verlust des C-terminalen THR-Spaltprodukts, entweder durch
Degradation oder Dissoziation, zur Inaktivierung der Separase zu fuhren. Es ist
nicht bekannt welche Funktion der C-Terminus der THR-Untereinheit Gbernimmt.
Diese Frage wird jedoch gegenwartig bearbeitet.

Die Konsequenzen der Expression von nicht spaltbarem THR sind uUberra-
schend mild. Die THR-Spaltung ist selbst bei 18°C nur wahrend der frihembryo-
nalen Entwicklung essentiell. Es ist jedoch anzunehmen, dass auch wahrend spa-
teren Stadien der Entwicklung die Separase nach dem Austritt aus der Mitose in-
aktiviert werden muss. Als Folge von Separase-Aktivitat wahrend der Interphase
sollte es zu einer ektopischen Spaltung von Scc1 kommen und damit zu Defekten
in der Schwesterchromatiden-Kohasion. In verschiedenen Organismen konnte
gezeigt werden, dass der Verlust der Schwesterchromatiden-Kohasion zu Defek-
ten in der Mitose fuhrt (Tanaka et al., 2000; Sonoda et al., 2001; Toyoda et al.,
2002). Es ist daher wahrscheinlich, dass in D. melanogaster neben der Spaltung
der THR-Untereinheit noch andere Mechanismen zur Inaktivierung der Separase
existieren. Dazu zahlt vermutlich die Bindung von neusynthetisiertem PIM an den
Separase-Komplex, welches als Securin die Aktivitat der Separase inhibieren
kann. Die THR-Spaltung und die Bindung von PIM scheinen jedoch zwei funktio-
nell verschiedene Wege zur Inhibition der Separase zu sein. Die Spaltung der
THR-Untereinheit beginnt in der Mitose, zu einem Zeitpunkt an dem der APC/C
die Degradation von PIM vermittelt. Die THR-Spaltung ist daher vermutlich fur die
negative Regulation der Separase in der Mitose erforderlich, wahrend PIM diese
Aufgabe in der Interphase erfullt. Konsistent mit dieser Vermutung werden als
Konsequenz der Expression von nicht spaltbarem THR mitotische Defekte wah-
rend der schnellen synzytialen Kernteilungen gefunden. Diese Zyklen besitzen
eine sehr kurze S-Phase und die Inaktivierung der Separase muss daher vermut-
lich schon in der Mitose erfolgen.

Ein Uberraschendes Resultat dieser Arbeit war, dass die Inaktivierung der Se-
parase von Bedeutung fur die Organisation des Tubulin-Zytoskeletts wahrend der
Zellularisierung ist. Dieses Ergebnis zeigt, dass die Separase-Aktivitat in D. mela-
nogaster auch in anderen Prozessen als der Schwesterchromatiden-Trennung
reguliert werden muss. In S. cerevisiae wurde gezeigt, dass die Separase fur Or-
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ganisation der Spindel-Mikrotubuli in der Anaphase benétigt wird (Uhlmann et al.,
2000; Jensen et al., 2001). Mit SIk19 konnte in S. cerevisiae ein Substrat der Se-
parase identifiziert werden, das fur die Stabilitat der Spindel in der Anaphase be-
notigt wird (Sullivan et al., 2001). SIk19 scheint auf der Ebene der Primarstruktur
allerdings auflerhalb von S. cerevisiae keine Homologe zu besitzen. In héheren
Eukaryoten fehlten bislang Hinweise darauf, dass durch Substrate der Separase
die Dynamik des Tubulin-Zytoskeletts reguliert wird. Die Ergebnisse dieser Arbeit
lassen jedoch vermuten, dass solche Substrate auch in héheren Eukaryoten exis-
tieren. Die Expression von nicht spaltbaren THR-Varianten konnte durch die ekto-
pische Spaltung solcher Substrate die Defekte am Tubulin-Zytoskelett bewirken.
Damit konnte sich ebenfalls die Temperatursensitivitat des Zellularisierungsde-
fekts erklaren lassen, denn Mikrotubuli-abhangige Prozesse scheinen haufig kal-
teempfindlich zu sein (Brinkley und Cartwright, 1975; Rieder, 1981). Es ist bislang
unklar warum die Spaltung von THR vor allem wahrend der Zellularisierung beno-
tigt wird. Es ware moglich, dass die Zellularisierung besondere Anforderungen an
das Tubulin-Zytoskelett stellt, die in anderen Stadien der Entwicklung nicht auftre-
ten. Andererseits ware denkbar, dass speziell wahrend der Zellularisierung der
Separase-Komplex nicht effizient durch die Bindung von PIM inhibiert werden
kann. Die Zellularisierung findet zwar in der Interphase statt, die pim-mRNA wird
jedoch wahrend der Zellularisierung zum Teil abgebaut und daher sinkt vermutlich
auch die Menge an PIM (Stratmann und Lehner, 1996).

Zusammengenommen hat diese Arbeit zwei wesentliche Ergebnisse erbracht.
Zum einen wurde gezeigt, dass die Separase in D. melanogaster, im Gegensatz
zu den Separasen anderer Organismen, aus zwei unabhangigen Untereinheiten
aufgebaut ist. Zum anderen wurde mit der Spaltung der THR-Untereinheit ein
neuer Mechanismus zur Inaktivierung der Separase identifiziert. Dieser Mecha-
nismus ist von besonderer Bedeutung in einem insektenspezifischen Prozess. Im
Menschen erfolgt ebenfalls eine proteolytische Spaltung der Separase. Beide Pro-
zesse finden in der Mitose statt und sind von Separase-Aktivitdt abhangig. Der
Mechanismus der mitotischen Separase-Selbstspaltung scheint also zwischen
Mensch und D. melanogaster prinzipiell konserviert zu sein. In funktioneller Hin-
sicht jedoch unterscheiden sich die beide Vorgange. Im Gegensatz zu D. melano-
gaster hat die Spaltung der humanen Separase keinen direkten Einfluss auf die
Aktivitat der Separase. In Ubereinstimmung mit diesem funktionellen Unterschied,
ist das Ergebnis der Separase-Selbstspaltung im Menschen und in D. melano-
gaster auch auf struktureller Ebene verschieden. Die Selbstspaltung der humanen
Separase erzeugt zwei Fragmente, die miteinander assoziiert bleiben
(Waizenegger et al., 2002). In D. melanogaster entsteht ein C-terminales THR-
Fragment, das vermutlich aus dem Separase-Komplex dissoziieren kann. Der C-
Terminus von THR hat eine essentielle Funktion in der Schwesterchromatiden-
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Trennung, und daher ist die Dissoziation des C-terminalen THR-Fragments wahr-
scheinlich ursachlich fur die Inaktivierung der Separase. Das C-terminale THR-
Fragment entsteht jedoch nur deshalb, weil THR eine eigenstandige Separase-
Untereinheit darstellt (Abb. 6A). Es ist daher eine attraktive Spekulation, dass
durch die Aufteilung der Separase in zwei unabhangige Untereinheiten die Sepa-
rase-Selbstspaltung in D. melanogaster eine veranderte Funktion Ubernehmen
konnte. Die Ergebnisse dieser Arbeit legen nahe, dass diese Funktion in der
schnellen, Securin-unabhangigen Inaktivierung der Separase liegt.
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Degradation ot Drosophila PIM regulates
sister chromatid separation during mitosis

Oliver Leismann, Alf Herzig, Stefan Heidmann, and Christian F. Lehner'

Department of Genetics, University of Bayreuth, 95440 Bayreuth, Germany

Drosophila Pimples (PIM) and Three rows (THR) are required for sister chromatid separation in mitosis. PIM
accumulates during interphase and is degraded rapidly during mitosis. This degradation is dependent on a
destruction box similar to that of B-type cyclins. Nondegradable PIM with a mutant destruction box can
rescue sister chromatid separation in pim mutants but only when expressed at low levels. Higher levels of
nondegradable PIM, as well as overexpression of wild-type PIM, inhibit sister chromatid separation. Moreover,
cells arrested in mitosis before sister chromatid separation (by colcemid or by mutations in fizzy/CDC20) fail
to degrade PIM. Thus, although not related by primary sequence, PIM has intriguing functional similarities to

the securin proteins of budding yeast, fission yeast, and vertebrates. Whereas these securins are known to
form a complex with separins, we show that PIM associates in vivo with THR, which does not contain the

conserved separin domain.

[Key Words: Mitosis; sister chromatid separation; securin; separin; pimples; three rows|
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Pairs of sister chromatids are generated during the S
phase of the eukaryotic cell division cycle. Sister chro-
matids remain paired throughout the G2 phase and dur-
ing the initial phase of mitosis (prophase) while chroma-
tin is condensed and the spindle is assembled. However,
the cohesion between sister chromatids is ultimately de-
stroyed at the metaphase-anaphase transition allowing
their segregation to opposite poles. Considerable prog-
ress has been made recently in understanding the mo-
lecular basis of cohesion and separation of sister chro-
matids (for review, see Zachariae and Nasmyth 1999;
Nasmyth et al. 2000). Cohesion is known to be depen-
dent on the binding of the cohesin protein complex to
nascent sister chromatids during S phase (Guacci et al.
1997; Michaelis et al. 1997; Losada et al. 1998; Uhlmann
and Nasmyth 1998; Blat and Kleckner 1999; Tanaka et
al. 1999; Toth et al. 1999; Watanabe and Nurse 1999).
Separation of sister chromatids in budding yeast mitosis
requires the proteolytic processing of the cohesin sub-
unit Scclp/Mcdlp during the metaphase-anaphase tran-
sition (Uhlmann et al. 1999). In vertebrates, cohesin
complexes dissociate from chromosomes already during
prophase concomitant with chromatin condensation and
well before the onset of sister chromatid separation
(Losada et al. 1998; Darwiche et al. 1999). Moreover,
Scclp cleavage during prophase is not detectable in Dro-
sophila (S. Heidmann, unpubl.). However, it is not ex-
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cluded that residual cohesin complexes might persist in
particular in the centromeric region of vertebrate chro-
mosomes. The final separation of sister chromatids in
higher eukaryotes, therefore, might also result from
Scclp cleavage during the metaphase—-anaphase transi-
tion.

This hypothesis of a conserved mechanism of sister
chromatid separation in eukaryotes is supported by
findings concerning the role of the separin and securin
proteins (Nasmyth et al. 2000). The separins (Esplp,
Cutl, BimB) were implicated originally in mitosis based
on genetic analyses in fungi. Homologous genes have
been detected recently in plant and animal species. All
these separins share a conserved carboxy-terminal do-
main, the separin domain. The budding yeast separin
Esplp is known to be required for Scclp cleavage and
sister chromatid separation (Uhlmann et al. 1999). Sepa-
rins are thought to be activated only during the meta-
phase-anaphase transition. Premature activation of sepa-
rins is prevented by securin proteins that accumulate
during interphase and bind to the separins. The budding
yeast securin Pdslp forms a complex with Esplp (Ciosk
et al. 1998). The fission yeast securin Cut2 binds to
Cutl (Funabiki et al. 1996a; Yanagida 2000). In verte-
brates, the protein encoded by the pituitary tumor
transforming gene (PTTG) associates with a protein
containing the conserved separin domain (Zou et al.
1999). All these securins (Pdslp, Cut2, PTTG) share
essentially no sequence similarity except for the pres-
ence of at least one destruction box, a nine amino acid
consensus motif [RX(A or V or LJLGXXXN] originally
defined in B-type cyclins. Securins are therefore degraded
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rapidly during the metaphase-anaphase transition like
mitotic cyclins. Securin proteins with mutations in the
destruction box fail to be degraded and inhibit sister
chromatid separation in yeast and in Xenopus extracts
(Cohen-Fix et al. 1996; Funabiki et al. 1996b, 1997; Zou
et al. 1999).

Mitotic proteolysis of destruction box proteins occurs
after polyubiquitination resulting from the activation
of a special ubiquitin ligase known as anaphase-promot-
ing complex/cyclosome (APC/C). APC/C activation,
therefore, is a crucial step in the regulation of the meta-
phase-anaphase transition (for review, see Zachariae and
Nasmyth 1999). This activation process is not yet fully
understood. However, it is clear that the WD-40 repeat
proteins Fizzy/Cdc20p and Fizzy-related/Hctlp/Cdhlp
play important roles in APC/C regulation. These pro-
teins bind to the APC/C in different cell cycle phases
and respond to different regulatory inputs. While Dro-
sophila Fizzy-related is known to be essential for the
degradation of mitotic cyclins in G1, Fizzy is required
for cyclin degradation and sister chromatid separation
during mitosis (Sigrist et al. 1995; Sigrist and Lehner
1997). The dependency of sister chromatid separation
on Cdc20p function has been explained in budding
yeast by the finding that Cdc20p is required for the deg-
radation of the securin Pdslp (Visintin et al. 1997; Lim
et al. 1998; Shirayama et al. 1999). Fizzy/Cdc20p is in-
activated in the presence of unattached kinetochores
and spindle damage by a mitotic checkpoint pathway
which results in the binding of the inhibitor Mad2p
to the Fizzy/Cdc20p-APC/C complex (Chen et al. 1996;
Fang et al. 1998; Hwang et al. 1998; Kallio et al. 1998,
Kim et al. 1998; Alexandru et al. 1999; Waters et al.
1999; Zachariae and Nasmyth 1999). This checkpoint
pathway therefore assures that sister chromatid separa-
tion and exit from mitosis occur only when all chromo-
somes have acquired the correct bipolar orientation
within a functional spindle.

With the exception of securins, all the components
involved in the control of sister chromatid separation
that have been introduced above are highly conserved in
eukaryotes. Interestingly, we have identified previously
two nonconserved Drosophila genes, pimples (pim) and
three rows (thr), which are both required specifically for
sister chromatid separation during mitosis (D’Andrea et
al. 1993; Stratmann and Lehner 1996). We show that the
Pimples protein (PIM) shares extensive functional simi-
larities with securin proteins and in particular with Cut2
from fission yeast. Moreover, we demonstrate that PIM
is found in a complex with Three rows protein (THR).
Our results indicate that the regulation of sister chroma-
tid separation in Drosophila involves securin-like pro-
teins that associate with proteins lacking the evolution-
ary conserved separin domain.

Results

PIM and THR are present in a complex

Neither PIM nor THR share significant sequence simi-
larities with known proteins, and their biochemical

PIM degradation

function is not known. However, the indistinguishable
phenotypes resulting from null mutations in pim and thr
suggested that the corresponding gene products might
function in a complex. Therefore, we analyzed PIM-
THR complex formation by coimmunoprecipitation. Ex-
tracts were prepared from embryos carrying transgenes
(gpim-myc or gthr-myc) allowing expression of either
PIM protein with a carboxy-terminal extension of six
myc epitope copies or THR protein with a carboxy-ter-
minal extension of 10 myc epitope copies under the con-
trol of the corresponding genomic promoters. These
myc-tagged proteins are functional because the trans-
genes can rescue pim and thr mutants, respectively.
Anti-myc immunoprecipitates of PIM-myc were found
to contain THR (Fig. 1). Conversely, immunoprecipitates
of THR-myc contained PIM (Fig. 1). Control immuno-
precipitates of CDKI-myc contained Cyclin B, as ex-
pected, but did not contain PIM or THR (Fig. 1), indicat-
ing that coimmunoprecipitation of PIM and THR is spe-
cific. Our coimmunoprecipitation experiments also
indicated that the PIM-THR complex does not contain
multiple copies of PIM and THR. In case of complexes
with multiple copies, PIM-myc and THR-myc immuno-
precipitates would be expected to contain wild-type PIM
and THR, respectively. However, the products expressed
from the endogenous loci were not coimmunoprecipi-
tated by the myc-tagged transgene products (Fig. 1).

extract IP anti-myc
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Figure 1. PIM and THR form a complex in vivo. Extracts (ex-
tract) prepared from embryos expressing either no transgene (+),
or Cdkl-myc (Cdkl-myc), gpim-myc (pim-myc), gthr-myc
(thr-myc), or pim@-myc (pim@9-myc), as well as anti-myc
immunoprecipitates isolated from these extracts (IP anti-myc),
were analyzed by immunoblotting with antibodies against the
myc epitope (myc), THR (THR), PIM (PIM), or Cyclin B (CYCB).
(*) Crossreaction of the antibodies against PIM with an un-
known protein.
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Mitotic PIM degradation depends on a destruction box
and is required for sister chromatid separation

By immunolabeling we have shown previously that
PIM-myc is cleared from mitotic cells after the meta-
phase-anaphase transition similar to Cyclin B (Strat-
mann and Lehner 1996). The mitotic degradation of Cy-
clin B and other mitotic regulators is dependent on the
presence of a destruction box motif in the amino-termi-
nal region (Peters et al. 1998). Drosophila Cyclin B lack-
ing this destruction box cannot be degraded during mi-
tosis and blocks exit from mitosis (Rimmington et al.
1994; Sigrist et al. 1995; Fig. 2A-C). Although PIM does
not have a motif that fits the RX(A or V or L]LGXXXN
consensus sequence of mitotic destruction boxes (King

et al. 1996; Peters et al. 1998; Zou et al. 1999), it contains
the related sequence KKPLGNLDN. To determine
whether this sequence variant can function as a destruc-
tion box, we expressed a mutant Cyclin B protein in
Drosophila embryos that had this PIM motif instead of
the Cyclin B destruction box. The PIM motif conferred
mitotic instability indistinguishable from wild-type Cy-
clin B and did not result in a mitotic arrest (Fig. 2, cf. D-F
with G-L). When the PIM motif was mutated from
KKPLGNLDN to AKPAGNLDA (dba), it was no longer
able to functionally replace the destruction box in Cyec-
lin B (data not shown).

To determine whether the KKPLGNLDN sequence is
required for PIM degradation during mitosis, we intro-
duced the dba mutation into a pim transgene (UAS-

UAS-CycB-dbm UAS-CycB-dbCycB UAS-CycB-dbpim

[l__ CycinB | [ [ CyclinB___ | [ E_ CyclinB |
myc: ‘dbCycB: - ‘dbpim: -,
'MEQKLISEEDLNE' RAALGDLQGN 'KKPLGNLDN

Figure 2. The PIM destruction box variant can replace the Cyclin B destruction box. prd-GAL4, which directs UAS target gene
expression in alternating segments starting before mitosis 15 of Drosophila embryogenesis, was used to express either Cyclin B with
the myc epitope in place of the destruction box (UAS-CycB-dbm; A-C), or Cyclin B with the endogenous destruction box (UAS-
CycB-dbCycB; D-F), or Cyclin B with the PIM destruction box (UAS-CycB-dbpim; G-L). Embryos (A,D,G) were fixed during the stage
of mitosis 15 and double-labeled with antibodies against Cyclin B (CycB; A,B,D,E,G,H,]), tubulin (tub; C,F,I,K) and a DNA stain (DNA;
L). Higher magnification views of the embryonic epidermis (B,C,E,F,H,I) are shown with the regions of UAS target gene expression to
the right of the dashed vertical lines. UAS target gene expression is absent from the regions on the left of the dashed vertical line. These
regions express only endogenous Cyclin B and serve as internal control for progression through mitosis 15. Progression through mitosis
15 is accompanied by degradation of Cyclin B protein when carrying a functional degradation box and occurs in a segmentally repeated
pattern (Foe et al. 1993) first in the dorsal epidermis (above the horizontal dashed line) and only later in the ventral epidermis (below
the horizontal dashed line). At the stage shown, mitosis 15 is largely completed in the dorsal epidermis and just starting in the ventral
epidermis. Nondegradable Cyclin B with the myc epitope in place of the destruction box blocks exit from mitosis and results in an
enrichment of mitotic figures (C, upper right) in cells that are labeled by anti-Cyclin B (B, upper right). In contrast, Cyclin B with the
PIM motif in place of the destruction box does not block exit from mitosis and is degraded during late mitosis as illustrated in the
regions shown at even higher magnification (J-L). Arrowheads mark a telophase cell that is not labeled with anti-Cyclin B (]) while the
neighboring metaphase cells (right) are strongly labeled. The structure of the different UAS-transgenes is schematically illustrated
above the panels with the corresponding results.
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pim?°*-myc). The mutant PIM**-myc protein product
was found to be stable during mitosis, while wild-type
PIM-myc expressed from an analogous transgene (UAS-
pim-myc) was degraded normally (Fig. 3, cf. A,B with
E,F).

PIM?*_myc did not block the mitotic degradation of
Cyclin A (data not shown) and Cyclin B (Fig. 3G) indi-
cating that it does not inhibit the APC/C-dependent deg-
radation pathway. Interestingly, however, PIM®™*_myc
was found to block sister chromatid separation. In UAS-
pimP_myc-expressing embryos, we observed only ab-
normal, decondensing metaphase plates in the regions
without Cyclin B labeling (Fig. 3H, see arrows) instead of
anaphase and telophase figures which are abundant in
those regions of control embryos that have degraded Cy-
clin B and thus have progressed beyond the metaphase—
anaphase transition (Fig. 3D, see arrowheads). Early mi-
totic figures (prophase and metaphase) were normal in
UAS-pim@Pi_myc-expressing embryos, and tubulin la-
beling revealed the presence of mitotic spindles (Fig. 4E;
data not shown). The observation that congression of
mitotic chromosomes into the metaphase plate occurred
normally indicated that PIM*-myc does not interfere
with spindle function.

The nos-GAL4-GCN4-bcd3'UTR transgene used in
these experiments to drive UAS-pim“®“—myc expression
resulted in a graded expression with a maximum at the
anterior pole of the embryo. Whereas an apparently com-
plete block of sister chromatid separation occurred in
regions with high levels of expression (Fig. 3F-H), only a
partial inhibition was observed in regions with lower
expression levels. In these regions, aberrant anaphase
and telophase figures with chromatin bridges were fre-
quent (data not shown).

To confirm that high levels of UAS-pim?*?-myc ex-
pression abolished sister chromatid separation specifi-
cally and not other processes during cell cycle progres-
sion, we analyzed mitotic chromosomes from UAS-
pimemyc 1.1, UAS-pim?Pe-myc 1I.1/da-GAL4 em-
bryos after treatment with the microtubule destabilizing
drug colcemid (demecolcine) during the stage of mitosis
16. In these embryos, sister chromatid separation ap-
peared to be inhibited completely during mitosis 15
which follows after the onset of da-GAL4-driven UAS-
transgene expression (data not shown). Thus, after non-
disjunction of sister chromatids during mitosis 15 and
re-replication during S phase 16, diplochromosomes
would be expected to be present during the colcemid-
arrested mitosis 16. In fact, whereas we observed only
normal mitotic chromosomes in control embryos (Fig.
3I), mitotic cells with a normal number of chromosomes
that had twice as many arms than normal chromosomes
were present in the UAS-pim?°“-myc-expressing em-
bryos (Fig. 3]). The presence of these diplochromosomes
demonstrates that UAS—pim?P-myc expression specifi-
cally blocks sister chromatid separation.

The finding that sister chromatid separation was in-
hibited by the nondegradable PIM*-myc protein sug-
gested that this process is dependent on mitotic PIM
degradation. High levels of wild-type PIM resulting from

PIM degradation

Figure 3. PIM with mutations in the destruction box motif is
stable in mitosis and inhibits sister chromatid separation. nos—
GAL4-GCN4-bcd3'UTR was used to express either wild-type
PIM with carboxy-terminal myc epitopes (UAS-pim-myc; A-D)
or PIM with carboxy-terminal myc epitopes and a mutant de-
struction box (UAS-pim?—myc; E-H) in the anterior region of
gastrulating embryos. Embryos (A,E) were fixed and labeled
with antibodies against the myc epitope (myc; A,B,E,F), Cyclin
B (CycB; C,G) and a DNA stain (DNA; D,H). Arrowheads in the
high magnification views of a head region indicate normal ana-
phase and telophase figures (B-D), while arrows mark abnormal
“metaphase” plates with decondensing chromosomes (E-H) in
regions that lack anti-Cyclin B labeling and thus have pro-
gressed beyond the metaphase-anaphase transition. UAS-pim-
ba_myc 1.1; UAS—pim@-myc II1.1 embryos for control (I) and
UAS-pima-myc 1.1/+; UAS-pim?%-myc 1I1.1/da~GAL4 em-
bryos (]), in which mitosis 15 is the first division affected by the
expression of nondegradable PIM, were incubated in colcemid at
the stage of mitosis 16 before preparation of mitotic chromo-
some spreads stained for DNA. Diplo-chromosomes (/) indicat-
ing the failure of sister chromatid separation during mitosis 15
were not observed in controls ().

overexpression, therefore, might inhibit sister chromatid
separation equally. In fact, sister chromatid separation
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Figure 4. Overexpression of wild-type
PIM inhibits sister chromatid separation.
prd-GAL4 (A-D) or da-GAL4 (E,F) was
used for overexpression of wild-type PIM
with carboxy-terminal myc epitopes from
either one (A,B) or two (C-F) UAS-pim-
myc transgene copies. Embryos were
fixed either after mitosis 16 (A-D) or dur-
ing mitosis 16 (E,F) and labeled with an-
tibodies against the myc epitope (myc;
A,C), tubulin (tub; E) and with a DNA
stain (DNA; B,D,F). Overexpression from
one UAS-pim-myc copy does not affect
progression through the sixteenth embry-
onic division. The normal nuclear density
is therefore observed in the prd-GAL4-ex-
pressing segments (A, B, white horizontal
bars). In contrast, overexpression from
two UAS-pim-myc copies results in in-
hibition of sister chromatid separation
during mitosis 16. Arrowheads in E and F

indicate cells during telophase of mitosis 16 with unseparated chromosomes As a consequence, cytokinesis fails as well, but exit from
mitosis 16 occurs normally. This failure of sister chromatid separation and cytokinesis is evidenced by the lower density of interphase
nuclei in the prd-GAL4-expressing segments (C,D, white bars) after mitosis 16.

failed when two copies of the UAS-pim-myc transgene
were expressed during the embryonic mitoses using the
da-GAL4 or prd-GAL4 transgenes (Fig. 4C-F). Expres-
sion of one UAS-pim-myc copy did not inhibit sister
chromatid separation (Fig. 4A,B). Quantitative immuno-
blotting experiments indicated that ubiquitous expres-
sion of two UAS-pim-myc copies with da-GAL4 re-
sulted in about five-fold higher levels of expression com-
pared to wild type (data not shown). Although this level
of overexpression inhibited sister chromatid separation,
it did not interfere with mitotic cyclin destruction.
Moreover, UAS-pim-myc overexpression in endoredu-
plicating salivary gland cells throughout late embryogen-
esis and larval development had no effect, whereas it
resulted in severe phenotypic abnormalities in mitoti-
cally proliferating imaginal disc cells (data not shown).
Overexpression of wild-type pim, therefore, is not gen-
erally cytotoxic and inhibits sister chromatid separation
specifically.

Interestingly, the phenotype resulting from UAS-
pim?*i-myc and UAS-pim-myc overexpression is iden-
tical to the phenotype observed in mutant embryos lack-
ing pim function (Stratmann and Lehner 1996). It ap-
pears, therefore, that both the accumulation of PIM dur-
ing interphase as well as the subsequent degradation
during mitosis are important for sister chromatid sepa-
ration.

PIM degradation is regulated by the spindle checkpoint

Mitotic degradation of Cyclins A, B, and B3 requires
Fizzy/Cdc20p, an activator of APC/C-dependent ubiqui-
tination (Dawson et al. 1995; Sigrist et al. 1995). To
evaluate whether Fizzy is also involved in PIM degrada-
tion during mitosis, we analyzed the consequences of
UAS-pim-myc expression in fizzy mutants. The mater-
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nal fizzy contribution present in fizzy mutants is suffi-
cient for progression through all of the 16 embryonic
divisions in the dorsal epidermis when UAS-pim-myc is
not expressed (Sigrist et al. 1995). However, when UAS-
pim-myc was expressed, sister chromatid separation was
found to be inhibited in the dorsal epidermis of fizzy
mutants during mitosis 16, while exit from this mitosis
16 still occurred. Importantly, in contrast to the results
observed in wild-type embryos (Fig. 4A,B), expression of
just one UAS-pim-myc copy was already sufficient for
inhibition of sister chromatid separation in the dorsal
region of fizzy mutants (Fig. 5A,B) and resulted in a phe-
notype that was only observed in wild-type embryos
when two UAS-pim-myc copies were expressed (Fig.
4C,D).

In the ventral region of fizzy homozygotes, the mater-
nal fizzy contribution is not sufficient to allow comple-
tion of mitosis 16. Therefore, a large fraction of ventral
cells become arrested during metaphase 16 in fizzy mu-
tants (Dawson et al. 1995; Sigrist et al. 1995). When
UAS-pim-myc was expressed in fizzy mutants, we ob-
served very strong anti-myc labeling in the arrested cells
of the ventral region (Fig. 5C). This labeling was much
more intense than in the dorsal UAS-pim-myc express-
ing cells that were not arrested (Fig. 5A). The persistence
of PIM-myc during metaphase arrest resulting from lack
of fizzy function was also observed when expression was
directed at lower levels by transgenes under the control
of the pim* regulatory region (data not shown). More-
over, immunoblotting experiments confirmed that the
endogenous PIM protein is also stabilized in fizzy homo-
zygotes (Fig. 5E). We conclude, therefore, that fizzy is
required for PIM degradation during mitosis.

Spindle defects result in a mitotic checkpoint arrest
during which sister chromatids do not separate, possibly
because PIM is not degraded. To evaluate whether PIM is
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fzy~ fzyt

Figure 5. PIM persists during the mitotic arrest caused by colcemid or lack of Fizzy. (A-D) prd-GAL4 was used to express one
UAS-pim-myc copy in fizzy mutant embryos. Embryos were fixed at a stage where mitosis 16 is completed during wild-type
development and labeled with anti-myc (A,C), a DNA stain (B,D), and anti-B-galactosidase for the identification of fizzy homozygotes
(data not shown). High magnification views of the dorsal epidermis (A,B) illustrate that one UAS-pim-myc copy is sufficient to inhibit
sister chromatid separation during mitosis 16 in fizzy mutants, leading to the reduced nuclear density in the prd-GAL4-expressing
regions (white bar). High magnification views of the ventral epidermis (C,D) illustrate the persistence of PIM-myec in cells arrested in
metaphase 16 because of lack of Fizzy (arrowheads), leading to the intense anti-myc labeling in the arrested cells within the prd-
GAL4-expressing region (white bar). (E) Progeny from fizzy/CyO parents was aged to the stage where mitosis 16 is completed during
wild-type development. fizzy homozygous embryos (fzy~) were sorted from sibling embryos (fzy*) and analyzed by immunoblotting
with antibodies against PIM (PIM), Cyclin B (CYCB), Cdkl (CDK1), FZY (FZY), and tubulin (TUB). (F-M) nos-GAL4-GCN4-bcd3’
UTR was used to express PIM with carboxy-terminal myc epitopes (UAS-pim-myc). Embryos at the stage of mitosis 14 were
permeabilized and incubated for 25 min either in the absence (F-I) or presence (J-M) of colcemid before fixation and labeling with
antibodies against the myc epitope (myc; H,L), Cyclin A (CycA; G,K) and a DNA stain (DNA; F,]). The merged panels (I,M) show
labeling of DNA in blue, Cyclin A in red, and PIM-myc in green. (i) Interphase; (p) prophase; (m) metaphase; (a) anaphase; (c)
colcemid-arrested cells.
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stable during a mitotic checkpoint arrest, we treated
UAS-pim-myc-expressing embryos with colcemid (Fig.
5]-M) and used mock-treated embryos as control (Fig.
5F-I). These embryos were subsequently labeled with a
DNA stain (Fig. 5F,J) to identify arrested cells and with
anti-myc antibodies (Fig. 5H,L) to monitor the presence
of PIM-myc. We also labeled the embryos with an anti-
body against Cyclin A (Fig. 5G,K) which is known to be
degraded in colcemid-arrested cells in contrast to Cyclin
B (Whitfield et al. 1990). PIM-myc remained clearly de-
tectable in mitotic domains of arrested cells with con-
densed chromosomes and without Cyclin A labeling
(Fig. 5L,M, see cells labeled “c”). These observations
demonstrate that PIM is not degraded in cells arrested by
the spindle checkpoint pathway.

Sister chromatid separation in the presence of low
levels of nondegradable PIM

The PIM persistence in cells arrested by colcemid or lack
of fizzy, as well as the inhibition of sister chromatid
separation resulting from UAS-pim*“-myc and UAS-
pim-myc expression, were consistent with the notion
that sister chromatid separation is strictly dependent on
PIM degradation during mitosis. However, the experi-
ments with UAS-pim?“-myc and UAS-pim-myc in-
volved overexpression. To analyze the effects of physi-
ological levels of PIM*_myc, we constructed a trans-
gene with the pim* regulatory region directing PIMP2—
myc expression (gpim?P?-myc). Interestingly, we were
able to establish transgenic lines indicating that expres-
sion of a single gpim9°?-myc copy is tolerated in a pim*
background. However, when present in two copies,
transgene insertions resulted in complete lethality (five
out of eight lines) or severe morphological abnormalities
(rough eyes, notched wings, sterility) in rare escapers
(three out of eight lines). The analysis of heterozygous
combinations of different transgene insertions indicated
that these phenotypes were not caused by transgene in-
sertion position effects. The phenotypes indicated
clearly that PIM®?-myc is highly toxic.

The fact that we were able to isolate transgenic lines
with gpim?te-myc insertions suggested that sister chro-
matid separation is not absolutely dependent on com-
plete PIM degradation during each mitosis. However,
gpimi_myc expression might occur only at very low
levels as a result of a selection against insertions gener-
ating normal expression levels during transgene estab-
lishment. Moreover, wild-type PIM might compete with
PIM?*_myc and thereby protect cells. Therefore, we ad-
dressed gpim??-myc expression levels in immunoblot-
ting experiments (Fig. 6) and analyzed the consequences
of gpim??-myc expression in pim mutants (Fig. 7).

The insertion gpim*?—myc I1.5, which resulted in le-
thality when homozygous, was found to result in expres-
sion levels that were only ~25% lower as those of the
endogenous locus (Fig. 6). In these experiments, protein
products resulting from early zygotic expression during
< 2 embryonic cell cycles were compared (see Materials
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and Methods). Comparison of protein levels that had ac-
cumulated during this brief phase was chosen as the dif-
ference in PIM-myc and PIM*_myc levels is likely to
increase with every cell cycle due to the differential sta-
bility during mitosis. Moreover, the maternal pim"* con-
tribution is known to be exhausted in pim mutants at
this stage (Stratmann and Lehner 1996; see also Fig. 7A-
C). Thus the consequences of gpim?P“-myc expression
on progression through mitosis in the absence of wild-
type pim* were also analyzed at this stage (Fig. 7D-F).
For this analysis, gpim®?—myc I1.5 was recombined with
a mutant pim allele (pim?) which abolishes expression
from the endogenous locus (data not shown). Analysis of
mitosis 15 in pim!/pim?, gpim?*?-myc embryos (Fig.
7D-F) and in pim?, gpim9t*-myc/pim?’, gpim?*-myc
embryos (data not shown) indicated that sister chroma-
tid separation occurred almost normally. Moreover, the
same observations were also made during mitosis 16. As
in wild-type embryos, anaphase and telophase figures
were observed readily in these embryos in cells lacking
Cyclin B labeling (Fig. 7D-F). However, a significant frac-
tion of anaphase and telophase figures (~10%) had chro-
matin bridges (Fig. 7D, see asterisk) suggesting that sister
chromatid separation was not always normal. Moreover,
gpim?Pa_myc failed to rescue the development of pim?
homozygotes to the adult stage, whereas the lethality
associated with pim? is prevented by gpim-myc. Never-
theless, the very significant rescue of sister chromatid
separation during the embryonic divisions obtained
with gpim“*“—myc in pim? mutants, demonstrated that
PIM*%_myc can still provide some positive function re-
quired for sister chromatid separation. In addition, coim-
munoprecipitation experiments indicated that PIMba—

PIM-myc
PIMdba-myc
1.5

0.75

0.375

myc T —e T N S —

TUB e — — =

Figure 6. Analysis of PIM®*-myc expression levels. Extracts
from embryos with either the gpim-myc (PIM-myc) or the
gpim9Pi-myc (PIM?*-myc) transgene were analyzed by immu-
noblotting with antibodies against the myc epitope (myc) or
tubulin (TUB), which served as a loading control. In addition, to
allow quantitative comparisons, we also analyzed an extract
from embryos with a 3x higher gpim-myc transgene dose (3) as
well as twofold serial dilutions of this extract (1.5; 0.75; 0.375).



PIM degradation

Figure 7. Low levels of PIM®*-myc expression allow sister chromatid separation in pim mutants. pim’/ pim’ (A-C) or pim'/ pim’,

gpimdl)[l

—myc (D-F) embryos at the stage of mitosis 15 were labeled with a DNA stain (DNA; A,D) and antibodies against Cyclin B

(CycB; B,E). Regions of the dorsal epidermis are shown. In the merged panels (C,F) DNA labeling is shown in red and Cyclin B in green.
Arrows in A-C indicate cells that have failed to separate sister chromatids even though they have progressed beyond the metaphase—
anaphase transition as evidenced by lack of anti-Cyclin B labeling. Arrowheads in D-F indicate cells that have separated sister
chromatids successfully after the metaphase-anaphase transition. (+, D-F) Cell with an anaphase bridge.

myc is associated with THR (Fig. 1). The dba mutation
therefore appears to interfere specifically with mitotic
degradation. The observation that sister chromatid sepa-
ration is not inhibited in the presence of near physiologi-
cal levels of nondegradable PIM*-myc argues strongly
that sister chromatid separation is likely to be controlled
by other mechanisms operating in addition to PIM deg-
radation.

Discussion

PIM is degraded during the metaphase-anaphase transi-
tion. This mitotic degradation of PIM is dependent on a
destruction box motif that deviates at the first invariant
position of the hitherto established destruction box con-
sensus. While all previously characterized destruction
boxes start with an arginine (King et al. 1996; Peters et al.
1998), we find a lysine in the PIM motif. However, this
PIM variant can replace the destruction box of Cyclin B.
Moreover, we find that Fizzy, an activator of the APC/C
that is required for the degradation of mitotic cyclins
(Dawson et al. 1995; Sigrist et al. 1995), is also required
for PIM degradation. We assume, therefore, that PIM is
degraded by the proteasome after APC/C-dependent
polyubiquitination just like the mitotic cyclins.

PIM degradation during mitosis appears to be an im-
portant step for sister chromatid separation. Overexpres-
sion of wild-type PIM and nondegradable PIM results in
a complete inhibition of sister chromatid separation. We
have shown previously that sister chromatid separation
is equally defective in the absence of PIM (Stratmann

and Lehner 1996). PIM therefore can act as both an acti-
vator and an inhibitor of sister chromatid separation.

Inhibitors of sister chromatid separation which are de-
graded during the metaphase-anaphase transition by the
APC/C pathway, and which function to a variable extent
as activators of sister chromatid separation, have been
described previously in yeast and vertebrates (Cohen-Fix
et al. 1996; Funabiki et al. 1996b; Zou et al. 1999). These
securin proteins (S. cerevisiae Pdslp, S. pombe Cut2,
vertebrate PTTG) have an additional property in com-
mon. They all bind to proteins containing a conserved
carboxy-terminal separin domain (S. cerevisiae Esplp, S.
pombe Cutl, vertebrate Esplp). The separin proteins
play a crucial role for sister chromatid separation. The
functional characterization of budding yeast separin
Esplp has suggested that it may function as a protease
which cleaves a cohesin subunit and thereby causes the
dissolution of sister chromatid cohesion at the meta-
phase-anaphase transition (Uhlmann et al. 1999; Nas-
myth et al. 2000). In addition, separin proteins might
also be involved in the regulation of spindle function
(Yanagida 2000). Premature activation of separin activity
is restricted by the securin proteins (Ciosk et al. 1998;
Kumada et al. 1998; Uhlmann et al. 1999).

We do not know whether PIM binds to a protein with
a separin domain. The Drosophila genome sequence pre-
dicts the existence of a protein with a separin domain
(Gadfly gene number CG 10583). Interestingly, this Dro-
sophila separin homolog exhibits less sequence conser-
vation than all the other known separin proteins from
fungi, plants, nematodes, and vertebrates. The Dro-
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sophila protein is highly divergent in one of the con-
served motifs within the carboxy-terminal separin do-
main and has a relatively small amino-terminal domain
(H. Jager, S. Heidmann and C.F. Lehner, unpubl.). The
amino-terminal regions of separin proteins generally
show very little sequence conservation, but the fission
yeast securin has been shown to bind to this noncon-
served region. Although the separin proteins share at
least a related carboxy-terminal domain, securin pro-
teins do not display significant sequence similarity. The
only conserved feature of the securins is the distribution
of charged residues. The amino-terminal region is highly
basic and the carboxy-terminal region highly acidic. This
charge distribution is also present in PIM. It is therefore
entirely possible that PIM represents a securin protein
involved in the regulation of a Drosophila separin.

Although we do not yet know whether PIM binds to a
separin protein, we can clearly demonstrate that PIM
associates with THR in vivo. Like PIM, THR is also re-
quired for sister chromatid separation and shows no sig-
nificant similarity to known proteins (D’Andrea et al.
1993). A further detailed characterization of the PIM-
THR complex is underway including an analysis of its
relationship to separin complexes. Three main hypoth-
eses will have to be addressed:

1. The separin gene might have broken apart during the
evolution of Drosophila melanogaster resulting in the
thr gene encoding the nonconserved amino-terminal
region and a distinct gene encoding the conserved car-
boxy-terminal separin domain which might also be
part of the PIM-THR complex. The PIM-THR com-
plex might therefore be largely equivalent to the se-
curin/separin complex.

2. Instead of playing the role of the amino-terminal sepa-
rin region, THR might be a novel separin-associated
protein. Unknown separin-associated proteins in ad-
dition to the known securins were revealed by affinity
purification in Xenopus (Zou et al. 1999) but not in
budding yeast (Ciosk et al. 1998).

3. The PIM-THR complex might be distinct from se-
curin/separin complexes. We emphasize that the role
of higher eukaryote separin proteins have not yet been
studied in detail and that the vertebrate homolog of
the budding yeast cohesin subunit Scclp dissociates
from chromatin already during prophase, presumably
as a requirement for chromatin condensation (Nas-
myth et al. 2000). It remains a possibility therefore,
that additional mechanisms have evolved in higher
eukaryotes to maintain sister chromatid cohesion un-
til the metaphase-anaphase transition, in particular
in the centromeric region. The PIM-THR complex
might be involved in the dissolution of this residual
cohesion maintained in the centromeric region of
higher eukaryote mitotic chromosomes. Maintenance
of cohesion in the centromeric region is also of par-
ticular importance during the first meiotic division
and a gene specifically required for this maintenance
has been identified in Drosophila. Interestingly, this
gene (Mei-S332) has no obvious homologs in other
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species, and it has been proposed to be involved in
maintaining cohesion not only during the first mei-
otic division but also during mitotic divisions (Tang
et al. 1998).

Apart from their shared functions (inhibition of sister
chromatid separation, separin binding, APC/C substrate)
the securins Pdslp, Cut2, and PTTG differ with regard to
their role as positive regulators of sister chromatid sepa-
ration and their involvement in checkpoint mecha-
nisms. The following comparisons indicate that PIM is
functionally most similar to fission yeast Cut2. Both
proteins provide a positive and essential function. They
are absolutely required for sister chromatid separation
(Uzawa et al. 1990; Stratmann and Lehner 1996). In con-
trast, budding yeast Pdslp is clearly not required for sis-
ter chromatid separation in unperturbed cells (Yama-
moto et al. 1996a; Alexandru et al. 1999). Pdslp is only
essential at high temperatures and in the presence of
DNA damage, lagging chromosomes and spindle dam-
age. Moreover, while Cut2 appears to function only in
mitotic checkpoint control, Pdslp has been implicated
in both DNA damage and mitotic checkpoint pathways
(Yamamoto et al. 1996a,b; Cohen-Fix and Koshland
1997, 1999; Alexandru et al. 1999; Tinker-Kulberg and
Morgan 1999). Overexpression of nondegradable mutant
Pds1p inhibits both sister chromatid separation and exit
from mitosis in budding yeast (Cohen-Fix and Koshland
1999; Tinker-Kulberg and Morgan 1999). In contrast,
only the former process appears to be blocked by nonde-
gradable mutant Cut2 in fission yeast (Funabiki et al.
1996b). This differential involvement in checkpoint
regulation might reflect a fundamental physiological dif-
ference between budding and fission yeast. DNA damage
causes fission yeast (and animal cells) primarily to block
entry into mitosis by preventing Cdk1 activation. In con-
trast, DNA damage inhibits the metaphase-anaphase
transition in budding yeast and Pds1p is of major impor-
tance for this DNA damage checkpoint arrest. It is not
known whether PIM and vertebrate PTTG are involved
in a DNA damage checkpoint pathway. However, based
on the effects caused by the expression of nondegradable
mutant proteins, PIM and vertebrate PTTG appear to be
more similar to Cut2 than to Pdslp. Nondegradable
PTTG and PIM inhibit only sister chromatid separation
but not the degradation of mitotic cyclins and exit from
mitosis (Zou et al. 1999; this paper).

The mitotic checkpoint pathway which delays the
metaphase-anaphase transition in the presence of unat-
tached kinetochores prevents the activation of APC/C
by Fizzy/Cdc20p (Zachariae and Nasmyth 1999). As a
consequence, mitotic cyclins and securins persist in the
arrested cells. In budding yeast, the persistence of Pdslp
has been demonstrated to be required for the inhibition
of sister chromatid separation by elegant and conclusive
genetic experiments involving cells lacking PDS1 (Ya-
mamoto et al. 1996b; Zachariae et al. 1998; Alexandru et
al. 1999). Although not proven, the persistence of fission
yeast Cut2 and vertebrate PTTG in checkpoint arrested
cells is also thought to be responsible for the inhibition



of sister chromatid separation. We show that PIM per-
sists in mitotic checkpoint-arrested cells as well. As in
the case of Cut2, however, the essential positive role of
PIM in sister chromatid separation makes it impossible
to demonstrate that this PIM persistence is responsible
for the inhibition of sister chromatid separation in the
same elegant way realized in budding yeast. It is clear,
however, that PIM levels are of crucial importance for
sister chromatid separation. Our results demonstrate
that modest overexpression of nondegradable PIM leads
to a complete inhibition of sister chromatid separation.
Moreover, higher but still relatively modest levels of
wild-type PIM overexpression (~fivefold) inhibit as well.
In this context, we consider it very likely that overex-
pression of the vertebrate securin PTTG results in chro-
mosome instability, explaining its oncogenic potential
(Pei and Melmed 1997; Zhang et al. 1999).

Even though our findings demonstrate clearly the im-
portance of PIM degradation, they cannot answer the
question whether PIM protein persistence is responsible
for the inhibition of sister chromatid separation in cells
arrested by the spindle checkpoint. In this case, one
would expect physiological levels of nondegradable PIM
to inhibit sister chromatid separation completely. How-
ever, most cells with near physiological levels of mutant,
nondegradable PIM protein (~75% of wild type) instead
of normal PIM appear to separate sister chromatids with-
out major problems. Although not excluded, it appears
unlikely, therefore, that the persistence of PIM protein
during a mitotic checkpoint arrest is solely responsible
for the block of sister chromatid separation. PIM persis-
tence might be only one of several measures that coop-
eratively prevent premature sister chromatid separation
in the presence of spindle damage. However, we empha-
size that it remains to be shown that the myc epitopes
present at the carboxyl terminus of the nondegradable
PIM protein expressed in our experiments do not reduce
the anaphase inhibitor function of PIM.

The almost normal progression through mitosis in the
presence of near physiological levels of nondegradable
PIM suggests that the onset of sister chromatid separa-
tion is not determined exclusively by the kinetics of PIM
degradation. We have not detected an increase in the
fraction of cells with metaphase plates in the presence of
nondegradable PIM and careful examination by confocal
microscopy did not reveal any residual partial degrada-
tion of the mutant PIM protein. The notion that the
timing of sister chromatid separation during mitosis can
be controlled by pathways that are independent of PIM
degradation is also supported by the observation that ex-
pression of nondegradable Cyclin A clearly delays the
metaphase-anaphase transition (Sigrist et al. 1995) even
though it does not appear to result in a delay of PIM
degradation (O. Leismann and C.F. Lehner, unpubl.). The
timing of sister chromatid separation under normal con-
ditions in budding yeast, when spindle or DNA damage
checkpoints are not activated, is also not controlled by
Pdslp degradation, because it occurs with normal kinet-
ics in cells lacking Pdslp (Alexandru et al. 1999).

We conclude that PIM levels that are controlled by

PIM degradation

mitotic degradation are of crucial importance for sister
chromatid separation. PIM therefore shares extensive
similarities with securin proteins. Although its role in
the regulation of Drosophila separin remains to be ana-
lyzed, it is clear that it associates with THR, a protein
that is equally important for sister chromatid separation
and that does not contain a separin domain.

Materials and methods

Drosophila stocks

The alleles fzy?, fzy®, and pim! were used in our experiments
(Niisslein-Volhard et al. 1984; Dawson et al. 1993; Stratmann
and Lehner 1996). Second site lethal mutation present on the
original pim’ chromosome were removed by meiotic recombi-
nation. The lethality resulting from homozygosity of the pim!
chromosome which was used in this study was completely pre-
vented by a pim" transgene (Stratmann and Lehner 1996), indi-
cating the absence of other lethal mutations except for the mu-
tation in pim.

For expression of UAS transgenes, we used the following
GAL4 transgenes: prd-GAL4 (Brand and Perrimon 1993), da-
GAL4 G32 (Wodarz et al. 1995), arm-GAL4 (Sanson et al. 1996),
F4, which results in expression in salivary glands (Weiss et al.
1998), and nos-GAL4-GCN4-bcd3' UTR (kindly provided by N.
Dostatni, LGPD, IBDM, Marseille, France). A nos* promoter
directs transcription of the nos—-GAL4-GCN4-bcd3' UTR
transgene during oogenesis. The 3’ UTR from bcd which is
present in the resulting transcripts leads to mRNA localization
to the anterior end of the egg. The GAL4-GCN4 fusion protein
translated from this mRNA, therefore, forms a concentration
gradient with maximal concentrations at the anterior pole and
results in graded expression of UAS target genes starting during
cellularization in cell cycle 14 of embryogenesis.

The UAS-CycB (Weiss et al. 1998) and UAS-Cdkl-myc
(Meyer et al. 2000) lines have been described previously. The
UAS-Cdk1-myc transgene allows Gal4p-dependent expression
of functional Drosophila Cdkl with a carboxy-terminal exten-
sion consisting of six myc epitope copies. UAS-CycA-A170
(TF73) was kindly provided by Frank Sprenger (University of
Cologne, Germany). The UAS-CycA-A170 transgene allows ex-
pression of Drosophila Cyclin A-lacking amino acids 1-170
which contains the signals required for mitotic destruction (Si-
grist et al. 1995; Sprenger et al. 1997).

Lines with UAS-CycB transgenes allowing expression of Dro-
sophila Cyclin B with alterations in the destruction box region
were obtained after P element-mediated germline transforma-
tion with pUAST (Brand and Perrimon 1993) constructs follow-
ing standard procedures. In an initial step of the generation of
these constructs, we deleted the region encoding the destruc-
tion box in a Drosophila Cyclin B cDNA (Lehner and O’Farrell
1990) by inverse polymerase chain reaction (PCR) using the
primers 5 -CATGGTACCTTTTGTTGTTGCCTCCATGG-3'
and 5-GACGGTACCCGCGGCATAAGTCGTCCC-3'. Liga-
tion of the amplification product after digestion with Kpnl re-
sulted in a mutant cDNA plasmid that contained a Kpnl restric-
tion site instead of the destruction box. A double-stranded oli-
gonucleotide encoding the myc epitope (MEQKLISEEDLNE)
with compatible ends was inserted into this Kpnl site for the
construction of the UAS-CycB-dbm transgene. The compatible
ends resulted in two additional codons on either side of the myc
sequence. The mutant cDNA, therefore, coded for GT MEQKLI-
SEEDLNE RT in place of the destruction box (RAALGDLQN.
For the construction of the UAS-CycB-dbpim transgene, we
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inserted a different oligonucleotide encoding the PIM destruc-
tion box with compatible ends (GT KKPLGNLDN GT). An oli-
gonucleotide encoding a mutant PIM destruction box (GT AK-
PAGNLDA GT) was used for the construction of UAS-CycB-
dbapim. For control experiments, we also inserted an
oligonucleotide restoring the Cyclin B destruction box flanked
by the extra amino acids resulting from the compatible ends on
either side (GT RAALGDLQN GT) to yield UAS-CycB-db-
CycB. The Cyclin B cDNA fragments with the different destruc-
tion box regions were excised with Xhol and Xbal and inserted
into the corresponding sites of pUAST.

To analyze the toxicity of Cyclin B containing either a myc
epitope tag, or the PIM destruction box, or the mutant PIM
destruction box instead of the normal Cyclin B destruction box,
we expressed the appropriate transgenes (UAS-CycB-dbm 1111,
UAS-CycB-dbm TIL2, UAS-CycB-dbpim 111, UAS—~CycB—db-
pim 1.2, UAS-CycB-dbapim 1.1, UAS-CycB-dbapim 112,
UAS-CycB-dbCycB 111, UAS-CycB-dbCycB 1111, UAS-CycB
I1.2, UAS-CycB 1I1.3) ubiquitously using da-GAL4 G32. UAS-
CycB-dbm and UAS-CycB-dbapim expression resulted in
complete embryonic lethality in these experiments. In contrast,
UAS-CycB-dbpim, UAS-CycB-dbCycB, and UAS-CycB did
not affect embryonic viability.

Lines with transgenes resulting in the expression of PIM
protein with a carboxy-terminal extension of six myc epitopes
under the control of the pim* regulatory region (gpim-myc)
have been described previously (Stratmann and Lehner 1996).
For the construction of gpim9??—myc transgenes, in which the
pim* regulatory region directed expression of myc-tagged
PIM protein with a mutant destruction box (AKPAGNLDA),
we started with the removal of an Xbal-Bglll fragment en-
compassing the pim* coding region from pKS + gpim-myc, a
cloning intermediate that had been used already for the
construction of gpim-myc. Insertion of an Xbal-BgIII replace-
ment fragment including the mutant destruction box region
resulted in pKS + gpim®%-myc. For the construction of this
replacement fragment, we amplified a first PCR fragment
using primer 1 (5-CCATCTCTAGAAAAGTGCCGC-3') and
primer 2 (5-ACCTGCCGGTTTGGCCAATACGGAATTTG-
TAGG-3') from pKS + gpim-myc. In addition, using primer 3
(5'-ATTGGCCAAACCGGCAGGTAACCTTGACGCTGTGA-
TGCACCAAACTCCT-3') and primer 4 (5-GATCTAAAAT-
AGAAGATCTGAATT-3') we amplified a second PCR frag-
ment from pKS + gpim-myc. The intended mutations in the
destruction box were introduced by primers 2 and 3 (bold print).
The two PCR fragments were digested with Bgll and ligated.
The final replacement fragment was obtained after digestion of
the resulting ligation product with Xbal and BgIII. In a final
step, the insert was excised from pKS + gpim??-myc using NotI
and Kpnl and inserted into the corresponding sites of pCaSpeR
4 (Pirrotta 1988).

The pUAST construct used for the generation of lines allow-
ing Gal4p-dependent expression of PIM protein with a carboxy-
terminal extension of six myc epitopes (UAS-pim-myc) con-
tained an insert fragment obtained from pKS + gpim-myc by
PCR. Primer 5 (5- GGACGGCCGAAGTGCCGCTCGTTT-3')
and primer 6 (5-GCATCTAGAAGTTTTTATAGTTGCTT-
TAATTC-3') were used for amplification. The resulting frag-
ment was digested with Eagl and Xbal and inserted into the
corresponding sites of pUAST. For the construction of UAS-
pim9Pi-myc, we inserted a different Eagl-Xbal fragment includ-
ing the mutant destruction box region into pUAST. For the
generation of this fragment, we amplified a first fragment from
pKS + gpim-myc with primers 5 and 2. In addition, using prim-
ers 3 and 6 we amplified a second PCR fragment from
pKS + gpim-myc. The two PCR fragments were digested with
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BgIl and ligated. The final insert fragment was obtained after
digestion of the resulting ligation product with Eagl and Xbal.

Lines allowing expression of THR protein with a carboxy-
terminal extension of 10 myc epitopes (gthr—myc) were obtained
using a pCaSpeR 4 construct. In a first construction phase, we
introduced restriction sites immediately downstream of the ini-
tiation codon (Sall) and immediately upstream of the stop codon
(Ncol) into a 9.2-kb genomic Xbal/Xhol fragment that contains
all of the sequences required for thr* function (M. Sadler, S.
Heidmann, and C. Lehner, unpubl.). An Ncol/AfIIII PCR frag-
ment encoding 10 myc epitope copies was inserted into the
Ncol site. The modified Xbal/Xhol fragment was subsequently
transferred into the corresponding sites of pCaSpeR 4 and used
to establish the gthr-myc lines.

Antibodies

We used mouse monoclonal antibodies against a myc epitope
(Evan et al. 1985), the PSTAIRE epitope present in Cdkl (Ya-
mashita et al. 1991), B-galactosidase (Promega), a-tubulin (Am-
ersham), and Drosophila Cyclin B (Knoblich and Lehner 1993).
In addition, we used rabbit polyclonal antibodies against Dro-
sophila Cyclin A (Lehner and O’Farrell 1989), Cyclin B (Jacobs
etal. 1998), FZY (Sigrist et al. 1995), PIM (Stratmann and Lehner
1996), and THR. The rabbit antiserum against THR was induced
with a 45-kD hexahistidine tagged carboxy-terminal fragment
that was expressed in bacteria and purified using Ni**~NTA
affinity chromatography (Qiagen).

Immunoprecipitation

For the coimmunoprecipitation experiments, we collected eggs
from either w!, or arm-GAL4, UAS-Cdk1-myc 11.2, or gpim—
myc 3A, or gthr-myc II1.1 flies. In addition, we collected eggs
from a cross of da—-GAL4 females with UAS—pim*?—myc III.1
males. Eggs were collected for 3 hr on apple juice agar plates and
aged for 3 hr at 25°C before extract preparation. Extracts were
prepared by homogenization in lysis buffer (50 mm HEPES at pH
7.5, 60 mm NaCl, 3 mm MgCl, 1 mm CaCl,, 0.2% Triton X-100,
0.2% Nonidet NP-40, 10% glycerol, 1 mm DTT, 2 mM Pefabloc,
2 mMm Benzamidin, 10 ng/ml Aprotinin, 2 pg/ml Pepstatin A, 10
pg/ml Leupeptin). For immunoprecipitation from the cleared
homogenates, we used the anti-myc antibody cross-linked (Har-
low and Lane 1988) to Protein A-Sepharose 6MB beads (Phar-
macia). The immunoprecipitates were analyzed by immunob-
lotting using ECL (Amersham). Analysis of the immunoprecipi-
tates by silver staining indicated the presence of many
nonspecifically precipitated proteins obscuring the specifically
coimmunoprecipitated proteins.

Immunolabeling

Fixation of embryos and immunolabeling was performed as de-
scribed previously (Lehner and O’Farrell 1989). Secondary anti-
bodies against rabbit or mouse IgG were conjugated to Alexa488
(Molecular Probes), Cy3, or Cy5 (Dianova). DNA was labeled by
propidium iodide for analysis by confocal microscopy (Leica
TCS-SP) or by Hoechst 33258 for conventional fluorescence mi-
croscopy (Zeiss Axiophot equipped with a Photometrics
Nu200A cooled CCD camera).

For the analysis of the mitotic degradation of Cyclin B with
various destruction boxes, we collected embryos for immuno-
labeling experiments from crosses of prd-GAL4 females with
either UAS-CycB-dbm 1I1.2, or UAS-CycB-dbpim 1.1, or
UAS-CycB-dbCycB11.1, or UAS-CycB-dbapim 11.1. Eggs were
collected for 4 hr and aged for 4 hr at 25°C before fixation and
labeling.



For the comparison of the mitotic degradation of PIM-myc
and PIM%2_myc, we collected embryos from crosses of nos—
GAL4-GCN4-bcd3'UTR females and either UAS-pim-myc
II1.3 or UAS-pim@*?-myc 1.1 males. Eggs were collected for 2 hr
and aged for 2 hr at 25°C before fixation and immunolabeling.

For the inhibition of sister chromatid separation during mi-
tosis 15 and cytological analysis of chromosomes in the subse-
quent mitosis 16, we crossed da-GAL4 G32 females to UAS-
pim¥-myc 1.1, UAS—-pim®-myc TII.1 males. Eggs were col-
lected for 1 hr and aged for 6 hr at 25°C before permeabilization
and colcemid treatment (Sigrist et al. 1995). Mitotic chromo-
some spreads were prepared from these embryos as described
previously (Sigrist et al. 1995).

The consequences of pim overexpression were analyzed in
progeny collected from crosses of prd-GAL4 females with either
UAS-pim-myc II1.3 or UAS-pim-myc 11.2; UAS pim-myc I11.3
males.

To analyze UAS-pim-myc expression in fizzy mutant em-
bryos, we collected eggs from a cross of fzy®/CyO, P[w +, ftz—
lacZ]; prd-GAL4/+ females with fzy®/CyO, P[w +, ftz-lacZ];
UAS-pim-myc 11.3/+ males. Embryos homozygous for fzy®
could be identified because they were lacking anti-B-galactosi-
dase labeling.

To analyze PIM behavior during spindle checkpoint arrest, we
collected eggs from a cross of nos~-GAL4-GCN4-bcd3'UTR fe-
males and UAS-pim-myc I11.3 males. Eggs were collected for 30
min and aged for 165 min at 25°C. After chorion removal in 5%
sodium hypochlorite (50% Klorix, Palmolive), we incubated the
embryos in a 1:1 mixture of octane and Schneider’s Drosophila
cell culture medium containing 10 um demecolcine (Sigma) for
25 min at room temperature on a rotating wheel. For fixation,
the cell culture medium was replaced by phosphate buffered
saline containing 4% formaldehyde and further processing for
immunolabeling was as described previously (Lehner et al.
1991).

To analyze the function of nondegradable PIM in pim mu-
tants, we constructed a pim? chromosome with the gpim@’7—
myec IL5 insertion by meiotic recombination. We collected eggs
from parents carrying this chromosome over CyO [gpimTPe—
myc IL5, pim?/CyO, P(w +, ftz-lacZ)]. In addition, we also ana-
lyzed progeny from a cross of gpim@“-myc 115, pim!/CyO,
P[w +, ftz-lacZ] females and pim?/CyO, P[w +, ftz-lacZ] males.
Moreover, for control experiments we collected eggs from pim?/
CyO, P[w +, ftz-lacZ] flies and from pim’/CyO, P[w +, ftz—
lacZ]; gpim-myc 1111 flies. Progeny homozygous for pim? could
be identified because they were lacking anti-B-galactosidase la-
beling.

Immunoblotting

Eggs collected from fzy!/CyO flies were aged to stage 12 and
fixed as described previously (Edgar et al. 1994). After DNA
labeling, homozygous fzy' embryos were sorted from sibling
embryos using an inverted epifluorescence microscope (Zeiss
Axiovert). Extracts were prepared from pooled embryos and ana-
lyzed by immunoblotting as described previously (Edgar et al.
1994).

To analyze pim transgene expression levels by immunoblot-
ting with anti-myc, we crossed pim?/CyO, P[w +, ftz-lacZ] vir-
gin females with gpim@?-myc I1.5, pim’/CyO P[w +, ftz-lacZ]
males. In parallel, we crossed females of the same genotype also
with males carrying either only the gpim-myc III.1 transgene
insertion [pim!/CyO, P(w +, ftz-lacZ); gpim-myc IIL.1/+] or
multiple gpim-myc transgene insertions [gpim-myc 11/Y;
pim!/CyO, P(w+, ftz-lacZ); gpim-myc 1I1.3/gpim-myc I11.3].
Progeny from these crosses were collected for 30 min on apple
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juice agar plates and aged for 4 hr at 25°C before preparation of
total embryo extracts in SDS-gel sample buffer. The embryos
used for extract preparation, therefore, were between 4 and 4.5
hr old, i.e., at the stage when the fifteenth round of embryonic
mitoses starts. The embryos contained only zygotically ex-
pressed transgene products, because all transgenes were of pa-
ternal origin. Zygotic pim* expression starts during cycle 14 of
embryogenesis and reaches significant levels only during cycle
15. Zygotic expression of gpim-myc directed by the pim* regu-
latory region present in our transgenes results in levels compa-
rable to those expressed from the endogenous pim* gene (data
not shown). The fraction of unfertilized eggs was controlled
after DNA labeling and microscopic inspection of eggs collected
immediately after the eggs used for the immunoblotting experi-
ments.

The quantification of PIMdba—myc levels relative to PIM-
myc levels by immunoblotting with anti-myc antibodies in-
stead of using anti-PIM antibodies and comparing transgene
product levels relative to the endogenous pim* gene products
was chosen because the reactivity of our anti-PIM antibodies
was found to be strongly decreased by the carboxy-terminal myc
epitope extension present in the transgene products. Moreover,
it is not possible to distinguish the early zygotic from the ma-
ternal expression of the endogenous pim* gene when using the
anti-PIM antibodies.
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Drosophila Separase is required tor sister
chromatid separation and binds to PIM
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Drosophila PIM and THR are required for sister chromatid separation in mitosis and associate in vivo.
Neither of these two proteins shares significant sequence similarity with known proteins. However, PIM has
functional similarities with securin proteins. Like securin, PIM is degraded at the metaphase-to-anaphase
transition and this degradation is required for sister chromatid separation. Securin binds and inhibits separase,
a conserved cysteine endoprotease. Proteolysis of securin at the metaphase-to-anaphase transition activates
separase, which degrades a conserved cohesin subunit, thereby allowing sister chromatid separation. To
address whether PIM regulates separase activity or functions with THR in a distinct pathway, we have
characterized a Drosophila separase homolog (SSE). SSE is an unusual member of the separase family. SSE is
only about one-third the size of other separases and has a diverged endoprotease domain. However, our genetic
analyses show that SSE is essential and required for sister chromatid separation during mitosis. Moreover, we
show that SSE associates with both PIM and THR. Although our work shows that separase is required for
sister chromatid separation in higher eukaryotes, in addition, it also indicates that the regulatory proteins
have diverged to a surprising degree, particularly in Drosophila.
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A distinct hallmark of eukaryotes is their use of a mi-
crotubule-based spindle to segregate their genetic infor-
mation onto two daughter cells during cell division. This
mechanism necessitates regulated sister chromatid co-
hesion. Sister chromatids have to remain in association
after DNA replication so that they can be recognized as
such and oriented in the mitotic spindle during prometa-
phase. However, after their correct bipolar orientation in
the mitotic spindle, cohesion has to be resolved so that
sister chromatids can be segregated to opposite poles
during anaphase.

Because regulated sister chromatid cohesion is an es-
sential element of eukaryotic cell divisions, its molecu-
lar basis is expected to be conserved. Most of our current
mechanistic understanding of how sister chromatid co-
hesion is established during S phase, maintained until
the end of metaphase, and resolved at the onset of ana-
phase, has been obtained with yeast (for recent reviews,
see Dej and Orr-Weaver 2000; Hirano 2000; Koshland
and Guacci 2000; Nasmyth et al. 2000; Yanagida 2000).

In budding yeast, the cohesin protein complex is as-
sembled on chromatin during S phase and is required for
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2Corresponding author.

E-MAIL stefan.heidmann@uni-bayreuth.de; FAX 49-921-55-2710.
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holding sister chromatids together until the end of met-
aphase (Guacci et al. 1997; Michaelis et al. 1997; Uhl-
mann and Nasmyth 1998; Skibbens et al. 1999; Uhl-
mann et al. 2000). At the metaphase-to-anaphase transi-
tion, the Scclp/Mcdl1p subunit of the cohesin complex is
proteolytically cleaved, which allows sister chromatid
segregation during anaphase. The Esplp protease, which
is responsible for Scclp cleavage, is kept inactive until
metaphase by an inhibitory subunit, the Pds1p anaphase
inhibitor. The timely activation of Esplp at the onset of
anaphase results from degradation of Pdslp by the ana-
phase-promoting complex/cyclosome (APC/C)-depen-
dent pathway (Ciosk et al. 1998). The APC/C acts as an
ubiquitin ligase that is regulated by the spindle assembly
checkpoint (for review, see Zachariae and Nasmyth
1999).

Observations in other species support the notion that
the mechanisms controlling sister chromatid cohesion
are evolutionarily conserved. In particular, analyses in
fission yeast and initial studies in vertebrates have given
analogous results as described above for budding yeast.
Proteins homologous to Scclp have been shown to be-
come cleaved at the metaphase-to-anaphase transition
(Tomonaga et al. 2000; Waizenegger et al. 2000). More-
over, the Esplp-like proteases (named separases) are all
regulated by inhibitory protein subunits (named se-
curins), which are degraded by the APC/C pathway at
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the end of metaphase (Funabiki et al. 1996; Zou et al.
1999).

Beyond these similarities, however, higher eukaryotes
have evolved specific regulatory variations and addi-
tions. The majority of the cohesin complexes is dissoci-
ated from vertebrate chromosomes already during pro-
phase and independent of separase activity (Losada et al.
1998; Sumara et al. 2000). This early dissociation of co-
hesin during prophase might be required to allow chro-
mosome condensation, which is far more extensive in
higher eukaryotes than in budding yeast. The minor
amount of cohesin, which remains on chromosomes un-
til the onset of anaphase, appears to be concentrated in
the centromeric region (Waizenegger et al. 2000; Warren
et al. 2000). In Drosophila, the protein MEI-S332 has
been suggested to mediate this maintenance of cohesin
specifically in the centromeric region (Tang et al. 1998).
Whereas the dissociation of these remaining cohesin
complexes from HeLa chromosomes has been shown to
be accompanied by Scclp cleavage that can be induced in
vitro by immunoprecipitated activated separase (Wai-
zenegger et al. 2000), a separase requirement for sister
chromatid separation in higher eukaryotes has not yet
been demonstrated directly. Moreover, the securin pro-
teins that have been identified in budding yeast (Pds1p),
fission yeast (Cut2p), and vertebrates (PTTG) do not
share significant sequence similarity except for the pres-
ence of D-boxes, which target the proteins for APC/C-
dependent mitotic degradation. This mitotic destruction
appears to be required for sister separation in vertebrates
also (Zou et al. 1999). However, it remains a possibility
that securins have evolved to regulate proteins in addi-
tion to separase.

Our analysis of the two Drosophila genes, three rows
(thr) and pimples (pim), which do not share significant
similarity with known genes, has indicated that at least
in Drosophila, sister chromatid separation involves dis-
tinct, nonconserved components also. Loss of pim and
thr function completely blocks the separation of sister
chromatids, primarily within the centromeric region,
but it does not inhibit cell cycle progression (D’Andrea et
al. 1993; Philp et al. 1993; Stratmann and Lehner 1996).
After each cell cycle, therefore, a doubled number of
chromosome arms emanating from a common centro-
meric region is displayed in these mutants during mito-
sis. The indistinguishable mutant phenotypes argued for
a common function. Consistently, PIM and THR have
been found to form a complex in vivo (Leismann et al.
2000).

Despite the lack of significant sequence similarities
with known proteins, PIM has been shown to have clear
functional similarities with securin proteins. PIM is de-
graded during mitosis via the APC/C pathway, and a
nondegradable PIM mutant as well as high levels of wild-
type PIM inhibit sister chromatid separation during mi-
tosis (Leismann et al. 2000). Therefore, PIM might also
bind and regulate a Drosophila separase. However, PIM
is known to bind to THR, which clearly does not have
the structural features of separases. PIM and THR, there-
fore, might either both regulate a Drosophila separase or

Drosophila separase

function in a distinct pathway. To address this issue, we
have identified and characterized a Drosophila separase.

Here, we report that PIM and THR both bind to the
Drosophila separase homolog SSE, which is required for
sister chromatid separation. Interestingly, the Dro-
sophila SSE sequence is highly diverged, lacking some
features conserved in homologs from trypanosomatids to
vertebrates. Our results show, therefore, that the deci-
sive role of separase in the control of sister chromatid
separation has been conserved during evolution of higher
eukaryotes. Nevertheless, the surprising degree of diver-
gence of separase and regulatory proteins indicates that
regulation is highly evolved, particularly in Drosophila.

Results

Drosophila SSE is a distant separase family member

To evaluate whether PIM binds to a separase, we first
searched in the genome sequence for a Drosophila ho-
molog. We identified a single gene (CG10583) with sig-
nificant similarity to the known separase genes. Com-
parison of our ¢cDNA and genomic sequences revealed
the structure of this gene, which will be designated as
Separase (Sse) (Fig. 1A). The predicted protein product
(SSE) has 634 amino acids and a calculated molecular
mass of 72.9 kD.

Thus, SSE appears to be much smaller than separase
homologs from other organisms, which range in size be-
tween 150 and 230 kD. Several findings support our size
prediction. The Sse upstream region has virtually no cod-
ing potential and three stop codons are present in frame
upstream of and close to the presumptive translational
start in several independent cDNAs. One of these short
cDNAs prevents the phenotype resulting from a com-
plete loss of Sse function when expressed in Sse mutants
(see below). Moreover, antibodies against SSE detect a
protein with an apparent molecular mass of [775 kD (see
below).

The sequence similarity of separase homologs is re-
stricted to the C-terminal part. This domain includes
two invariant residues, an histidine and a cysteine, sur-
rounded by regions typically found in cysteine proteases
of the CD clan (Uhlmann et al. 2000). This presumptive
catalytic dyad is also present in SSE. However, two ad-
ditional sequence blocks within this C-terminal domain,
which are highly conserved among separase family
members, are divergent in SSE (Fig. 1B). As a conse-
quence, SSE is the most distant member in the separase
family tree (Fig. 1C).

SSE is required for sister chromatid separation

To assess Sse function, we generated mutant alleles.
Starting with a P-element insertion within a neighboring
gene (CG17334), we isolated a small deficiency
[Df(3L)SseA] by male recombination (Fig. 1A). A molecu-
lar breakpoint analysis indicated that this deficiency de-
letes Sse and parts of the neighboring genes, CG17334
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Figure 1. The separase homolog of D. melanogaster. (A) Genomic organization of
the Sse locus with the adjacent genes, still life (sif) and CG17334. Boxes indicate
exon sequences. Open and solid boxes denote untranslated and translated regions,
respectively. Arrows indicate the orientation of transcription. A triangle marks
the insertion site of the P-element EP(3)0915. The extent of the deficiency Df
(3L)SseA isolated as male recombinant after mobilizing EP(3)0915 is shown by a
black bar. The genomic Sse rescue fragment (gSse) is indicated by a hatched bar.
An asterisk marks the position of the 4-bp deletion in Sse’®™. (B) Sequence align-
ment of the C-terminal regions of various separase homologs. C. elegans 1 and C.
elegans 2 extend for 116 and 104 amino acids beyond the shown region, respec-
tively. Arrows indicate the invariant histidine and cysteine residues representing
the catalytic dyad of CD-clan proteases. Hatched rectangles denote regions poorly
conserved in D. melanogaster SSE. The arrowhead points to the position of the
4-bp deletion in the allele Sse?’®™. Asterisks indicate cases in which only partial
sequences were available. (C) Dendrogram of clustering relationships among the
sequences shown in B.



and sif. Interestingly, this deficiency failed to comple-
ment the recessive lethal mutation 1(3)13m-281. This
mutation has been shown to affect mitotically prolifer-
ating cells in a way that might be expected for a muta-
tion in Sse (Gatti and Baker 1989; see below). Sequence
analysis of the Sse region isolated from the 1(3)18m-281
chromosome revealed a deletion of four bases between
the positions encoding the invariant histidine and cyste-
ine residues, resulting in a frame shift followed by a pre-
mature translational stop (Fig. 1B). The product encoded
by 1(3)13m-281, therefore, is expected to lack part of the
conserved C-terminal separase domain, including the in-
variant cysteine residue believed to be involved in ca-
talysis. Thus, 1(3)13m-281 is presumably a null allele of
Sse and will be designated as Sse’®™ in the following.

Previous phenotypic analyses (Gatti and Baker 1989)
had indicated that Sse’3™ homozygotes die at the larval-
pupal boundary. In Sse’3™ larvae at third instar wander-
ing stage, imaginal discs were found to be abnormally
small and the mitotic index in the brains to be strongly
reduced. Moreover, the few mitotic figures observed in
larval brain squashes were reported to contain endoredu-
plicated chromosomes with bundles of two, four, or
eight times the normal number of sister chromatid arms.
Our phenotypic analyses with Sse’®"/Df(3L)SseA and
Df(3L)SseA/Df(3L)SseA larvae confirmed these findings.
These larvae showed identical phenotypes to Sse’*™ ho-
mozygotes.

In embryos, we were unable to detect mitotic abnor-
malities in Sse mutants, suggesting that the maternal
Sse contribution is sufficient to allow normal cell divi-
sions throughout embryogenesis. However, in brains of
Sse’®™/Df(3L)SseA early second instar larvae, the num-
ber of phosphorylated histone H3 (PH3)-positive cells
(234 in 7 brains) was reduced to [(40% of the number of
PH3-positive cells in sibling brains (238 in 3 brains). PH3
is an excellent marker for cells during the early mitotic
stages until anaphase. Whereas mutants and siblings
showed very similar fractions of prophase and metaphase
figures in these PH3-positive cells, anaphase figures were
almost completely absent from mutant brains (1 ana-
phase figure in 234 PH3-positive cells compared with 20
anaphase figures in 238 PH3-positive cells of sibling
brains). We conclude, therefore, that the maternal Sse
contribution is no longer sufficient to support normal
anaphase when mitotic proliferation of postembryonic
brain neuroblasts resumes during the second instar
stage, although entry into mitosis still occurs. If Sse mu-
tants specifically fail in separating sister chromatids, a
rapid accumulation of chromosomes with twice the
number of normal arms (diplo-chromosomes), as well as
more extensively endoreduplicated chromosomes, is ex-
pected. Analysis of squash preparations of second instar
larval brains fully confirmed this expectation. A total of
95% of the mitotic cells contained either diplo-chromo-
somes (Fig. 2K) or more extensively endoreduplicated
chromosomes (Fig. 2L), whereas none of the mitotic cells
of siblings contained endoreduplicated chromosomes
(Fig. 2M). In addition to the presence of endoreduplicated
chromosomes, mitotic figures in mutants frequently

Drosophila separase

contained aneuploid numbers of chromosomes. How-
ever, we never observed polyploid figures with normal
chromosomes, indicating that Sse mutants have no pri-
mary defect in cytokinesis.

In third instar wandering stage larvae, Sse mutant
brains contained very few PH3-positive cells (<5% of the
number of PH3-positive cells in sibling brains; Fig. 2;
data not shown). The PH3-positive cells were abnor-
mally large and had very high levels of DNA (Fig. 2C,D).
We could not detect any normal anaphase and telophase
figures in mutants, and squashes revealed highly abnor-
mal and severely endoreduplicated chromosomes, as de-
scribed previously (Gatti and Baker 1989). The progres-
sive depletion of mitotic cells with increasing age sug-
gests that most of the mitotically proliferating
neuroblasts eventually die in Sse mutants, presumably
as a consequence of hyper- and aneuploidy.

To show that the endoreduplicated unseparated chro-
mosomes in Sse’®™ larvae result from the loss of Sse*
function and not from linked second-site mutations, we
performed rescue experiments. One copy of the gSse
transgene with a 10-kb genomic DNA fragment encom-
passing only the Sse gene (Fig. 1A) rescued the phenotype
of Sse’™ homozygotes to full viability and fertility.
Moreover, the cytological defects of Sse’®™ mutants
could be prevented by a combination of da-GAL4 and
UAS-HA-Sse (Fig. 2B,E-]). All our findings show that
Sse is an essential gene required for sister chromatid
separation during mitosis. Moreover, the Sse gene prod-
uct is likely to function as a cysteine protease, as we
found that da-GAL4 mediated expression of UAS-HA-
Sse“*°75 in which the codon for the putative catalytic
cysteine residue was mutated into a serine codon was
unable to rescue Sse mutants.

SSE forms complexes with PIM and THR

To investigate whether the putative Drosophila securin
PIM can bind to SSE, we used the yeast two-hybrid sys-
tem. We observed a strong interaction of PIM and SSE
(Fig. 3). Interestingly, we found that a mutant PIM pro-
tein with a small internal deletion (amino acids 110-114)
failed to bind to SSE. This deletion was identified in
pim?®, a Drosophila allele that results in an amorphic
phenotype (Stratmann and Lehner 1996). Whereas PIM?
failed to interact with SSE, it bound to a THR fragment
(amino acids 1-933) just like wild-type PIM. The dele-
tion of amino acids 110-114 therefore abolishes specifi-
cally the binding to SSE and does not result in destabi-
lization or complete misfolding of the mutant PIM? pro-
tein. We conclude that the interaction of PIM and SSE is
likely to be functionally significant.

The behavior of PIM? suggested that different domains
of PIM mediate the binding to SSE and THR. To evaluate
this notion, we analyzed PIM fragments in additional
two-hybrid experiments. Like other securin proteins,
PIM is composed of a basic N-terminal and an acidic
C-terminal domain. The N-terminal domain was found
to interact with SSE, whereas an interaction with THR
1-933 was barely detectable (Fig. 3). Conversely, the C-
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Figure 2. Mutations in Sse affect mitotic cells. Whole brains (A,B) from third instar larvae with the genotype Sse’®”/Df(3L)SseA (A)
or UAS-HA-Sse 1.1/+; Sse’®™/Df(3L)SseA, da-GAL4 (B) were immunostained for DNA (D,F,H,]) and PH3 (A-C,E,G,I). In mutant
brains of third instar larvae, the PH3-positive cells contained large masses of condensed DNA (C,D) and anaphase figures could not be
observed, whereas in the brains of larvae rescued by the HA-tagged Sse* transgene prophase cells (E,F), metaphase cells (G,H) and cells
in anaphase (I,]) could be detected. Squashes of brains from second instar larvae with the genotype Sse'3™/Df(3L)SseA (K,L) or of brains
from balanced siblings (M) were stained with Hoechst 33258 to visualize DNA. Diplo-chromosomes (K) and a quadruple-chromosome
(L, arrowhead) are visible. The asterisk indicates the balancer chromosome TM3, Ser, Act5¢-GFP in M. (br) Brain; (vg) ventral ganglion;

(ol) optic lobe.

terminal domain interacted with THR 1-933, but not
with SSE. These results strongly indicate that SSE and
THR bind to different PIM domains.

Experiments with SSE fragments indicated that PIM
binds to the N-terminal regions of SSE (Fig. 3). The in-
teraction of PIM with full-length SSE or with a SSE frag-
ment comprising amino acids 1-467 appeared to be
stronger than with a shorter SSE fragment (amino acids
1-247). We assume that region 1-247 of SSE is sufficient
for PIM binding, but the region 248-467 of SSE further
strengthens this interaction. Clearly, the conserved C-
terminal region of SSE is not required for the interaction
with PIM.

Experiments with THR fragments indicated that PIM
binds to the N-terminal region of THR. Region 1-476 of
THR was found to be sufficient for PIM binding (Fig. 3).
We note that we were unable to observe an interaction
between PIM and the full-length THR protein. The con-
siderable size of full-length THR 1-1379 might preclude
expression of sufficiently high levels and/or entry into
the nucleus.

2576 GENES & DEVELOPMENT

Finally, we tested for a direct interaction between
THR and SSE. The THR fragment 1-933 was found to
interact with full-length SSE, SSE 1-247, and SSE 1-467.
These results therefore raise the possibility that THR
and PIM bind to the same region of SSE and thus might
be competing in vivo. Moreover, the interactions be-
tween THR and SSE appeared to be weaker than the in-
teractions between PIM and SSE, as in the former case,
only one of the two reporter genes was activated. We
were not able to define the region in THR that mediates
SSE binding in more detail, because the shorter con-
structs THR 1-476, THR 208-933, and THR 477-933
failed to bind to SSE (data not shown).

Taken together, the results of our two-hybrid experi-
ments show that all three proteins, PIM, THR, and SSE
can interact independently with each other.

To confirm that PIM, THR, and SSE interact in vivo,
we performed coimmunoprecipitation experiments.
Two antibodies against SSE were raised and affinity pu-
rified. In embryo extracts, these antibodies detected a
prominent band at 75 kD, which comigrated with SSE
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Figure 3. Interactions of PIM, THR, and SSE in the yeast two-hybrid system. Various deletion constructs of PIM (open bars), THR
(light gray bars), and SSE (dark gray bars) were constructed as translational fusions with the GAL4 activation domain (AD-fusions) or
with the GAL4 DNA-binding domain (BD-fusions). Interactions were scored as ++, if both GAL4 responsive reporter genes were
activated by the respective combination and as - if no marker gene was activated. Activation of one reporter gene was scored as +.

translated in vitro (data not shown). This band was also
detected in immunoprecipitates that were isolated with
an anti-myc antibody from extracts of embryos express-
ing PIM or THR fused with myc epitope tags (Fig. 4A).
Control experiments indicated that coimmunoprecipita-
tion of SSE with PIM-myc and THR-myc is specific.
This specific association was also observed when the an-
tibodies against SSE were used for immunoprecipitation
followed by immunoblotting with anti-myc (Fig. 4B).
Taken together, these results clearly show that SSE as-
sociates in vivo with PIM and THR.

The interaction between THR and SSE observed in the
yeast two-hybrid experiments was weak, raising the pos-
sibility that it might not be sufficiently strong to allow
formation of THR-SSE complexes in vivo. PIM might
therefore be required to bring THR and SSE together. To
evaluate whether THR-SSE complexes can be formed in
the absence of PIM in vivo, we expressed gUAS—thr-myc
and UAS-HA-Sse in late embryos when endogenous
PIM and THR levels are very low (D’Andrea et al. 1993;
Stratmann and Lehner 1996; H. Jiger, A. Herzig, C.F.
Lehner, and S. Heidmann, unpubl.). After precipitation
of HA-SSE with an anti-HA antibody, we detected THR~
myc as well as minor amounts of PIM in the immuno-

precipitates (Fig. 5A). Quantitative immunoblotting re-
vealed that THR-myc was present in an at least fivefold
molar excess over PIM in these immunoprecipitates (Fig.
5A). Because THR does not form oligomers (Leismann et
al. 2000), we conclude that THR and SSE can associate in
the absence of PIM.

To investigate whether PIM is able to bind to SSE in
the absence of THR in vivo, we performed a complemen-
tary experiment by expressing UAS-HA-Sse and UAS-
pim-myc in late embryos (Fig. 5B). Surprisingly, in con-
trast to the results of the yeast two-hybrid experiments,
only minor amounts of PIM-myc could be coprecipitated
with SSE (Fig. 5B, lanes SP). However, simultaneous co-
expression of gUAS-thr-myc, UAS-HA-Sse, and UAS-
pim-myc resulted in the recovery of significant PIM lev-
els (Fig. 5B, lanes SPT). We estimate that <10% of PIM is
precipitated in the absence of THR when compared with
the amount precipitated in the presence of THR. Signifi-
cantly, PIM?>-myc does not form a stable complex with
HA-SSE, even in the presence of THR (Fig. 5B, lanes
SP2T). These results indicate that PIM, THR, and SSE
form a trimeric complex in vivo, and that SSE is not
sufficient to recruit PIM in the absence of THR. This
notion was supported by the behavior of a THR deletion
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Figure 4. SSE forms complexes with PIM and THR in vivo. Extracts (extract) were prepared from embryos expressing either no
transgene (w!), gpim-myc (pim-myc), gthr—-myc (thr-myc), or Cdkl-myc (CdkI-myc). These extracts, as well as anti-myc (IP anti-myc)
(A) or anti-SSE (IP anti-SSE) and rabbit nonimmune IgG (IP ni-IgG) (B) immunoprecipitates isolated from these extracts, were analyzed
by immunoblotting with antibodies against SSE (top), the myc-epitope (middle), or Cyclin B (bottom). (*) Signal caused by IgG heavy

chains of the anti-myc antibodies.

mutant (THR 445-1379-myc), which was lacking the re-
gion required for the two-hybrid interaction with PIM.
When this mutant protein was expressed from a trans-
gene under the control of the normal thr regulatory re-
gion and immunoprecipitated from embryo extracts, we
detected almost no coimmunoprecipitation of PIM (Fig.
5C, lane 6). However, SSE was readily detected in the
immunoprecipitates, confirming that THR and SSE can
form a complex without PIM. Quantitative immuno-
blotting experiments indicated that SSE associates with
THR 445-1379-myc with at least 50% efficiency when
compared with its binding to full-length THR, whereas
binding of PIM to THR 445-1379-myc was reduced to
<5% (data not shown). On the basis of the results of our
two-hybrid experiments, in which SSE interacts strongly
with PIM, the SSE present in the THR 445-1379-myc
immunoprecipitates would be expected to result in co-
immunoprecipitation of PIM as well. However, the ab-
sence of PIM in the immunoprecipitates suggests that
PIM cannot join SSE and THR in a trimeric complex
when it is not bound by THR. Control experiments with
THR-myc versions that contained the N-terminal PIM-
binding region showed that coimmunoprecipitation of
PIM along with SSE can be readily detected in these
cases (Fig. 5C, lanes 3,4).

THR 1-478-myec did not form complexes with PIM in
vivo, whereas THR 1-476 and PIM associate in our yeast
two-hybrid experiments (Fig. 3). This discrepancy might
result from different positions of the fused tags. Whereas
in the two-hybrid experiments, the GAL4-binding do-
main was fused to the N terminus, the 10 myc epitope
tags were fused to the C terminus of the THR fragment
analyzed in Drosophila embryos. The C-terminal myc
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tags, therefore, might interfere with PIM binding to THR
1-478-myec.

The C-terminal fragment THR 932-1379-myc did not
bind PIM or SSE, as expected from the yeast two-hybrid
analysis. This fragment was present at very low levels in
the embryo extracts as determined for four independent
transgenic lines. This low abundance is presumably due
to protein instability, as all genomic THR constructs
contained identical 5'- and 3'-noncoding regulatory se-
quences. We also did not detect coimmunoprecipitation
of PIM or SSE when loading was adjusted to compensate
for the low abundance of THR 932-1379-myc (data not
shown).

In summary, the behavior of THR fragments expressed
in embryos during the proliferative stages extended our
findings resulting from yeast two-hybrid experiments.
We observe that the THR-SSE interaction is not neces-
sarily mediated by PIM. Furthermore, our results show
that the binding of PIM to SSE requires THR, strongly
suggesting the existence of trimeric PIM-THR-SSE com-
plexes in vivo.

Discussion

Our study shows that Drosophila Separase (SSE) is re-
quired for sister chromatid separation during mitosis, as
shown previously in lower eukaryotes. However, we also
show that this essential protease and its regulatory sub-
units have evolved rapidly, particularly in Drosophila,
presumably to allow for more sophisticated regulation.

Drosophila SSE contains a C-terminal region with sig-
nificant similarity to a cysteine endoprotease domain,
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Figure 5. PIM, THR, and SSE form a trimeric complex. (A) An extract was prepared from embryos 12-15 h after egg deposition
expressing UAS-thr-myc and UAS-HA-Sse under the control of da-GAL4, and was used for anti-HA immunoprecipitation. The
precipitate was analyzed by immunoblotting with anti-HA (HA-SSE), anti-THR (THR-myc), and anti-PIM (PIM) antibodies (left). For
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given in fmole. (B) Extracts were prepared and analyzed as in A from embryos coexpressing either UAS-HA-Sse, UAS-pim-myc and
gUAS-thr-myc (SPT), UAS-HA-Sse and UAS-pim-myc (SP), or UAS-HA-Sse, UAS-pim*~myc and gUAS-thr-myc (SP2T). For quan-
tification of precipitated proteins, a dilution series of the anti-HA immunoprecipitate from the SPT extract was loaded onto the same
gel. The numbers represent percentage values. (C) Extracts were prepared from embryos expressing either no transgene (w?), Cdk1-myc
(Cdk1-myc), gthr-myc (thr 1-1379-myc), thr 1-930-myc (thr 1-930-myc), gthr 1-478-myc (thr 1-478-myc), gthr 445-1379-myc (thr
445-1379-myc), or gthr 932-1379-myc (thr 932-1379-myc), and were used for the isolation of anti-myc immunoprecipitates, which

were analyzed by immunoblotting with antibodies against the myc-epitope (top), PIM (middle), or SSE (bottom).

which is found in the C-terminal region of all separases.
Whereas this SSE region includes an invariant histidine
as well as the putative catalytic cysteine residue that we
show to be required for function, it diverges significantly
from the other separases in two additional conserved se-
quence blocks. One of these blocks is functionally im-
portant in budding yeast and has been proposed to rep-
resent a Ca>*-binding motif (Uzawa et al. 1990; Jensen et
al. 2001). The Drosophila SSE sequence does not contain
this Ca?*-binding motif. If separase activity is regulated
by binding of Ca®* to the conserved region in the C ter-
minus, then Drosophila SSE activity may be regulated by
Ca®* binding to (an) accessory protein(s). Another strik-
ing difference is the smaller size of SSE when compared
with other separases. However, our genetic analysis
clearly shows that SSE is required for sister chromatid
separation.

Mutants, which cannot express functional Sse zygoti-
cally, complete embryogenesis presumably using the

maternal Sse contribution. During the larval stages,
however, the mitotically proliferating imaginal cells are
specifically affected in these mutants. Our cytological
analysis of larval brains confirmed the findings first de-
scribed by Gatti and Baker (1989) for the mutant
1(3)13m-281, which we show here to reflect a complete
loss of zygotic Sse function. Mitotic cells in Sse mutant
larvae contain endoreduplicated chromosomes with su-
pernumerary arms all connected primarily in a centro-
meric region. Such chromosomes are also observed in
embryos with mutations in the genes pim or thr, which
are required for sister chromatid separation (D’Andrea et
al. 1993; Stratmann and Lehner 1996), and which encode
proteins that bind to SSE.

It is conceivable that in pim and thr mutants, SSE is
destabilized, resulting in the failure to separate sister
chromatids, which would explain the requirement of
PIM and THR function for sister chromatid separation.
However, Western blot analyses of extracts prepared
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from pim and thr mutant embryos show that SSE is still
present in these mutants. We favor the possibility that in
these mutants a regulatory function is affected, resulting
in the absence of SSE activity.

The pim, thr, and Sse mutant phenotypes argue that
SSE activity is required primarily for sister chromatid
separation within the centromeric region. In contrast,
entry into mitosis, including assembly of a mitotic
spindle, chromosome condensation, and congression
into a metaphase plate do not appear to depend on SSE
activity. Moreover, the degradation of mitotic cyclins
and exit from mitosis (chromosome decondensation,
spindle disassembly, nuclear envelope formation) appear
to occur with normal kinetics, even though sister chro-
matids fail to be separated and segregated to the spindle
poles (D’Andrea et al. 1993; Philp et al. 1993; Stratmann
and Lehner 1996). The defects in these mutants, there-
fore, do not appear to be detected by an efficient check-
point mechanism comparable with the mitotic exit net-
work of budding yeast (Cohen-Fix and Koshland 1999;
Tinker-Kulberg and Morgan 1999). Cytokinesis is also
attempted in pim and thr mutants, but cannot be com-
pleted. Whether the failure to complete cytokinesis is
simply a consequence of the presence of nonseparated
chromosomes within the equatorial plane or whether
SSE activity is directly involved in cytokinesis, is not
known and difficult to resolve. Another unresolved and
difficult issue at present is the potential involvement of
SSE activity in the control of anaphase spindle dynamics,
which is suggested by analyses in yeast (Kumada et al.
1998; Uhlmann et al. 2000; Jensen et al. 2001).

The early onset of phenotypic abnormalities in pim
and thr mutants reflects the rapid disappearance of ma-
ternally contributed wild-type products. This disappear-
ance is rapid because PIM and THR are both partially
degraded during exit from mitosis (Stratmann and Leh-
ner 1996; Leismann et al. 2000; A. Herzig, C.F. Lehner,
and S. Heidmann, unpubl.). In contrast, the late onset of
phenotypic abnormalities in Sse mutants indicates that
SSE is a stable protein. In fact, we have been unable to
detect SSE degradation during mitosis by immunoblot-
ting experiments. Unfortunately, our antibodies do not
allow SSE detection by immunofluorescence, which
might be more sensitive and could also provide informa-
tion on subcellular localization. Nevertheless, our pre-
sent evidence strongly argues against the idea that SSE

Figure 6. A model for the PIM-THR—SSE complex. In
interphase cells, a trimeric complex composed of PIM
(white), THR (light gray), and SSE (dark gray) is as-
sembled, in which SSE is kept inactive. At the end of
metaphase, PIM is degraded in an APC-dependent man-
ner. This enables an activating contact between THR
and SSE, allowing SSE to cleave its target, the Dro-
sophila Scclp cohesin subunit homolog, resulting in
sister chromatid separation. The C terminus of THR is
shown in association with the N terminus of SSE (bro-
ken lines) to illustrate the possibility that THR corre-
sponds to the N terminus of separases from other or-
ganisms.
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activity is regulated by SSE degradation. Partial cleavage
of human separase has been observed during exit from
mitosis, but its significance is not yet known (Waizeneg-
ger et al. 2000). This mitotic cleavage of human separase
occurs upstream of the conserved endoprotease domain
and might therefore represent a mode of regulation that
is not conserved.

During the divisions of Drosophila embryogenesis, we
have not only failed to detect cleavage of SSE but also of
the Drosophila homolog of the yeast cohesin subunit
Scelp (A. Herzig, C.F. Lehner, and S. Heidmann, un-
publ.). As in vertebrate cells, most of the Drosophila
Scclp homolog has also been shown to dissociate from
chromosomes already during prophase (Warren et al.
2000). However, some can be visualized in the centro-
meric region of metaphase chromosomes until the onset
of anaphase. We assume that cleavage by SSE is respon-
sible for the subsequent disappearance of this centro-
meric pool and that the sensitivity of our immunoblot-
ting experiments is insufficient to detect the cleavage of
this minor fraction. So far, it has been impossible to
show SSE protease activity directly.

The fact that the majority of Sccl is clearly not cleaved
during mitosis in higher eukaryotes indicates that the
regulation of SSE activity within the cell is presumably
complex and targeted to the centromeric region. Al-
though much further work remains to be done to under-
stand SSE regulation in detail, some insights can be de-
rived from our analysis of the interactions of SSE with
PIM and THR (Fig. 6). We show that PIM associates with
SSE in vivo. This result further supports the role of PIM
as a Drosophila securin. According to two-hybrid experi-
ments, PIM binds to the N-terminal region of SSE. The
yeast securins also interact with the N-terminal regions
of the separases (Kumada et al. 1998; Jensen et al. 2001).
Surprisingly, however, neither the securins nor the N-
terminal separase regions display sequence conservation
(Uzawa et al. 1990; Zou et al. 1999). Equally surprising is
the finding that THR is required for the association of
PIM with SSE. Moreover, for efficient complex forma-
tion, PIM also requires to contact SSE, because PIM? is
not efficiently incorporated in a trimeric complex, de-
spite its ability to bind to THR. We assume therefore
that a trimeric PIM-THR-SSE complex, as schemati-
cally illustrated in Figure 6, is formed during interphase
and present during entry into mitosis.

inactive active

PIM degradation at
the end of metaphase



Although the analysis of the binding site for PIM in
SSE is difficult in vivo because of the dependency on
THR, our two-hybrid experiments indicate that PIM and
THR might bind to the same region within SSE. Our
model of the trimeric complex takes this into account by
showing that PIM, and not THR, contacts SSE at its N
terminus, and THR can only bind to this region of SSE
after PIM has been degraded. However, PIM and THR
interact with each other by use of binding sites that are
distinct from those that contact SSE. SSE activity might
be inhibited in the trimeric complexes because PIM pre-
vents THR from providing an activating contact to SSE
by competitive binding within the same SSE region. The
mitotic degradation of PIM might then give way to the
activating THR-SSE interaction, resulting in SSE activ-
ity at the onset of anaphase (Fig. 6).

We note some discrepancies between our two-hybrid
results and those obtained in vivo by coimmunoprecipi-
tation. Particularly, the strong interaction between PIM
and SSE observed in yeast contrasts with the low abun-
dance of PIM in SSE immunoprecipitates when almost
no THR is present. We speculate that additional levels of
regulation of complex formation may be present in the
Drosophila embryo, which are lacking in yeast. Never-
theless, the PIM-SSE complex formation observed in
yeast is likely to reflect a significant interaction, as PIM?
does not associate with SSE in yeast, as it fails to do in
the embryo.

We have speculated previously that an ancient sepa-
rase gene might have broken into two genes during the
evolution of Drosophila (Leismann et al. 2000). Accord-
ingly, THR might correspond to the nonconserved N ter-
minus and SSE to the conserved C-terminal endoprote-
ase domain of the other separase proteins. This hypoth-
esis predicts that the longer separase proteins might have
two binding sites for securin. The published interaction
studies do not rigorously exclude this possibility. The
fact that the C-terminal acidic region of the Drosophila
securin PIM interacts with THR, whereas the C-termi-
nal acidic regions of yeast securins interact with the N-
terminal nonconserved separase regions (Kumada et al.
1998; Jensen et al. 2001) is consistent with this hypothesis.

We emphasize that our suggestions (Fig. 6) are specu-
lative. Moreover, important issues are not resolved by
these hypotheses. For instance, they do not address why
PIM is required for sister chromatid separation. PIM
might be responsible for targeting SSE to specific subcel-
lular locations, just like the yeast securins are required
for spindle association or nuclear localization of the as-
sociated separases (Kumada et al. 1998; Jensen et al.
2001). Furthermore, if in fact a complex pathway con-
trols SSE activation, the inactivation process is also an
important issue that needs to be addressed. The require-
ment for an especially efficient SSE inactivation during
the extremely rapid syncytial division cycles at the onset
of embryogenesis might explain the particular high di-
vergence of SSE and its regulators in Drosophila. This
mechanism of regulation might be typical for insects and
SSE might therefore be an interesting target for insecti-
cide compounds.

Drosophila separase

Materials and methods

Fly stocks

For expression of UAS transgenes, we used da-GAL4 G32
(Wodarz et al. 1995) and arm-GAL4 (Sanson et al. 1996). UAS-
Cdk1-myc and UAS-pim-myc, as well as gpim-myc and gthr-
myc lines, which allow expression of myc-tagged products un-
der the control of the normal genomic regulatory regions, have
been described previously (Stratmann and Lehner 1996; Leis-
mann et al. 2000). All of the myc-tagged products are capable of
rescuing complete loss-of-function mutations in the corre-
sponding genes.

UAS-HA-Sse lines were obtained after P-element-mediated
germ-line transformation with a pUASP (Rerth 1998) construct
following standard procedures. A fragment encoding six HA epi-
topes was amplified by PCR from the plasmid pWZV90 (Knop et
al. 1999) and inserted into an Agel site downstream of the trans-
lational start codon of an Sse cDNA. Several Sse cDNAs were
isolated from a Drosophila embryo ¢cDNA library (Brown and
Kafatos 1988) by use of radioactively labeled primers derived
from genomic sequences determined by the Berkeley Dro-
sophila Genome Project (BDGP) and identified by BLAST
searches using separase sequences from other species. The se-
quence of these cDNAs confirmed the exon/intron structure
predicted by the sequence of a single expressed sequence tag
(LD08709) identified by the BDGP and the sequence (CT29682)
predicted by the BDGP from the genomic sequence for the Sse
gene (CG10583). For the generation of UAS-HA-Sse“*’S lines,
we used an analogous construct in which a single codon was
mutated using the QuikChange site-directed mutagenesis kit
(Stratagene). The details of these and of the following plasmid
constructions are available on request. PCR products for gen-
eration of expression constructs (bacterial, yeast, and fly) were
obtained by use of Pfu polymerase (Stratagene), and sequenced.

Lines carrying gSse were generated by use of the germ-line
transformation vector pP{w*™¢, 3xP3-EYFPaf} (Horn and Wim-
mer 2000), a 10-kb genomic Sse* fragment assembled from a
PCR fragment containing 5.4 kb of upstream regulatory se-
quences amplified from genomic DNA, a restriction fragment
containing the complete coding sequences, and 2.3 kb of down-
stream sequences derived from a clone isolated from a Dro-
sophila genomic lambda DASH library.

Lines allowing Gal4-dependent expression of thr fused to 10
myc epitopes at the C terminus (gUAS-thr—-myc) were obtained
with a modified gthr—-myc construct (Leismann et al. 2000).
Briefly, a PCR fragment encompassing the five UASc 14 sites
and the Hsp70 basal promoter was amplified from pUAST
(Brand and Perrimon 1993) and cloned upstream of the thr trans-
lational initiation codon. Lines allowing Gal4-dependent ex-
pression of pim fused to six myc epitopes at the C terminus
(UAS-pim—myc) have been described previously (Leismann et
al. 2000). For the construction of the UAS—pim°~myc transgene,
we replaced a SexAl/HindIll restriction fragment in pim-myc
with a corresponding fragment that was excised from plasmid
pim?1 x 1, containing a 15-bp in-frame deletion coding for
amino acids 110-114 of PIM.

Various lines (gthr 1-478-myc, gthr 1-930-myc, gthr 445-
1379-myc, gthr 932-1379-myc) expressing truncated THR pro-
teins fused C-terminally to 10 copies of the myc epitope were
also generated with modified gthr—myc constructs. In the case
of gthr 1-930-myc, we obtained only a single line, which did not
express the transgene, presumably because of the toxicity of the
transgene product. Therefore, using pUAST, we generated
UAS-thr 1-930-myc, allowing conditional Gal4-dependent ex-
pression.
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Deficiencies deleting Sse were isolated as male recombinants
as described (Preston and Engels 1996; Preston et al. 1996) after
mobilizing the P-element EP(3)0915 inserted in CG17334. This
adjacent gene, downstream of Sse, encodes a potential cold-
shock protein with similarity to the heterochronic Iin-28 gene
product of Caenorhabditis elegans. EP(3)0915 homozygotes are
viable and fertile without visible phenotypes, suggesting that
CG17334 is not an essential gene. Virgin EP(3)0915 females
were crossed to +/CyO, A2-3; ve st ¢/TM3, Ser males. Of the
progeny, 250 +/CyO, A2-3; EP(3)0915/ve st e male individuals
were crossed to 500 ve st e virgin females. A total of 40,000
progeny were scored for recombination of the markers ve and e
flanking EP(3)0915. A total of 71 out of 233 recombinants were
ve' e, indicating a recombination event at the right end of
EP(3)0915 (Preston et al. 1996). Six of the seventy-one recom-
binant chromosomes were lethal when homozygous or hemi-
zygous over Df(3L)ZN47, which deletes a large region on the left
arm of the third chromosome, including Sse. Animals carry-
ing any of the six recombinant chromosomes were viable
when transheterozygous with the lethal P-element insertion
1(3)02331 located (110 kb proximal to the EP(3)0915 insertion.
Recombinants isolated after mobilization of P elements in the
male germ line often have chromosomal deletions on one side of
the P-element insertion, which is usually retained (Preston et al.
1996). For a molecular characterization of the recombinants by
sequence analysis, therefore, we recovered DNA from five lines
by plasmid rescue. Four of the lines were found to have defi-
ciencies deleting more than 100 kb, and one line, Df(3L)SseA,
carried a smaller deletion of 34 kb. This deletion encompasses
part of CG17334, the complete Sse gene and part of still life (sif).
Individuals homozygous for a sif null mutation are viable (Sone
et al. 2000). The absence of the Sse coding region in Df(3L)SseA
was further confirmed by PCR analysis of genomic DNA ob-
tained from homozygous deficient larvae.

The EMS induced recessive lethal mutation 1(3)13m-281, des-
ignated here as Sse’®™, was kindly provided by M. Gatti (Uni-
versity La Sapienza, Rome). Standard genetic complementation
tests indicated that Sse’®™ does not complement Df(3L)SseA
and Df(3L)ZN47, whereas it did complement the deficiencies
Df(3L)h-i22 and Df(3L)Scf-R6, which delete regions in which
Sse’®™ originally had been mapped by meiotic recombination.
To characterize the Sse sequence present on the Sse’®™ chro-
mosome, we amplified the coding region by PCR and sequenced
the cloned products from three independent amplification reac-
tions. In all three cases, a 4-bp deletion in exon 6 was detected
7 bp downstream of the triplet encoding the essential histidine
residue of the presumptive separase catalytic dyad. The pre-
dicted C-terminal sequence encoded by Sse’3™ starting from the
essential histidine, is, therefore, HGSGSTSMVA.

Sequence comparison

TBLASTN searches of the nr and htgs databases of GenBank, of
Drosophila sequences deposited at the BDGP Blast server, and
of the assembled cDNA sequences available at The Institute
of Genomic Research (TIGR; http://www.tigr.org/tdb/tgi.sh-
tml) by using, as query, the C-terminal regions of human and
fungal separase proteins. A multiple sequence alignment of
the C-terminal regions of the various separase homologs was
performed by using CLUSTALW (http://www?2.ebi.ac.uk/clust-
alw/) with default parameters. A shaded display was obtained
by using Boxshade version 3.21. A tree was drawn using the
PILEUP program of the GCG program package with default
parameters.

The sources for the sequence comparison were as follows: C.
elegans 1 (AAF60651), C. elegans 2. (T27859), Trypanosoma bru-
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cei (CAB95528), Leishmania major (conceptual translation of a
region of AL499620, position 1003853-1007689), Saccharomy-
ces cerevisiae Espl (S64403), Schizosaccharomyces pombe
Cutl (A35694), Emericella nidulans BimB (P33144), and Homo
sapiens (BAA11482). The partial sequences of Mus musculus,
Rattus norvegicus and Xenopus laevis separases are conceptual
translations of assembled cDNAs obtained from the TIGR Gene
Index website (see above) and have the accession numbers
TC120478, TC143396, and TC5660, respectively. The Arabi-
dopsis thaliana separase homolog (CAA19812) is a hypothetical
protein sequence deduced from genomic sequence. However,
this protein sequence lacks the highly conserved cysteine resi-
due and surrounding invariant residues. Assuming an alterna-
tive splice acceptor of an intron located in this region, the se-
quence GAQYIPRREIEKLDNCSATFLMGCSSGSLWLKGCYIP
QGVPLSYLL can be inserted in frame at position 1635 of
CAA19812, thus restoring the conserved region.

Yeast two-hybrid experiments

Protein-protein interactions were analyzed using the Match-
maker Two-Hybrid system and the yeast strain AH109 (Clon-
tech). Interactions were scored by analysis of growth of trans-
formants on medium selecting for the activation of the HIS3 or
ADE2 genes. To evaluate the strength of interactions, we
supplemented plates lacking histidine with varying amounts of
3-aminotriazole (3-AT). For control experiments, we used plas-
mids encoding the SV40 T-Antigen fused to the GAL4 activa-
tion domain (pGADT?7-T) or p53 fused to the GAL4 DNA-bind-
ing domain (pGBKT7-p53).

The initial THR deletion constructs were cloned as fusions
with the Gal4p DNA-binding domain into pGBKT7 (Clontech).
To obtain fusions of THR fragments with the Gal4 activation
domain, the respective deletion constructs were excised as
Ncol-BamHI fragments from the individual pGBKT7-THR con-
structs and cloned into pGADTY.

The pim coding region was cloned in frame into the vector
pGADTY. From the resulting construct pPGADT7-PIM, we con-
structed pGADT7-PIM? using the QuikChange mutagenesis kit
to delete the 15 nucleotides coding for amino acids 110-114
(FPNEK). pPGADT7-PIM 1-114 was constructed by subcloning a
PCR fragment. In pGAD-PIM 115-199, the C-terminal part of
the PIM coding region was fused at its C terminus to the Gal4p
activation domain, in contrast to all our other pGADT7 con-
structs in which the Gal4p activation domain is N-terminal.
The Sse constructs were generated with pGBKT7 and appropri-
ate PCR fragments.

Immunoprecipitation, immunoblotting, and immunolabeling

Antibodies against phospho-histone H3 (Upstate Biotechnol-
ogy) and secondary antibodies (Jackson Immunoresearch) were
obtained commercially. The antibodies against the human c-
myc epitope (mAb 9E10; Evan et al. 1985), the HA epitope
(mADb 12CA5; Niman et al. 1983), Drosophila Cyclin B (Kno-
blich and Lehner 1993), PIM (Stratmann and Lehner 1996),
and THR (Leismann et al. 2000) have been described previously.
An additional rabbit antiserum against PIM was raised and
used for immunoblotting in a dilution 1:3000 without further
purification.

For the generation of antibodies against SSE, we expressed an
N-terminal SSE region (amino acids 1-281) with a hexahistidine
tag in bacteria using a pQE30 (QIAGEN) construct. The fusion
protein was purified by Ni?* affinity chromatography and used
for the immunization of two rabbits. The immune sera were



affinity purified using antigen immobilized on BrCN-activated
sepharose (Sigma).

For the coimmunoprecipitation experiments shown in Figure
4, we collected eggs from either w’, or UAS-Cdki1-myc 11.2/
CyO; arm-GAL4, or gpim-myc 3A, or gthr—myc 1111 flies for 3
h on apple juice agar plates and aged them for 3 h at 25°C before
extract preparation. After dechorionization, the embryos were
homogenized in 4 vol of lysis buffer (50 mM HEPES at pH 7.5,
60 mM NaCl, 3 mM MgCl,, 1 mM CaCl,, 0.2% Triton X-100,
0.2% Nonidet NP-40, 10% glycerol, 1 mM DTT, 2 mM Pefab-
loc, 2 mM Benzamidin, 10 ng/mL Aprotinin, 2 pg/mL Pepstatin
A, 10 pg/mL Leupeptin). The extracts were cleared by centrifu-
gation and the supernatants were used for immunoprecipitation
with the anti-myc antibody, nonimmune IgG from rabbits (Jack-
son Immunoresearch), immunopurified anti-SSE antibody
bound to Protein A-Sepharose 6MB beads (Amersham Pharma-
cia Biotech), or CL4B beads (Sigma). The immunoprecipitates
were analyzed by immunoblotting by use of horseradish peroxi-
dase-coupled secondary antibodies followed by ECL detection
(Amersham Pharmacia Biotech).

For the coimmunoprecipitation experiment shown in Figure
5C, eggs were collected from either w’, or UAS-Cdk1-myc 11.2/
CyO; arm-GAL4, or gthr-myc IlI.1, or thr 1-478-myc 1II.1, or
thr 445-1379-myc 1111, or thr 932-1379-myc 1111 flies, or from
a cross of UAS—thr 1-930-myc 1.1 and da-GAL4 flies. For the
analysis of complex formation of THR, PIM, and SSE in late
embryos (Fig. 5A,B), we prepared extracts from 12- to 15-
hour-old embryos derived from crosses of daGAL4 G32
males with UAS-HA-Sse 1.1;stg, gUAS-thr-myc IIL.!/TM3,
Ser or UAS-HA-Sse 1.1;stg, UAS-pim-myc 11.2/TM3, Ser or
UAS-HA-Sse 1.1;stg, gUAS-thr-myc 1.1, UAS-pim-myc I11.2/
TM3, Ser or UAS-HA-Sse 1.1;stg, gUAS-thr-myc 1.1, UAS-
pim®-myc 11.1/TM3, Ser females. The embryos were treated
and extracts were prepared and analyzed as detailed above. To
allow an estimation of the amounts of coprecipitated THR-myc
and PIM in the experiment shown in Figure 5A, we loaded
onto the same gel a dilution series of a mixture of bacterially
expressed full-length protein (PIM) and a C-terminal protein
fragment (THR), both of which had been used to raise the
antibodies (Leismann et al. 2000). The amounts of protein in
this mixture was determined by comparison with protein stan-
dards in Coomassie-stained gels. After immunoblotting and
detection with ECL, signal intensities of the precipitated pro-
tein were compared with the dilution series on nonsaturated
exposures.

For the analysis of mitotic cells in larval brains, we dissected
these organs from early second instar (48-50 h) and third instar
wandering stage larvae. The following genotypes were analyzed:
Df(3L)SseA, and Sse'®™, and Df(3L)SseA/Sse’®™, and UAS-HA-
Sse 1.1/+; da-GAL4 G32, Df(3L)SseA/Df(3L)SseA, and UAS-
HA-Sse 1.1/+; da-GAL4 G32, Df(3L)SseA/Sse’®™, and UAS-
HA-S5e“*78|+; da—-GAL4 G32, Df(3L)SseA/Sse’®™. These lar-
vae were derived from parents carrying TM3, Ser, Act5¢-GFP,
which allowed for an identification of individuals lacking en-
dogenous Sse* gene function as well as Sse* siblings by analyz-
ing GFP fluorescence. Brains were fixed and immunostained as
described (Gonzalez and Glover 1993). Double labeling of DNA
was achieved with Hoechst 33258. For squash preparations to
visualize individual chromosomes, brains from second instar
larvae of the genotype Df(3L)SseA/Sse’™, and Df(3L)SseA/
TMS3, Ser, Act5¢c-GFP, or Sse’®™/TM3, Ser, Act5c-GFP were pre-
pared. The dissection of brains and subsequent treatment with
a hypotonic shock were essentially performed according to
Pimpinelli et al. (2000). Fixation and squashing of the brains and
staining of DNA with Hoechst 33258 was done according to
Gonzales and Glover (1993).

Drosophila separase
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Proteolytic cleavage ot the THR subunit
during anaphase limits Drosophila

separase function
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Sister-chromatid separation in mitosis requires proteolytic cleavage of a cohesin subunit. Separase, the
corresponding protease, is activated at the metaphase-to-anaphase transition. Activation involves proteolysis
of an inhibitory subunit, securin, following ubiquitination mediated by the anaphase-promoting
complex/cyclosome. In Drosophila, the securin PIM associates not only with separase (SSE), but also with an
additional protein, THR. Here we show that THR is cleaved after the metaphase-to-anaphase transition. THR
cleavage only occurs in functional SSE complexes and in a region that matches the separase cleavage-site
consensus. Mutations in this region abolish mitotic THR cleavage. These results indicate that THR is cleaved
by SSE. Expression of noncleavable THR variants results in cold-sensitive maternal-effect lethality. This
lethality can be suppressed by a reduction of catalytically active SSE levels, indicating that THR cleavage
inactivates SSE complexes. THR cleavage is particularly important during the process of cellularization, which
follows completion of the last syncytial mitosis of early embryogenesis, suggesting that Drosophila separase

has other targets in addition to cohesin subunits.

[Keywords: Mitosis; sister-chromatid separation; securin; separase; pimples; three rows]
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Separase is a eukaryotic endopeptidase that resolves the
cohesion between sister chromatids by cleaving the
Sccl/Mcdl/Rad21 subunit of the cohesin complex (Uhl-
mann et al. 1999, 2000). Sccl should be cleaved neither
during S phase, when sister-chromatid cohesion needs to
be established, nor during G, phase and early mitosis,
when cohesion is required for the correct bipolar orien-
tation of sister chromatids within the mitotic spindle.
However, at the metaphase-to-anaphase transition cohe-
sion must be resolved efficiently and completely to al-
low faithful segregation of sister chromatids to daughter
cells. Separase activity, therefore, is subject to careful
regulation. Although separase has been shown to be re-
quired for sister-chromatid separation in a wide range of
eukaryotes (Funabiki et al. 1996a; Ciosk et al. 1998; Zou
et al. 1999; Jager et al. 2001; Siomos et al. 2001), its
regulation is poorly understood and appears to be sur-
prisingly divergent in different organisms.

Regulatory subunits that associate with separase have
been identified in diverse species (budding yeast Pdsl,
fission yeast Cut2, Drosophila PIM, vertebrate PTTG;
Funabiki et al. 1996a; Ciosk et al. 1998; Zou et al. 1999;
Jager et al. 2001). These securin proteins share almost no
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sequence similarity and appear to have different addi-
tional roles beyond a shared inhibitory function. Sepa-
rase inhibition by securins is canceled at the metaphase-
to-anaphase transition by ubiquitin-dependent degra-
dation (Ciosk et al. 1998). Securin ubiquitination is
mediated by the anaphase-promoting complex/cyclo-
some (APC/C), which, in turn, is regulated by the mi-
totic spindle checkpoint (for review, see Shah and Cleve-
land 2000). The mitotic securin degradation, therefore, is
only initiated when all chromosomes have reached the
correct bipolar orientation within a functional mitotic
spindle.

Securins not only function as separase inhibitors, they
also act as positive regulators of separase function.
Therefore, the securins of fission yeast and Drosophila
are absolutely required for sister-chromatid separation
during mitosis (Funabiki et al. 1996b; Stratmann and
Lehner 1996). In contrast, the securins of budding yeast
and vertebrates are not essential (Yamamoto et al. 1996;
Jallepalli et al. 2001; Mei et al. 2001; Wang et al. 2001).
However, the mild consequences of securin gene inacti-
vation in vertebrates might be explained by the presence
of redundant securins, as two additional highly similar
PTTG genes have been identified in the human genome
sequence (Chen et al. 2000).

Separase is also regulated by securin-independent
mechanisms. A recent study revealed that vertebrate
separase activity is inhibited by Cdkl-dependent phos-
phorylation (Stemmann et al. 2001). In addition, activa-
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tion of human but not of yeast separase is accompanied
by self-cleavage (Waizenegger et al. 2000; Stemmann et
al. 2001). Although self-cleavage clearly does not result
in complete inactivation (Stemmann et al. 2001), it is not
yet known whether this autoprocessing is causally in-
volved in human separase activation.

The apparent mechanistic diversity of separase regu-
lation in different organisms is paralleled by a lack of
primary sequence similarity among not only the se-
curins but also the N-terminal separase domains. These
N-terminal regions encompass more than 110 kD in all
separases except the Drosophila separase homolog SSE.
SSE is an exceptionally small separase family member,
which consists almost entirely of the conserved cysteine
endoprotease domain (Jiger et al. 2001). However, SSE
associates not only with the securin Pimples (PIM), but
also with the Three rows protein (THR), which does not
appear to have orthologs outside Drosophila (Jager et al.
2001). We have speculated, therefore, that thr might en-
code an N-terminal separase domain, which was sepa-
rated by a gene split from an ancient separase gene dur-
ing Drosophila evolution (Jiger et al. 2001). Consistent
with this proposal, PIM binds to THR (Leismann et al.
2000; Jiger et al. 2001), whereas securins bind to the
N-terminal domains of separases in yeast (Kumada et al.
1998; Jensen et al. 2001). Like SSE and PIM, THR is also
absolutely required for sister-chromatid separation
(D’Andrea et al. 1993; Philp et al. 1993).

To clarify SSE regulation, we have analyzed the role of
THR in further detail. Interestingly, we find that THR is
cleaved after the metaphase-to-anaphase transition, ap-
parently by the associated SSE. Moreover, our analysis of
cleavage-resistant mutations suggests that THR cleavage
is most important for separase inhibition during early
embryogenesis of Drosophila.

Figure 1. THR is degraded during mitosis.
Embryos (A,B) expressing gthr-myc were
fixed at the stage of mitosis 14 and labeled
with antibodies against the myc epitope
(A,C,F), cyclin B (B,D,F), and a DNA stain
(E,F). The boxed area in A and B is shown in
C-F. Red, green, and blue in the merged panel
F represent DNA, anti-myc, and anti-cyclin B
labeling, respectively. M, metaphase; A, ana-
phase; T, telophase; 1,4, interphase 14; 1,5, in-
terphase 15. (G) Synchronous progression
through mitosis 14 was induced, and extracts
were prepared from embryos with all cells in
G,, before mitosis 14 (G2), as well as in pro-
phase (P), metaphase (M), anaphase (A), and
telophase (T) of mitosis 14. Extracts were ana-
lyzed by immunoblotting using antibodies
against THR (THR), PIM (PIM), cyclin B (CYC

Results

THR is proteolytically cleaved during mitosis

To analyze the intracellular distribution of THR during
the cell cycle, we immunolabeled Drosophila embryos
with antibodies against THR. In addition, we studied the
behavior of a myc-epitope-tagged THR protein expressed
from a transgene under control of the thr regulatory re-
gion. This gthr-myc transgene rescues thr null mutants
completely (Leismann et al. 2000). THR-myc (Fig. 1C,F)
as well as THR (data not shown) were found to be cyto-
plasmic during interphase and distributed throughout
the cell during early mitosis. This intracellular distribu-
tion is therefore identical to that previously described for
the securin PIM, which is known to form a complex with
THR and SSE (Stratmann and Lehner 1996; Leismann et
al. 2000; Jiger et al. 2001).

Interestingly, THR and THR-myc signals were ob-
served to decline during exit from mitosis. This decline
was most clearly detected during mitosis 14 in embryos
with only maternal and no zygotic gthr-myc expression
(Fig. 1A-F). Maternal thr transcripts are rapidly degraded
during interphase 14 (D’Andrea et al. 1993). As a conse-
quence, maternally derived THR protein can no longer
be synthesized after mitosis 14. The disappearance of the
maternally derived THR-myc protein during exit from
mitosis 14, therefore, is not concealed by THR-myc re-
accumulation in embryos that cannot express gthr-myc
zygotically. Mitosis 14 occurs in a highly reproducible
pattern (Foe 1989), which is readily revealed by immu-
nolabeling with antibodies against cyclin B. Anti-cyclin
B immunolabeling is absent from cells that have just
completed mitosis, but is present in the cytoplasm of
cells that have not yet progressed through mitosis (Fig.
1B). Double labeling showed that the distribution of
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products of THR-myc and endogenous THR are indicated by an arrow and an arrowhead, respectively.
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THR-myc was almost indistinguishable from that of cy-
clin B (Fig. 1, cf. A and B), clearly indicating that the
decline of THR-myc is coupled to progression through
mitosis. However, careful comparisons indicated that
cyclin B is degraded more rapidly and completely than
THR-myc (Fig. 1C-F).

To confirm mitotic THR degradation by immunoblot-
ting, we induced a synchronous progression through mi-
tosis 14 (see Materials and Methods). As expected, cyclin
B was readily detected up to metaphase and essentially
absent in anaphase and telophase (Fig. 1G). PIM degra-
dation was found to be less rapid and complete than cy-
clin B destruction (Fig. 1G). Immunoblotting with anti-
bodies against THR indicated that the disappearance of
full-length THR was also limited (Fig. 1G). However, a
distinct 47-kD band was observed exclusively in ana-
phase and telophase extracts (Fig. 1G, see arrowhead),
indicating that a fraction of THR is proteolytically
cleaved after the metaphase-to-anaphase transition.

Because our antibodies detected proteins other than
THR in the extracts, it was important to confirm that
the 47-kD band observed after the metaphase-to-ana-
phase transition was derived from THR. Therefore, we
analyzed gthr-myc embryo extracts with antibodies
against myc (Fig. 1H). To prepare these extracts, we
pooled embryos at distinct stages of the synchronous
syncytial mitoses before cellularization. Similarly as in
the mitosis 14 extracts (Fig. 1G), a THR fragment that
strongly increased in intensity after the metaphase-to-
anaphase transition was specifically detected by anti-
myc (Fig. 1H, see arrow). Taking the C-terminal myc tags
into account, this 70-kD fragment appeared to indicate
the same proteolytic event as the 47-kD fragment ob-
served by our antibodies against a C-terminal THR do-
main (Fig. 1G). Moreover, reprobing the blot of the syn-
cytial gthr—myc extracts with these latter antibodies re-
vealed the 47-kD THR fragment with intensities that
closely paralleled those of the 70-kD THR-myc fragment
(Fig. 1H, see arrowhead).

THR and THR-myc cleavage fragments were also ob-
served in phases other than anaphase and telophase (Fig.
1H), but only during the syncytial cycles. The cleavage
products are therefore presumably not completely de-
graded during the extremely brief syncytial interphases
of only a few minutes. The instability of these C-termi-
nal cleavage fragments, however, explains the decline of
THR signals during exit from mitosis 14 observed by
immunofluorescence, as our antibodies recognize C-ter-
minal epitopes. We have no information concerning the
stability and intracellular distribution of the N-terminal
THR part, because our antibodies do not recognize the
THR N terminus and because N-terminal epitope tags
were found to abolish THR function (data not shown).

A separase cleavage consensus motif is required
for mitotic THR cleavage

To assess the regulatory significance of THR cleavage,
we mapped and mutated the cleavage site. Based on the
size of the mitotic THR and THR-myc fragments, the

THR cleavage in mitosis

mitotic cleavage was predicted to occur approximately
between amino acids 930 and 1030. C-terminal THR
fragments starting at different positions within this re-
gion were generated by in vitro translation, and their
electrophoretic mobility was compared with the mobil-
ity of the fragment generated during mitosis in vivo (Fig.
2A). The mitotic in vivo cleavage fragment comigrated
with the smallest in vitro fragment starting at position
1032. Interestingly, the region surrounding this position
(1031-VEPIRKQ-1037) displays significant similarity to
the separase cleavage-site consensus derived from vari-
ous mitotically and meiotically cleaved cohesin sub-
units (Fig. 2B; Hauf et al. 2001). Moreover, comparison of
THR proteins from D. melanogaster, Drosophila pseu-
doobscura, and Drosophila virilis revealed that the
VEPIRKQ motif is invariant (H. Jiager, C.F. Lehner, and
S. Heidmann, unpubl.). We point out that THR is a fast-
evolving protein and apart from this potential cleavage
region, there is only one other region with more exten-
sive conservation.

To test whether the conserved separase cleavage-site
consensus region is, indeed, important for cleavage, we
generated mutants (Fig. 2B). In the first mutant, we de-
leted the separase cleavage-site consensus (THRAV?, de-
letion of amino acids 1031-VEPIRKQ-1037). In the sec-
ond mutant, the arginine residue at position 1035 was
exchanged for an aspartate (THR®P). The identical mu-
tation in the separase cleavage sites of Sccl has been
shown to abolish cleavage in yeast (Uhlmann et al.
1999), and similar mutations (arginine to alanine) ren-
dered human Sccl resistant to separase cleavage (Hauf et
al. 2001). We established transgenic lines expressing
myc-epitope-tagged variants of these two THR mutants
and analyzed their cleavage. Both mutant proteins were
completely refractory to mitotic cleavage, whereas en-
dogenous THR was still cleaved (Fig. 2C,D). Immunoflu-
orescence analysis during mitosis 14 indicated that the
cleavage-resistant mutants THR*V2-myc and THR®P-
myc were not degraded during exit from mitosis (Fig.
2E-H; data not shown). We conclude that the separase
cleavage-site consensus region in THR is required for
mitotic THR cleavage and that this cleavage causes the
decline of THR during exit from mitosis.

Mitotic THR cleavage requires functional
SSE complexes

If SSE is the protease responsible for THR cleavage, then
THR should be stable in cells arrested by the mitotic
spindle checkpoint. Immunofluorescence analysis of
gthr-myc embryos permeabilized and treated with the
microtubule inhibitor demecolcine showed that THR-
myc is, indeed, stabilized in checkpoint-arrested cells.
These cells were identified by double labeling with an-
tibodies against cyclin A (Fig. 3C) and a DNA stain (Fig.
3E). Cyclin A is known to be degraded in arrested cells,
which are also characterized by condensed chromosomes
(Whitfield et al. 1990). All arrested cells were found to
contain high THR-myc levels (Fig. 3A), whereas, as ex-
pected, THR-myc levels were very low in cells of mock-
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Figure 2. Mapping the mitotic THR cleav- A

age site. (A) C-terminal THR fragments

were generated in vitro and resolved next to 3 B
an anaphase embryo extract (lane A, same
extract as in Fig. 1G, lane A). THR frag-
ments were detected by immunoblotting
with anti-THR antibodies. The numbers l
above the lanes indicate the amino acid po-
sition at which the C-terminal THR frag-
ments start. The arrowhead indicates the C-
terminal THR fragment generated in vivo
after the metaphase-to-anaphase transition.
Asterisks indicate partial products of the
THR fragments generated in vitro. (B) Sche-
matic illustration of the mitotic cleavage re-
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gion within THR, THR*V?, and THRRP. In
addition, the separase cleavage-site con-
sensus sequence (Hauf et al. 2001) is shown
below the THR sequences. Cleavage by
separase occurs C-terminal from the con-
served arginine residue. (C,D) Extracts from
gthr*VC-myc (C) or gthr®P-myc (D) em- 3
bryos during interphase (I), prophase (P), 1]
metaphase (M), anaphase (A), and telophase !
(T) of the synchronous syncytial blastoderm

cycles were analyzed by immunoblotting
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(MYC), THR (THR), and tubulin (TUB). In addition, a telophase extract from gthr—myc embryos was analyzed in parallel (right lanes).
Mitotic cleavage products of THR-myc and endogenous THR are indicated by arrows and arrowheads, respectively. (E-H) Embryos
expressing gthr®V2-myc were fixed at the stage of mitosis 14 and labeled with antibodies against the myc epitope (E), cyclin B (F), and
a DNA stain (G). Red, green, and blue in the merged image (H) represent labeling of DNA, myc, and cyclin B, respectively. The
epidermal region shown corresponds to the boxed region in Figure 1A. Cells below the dotted line are in G, before mitosis 14, whereas
cells above the dotted line have progressed through mitosis 14 and are mostly in early interphase of cycle 15. Note that THRAV?-myc
is still present at high levels in these cells, in contrast to THR-myc (see Fig. 1C-F).

treated embryos that had completed mitosis 14 (Fig. 3B).
Furthermore, immunoblot analysis of demecolcine-
treated syncytial embryos clearly showed a drastic re-
duction in the abundance of the THR-myc cleavage
product (Fig. 3G).

Phenotypic analyses of various mutants provided ad-
ditional evidence supporting the suggestion that THR is
cleaved by SSE. Cytologically, the mutant phenotypes
resulting from the loss of thr, Sse, or pim function have
been shown to be identical (D’Andrea et al. 1993; Philp
et al. 1993; Stratmann and Lehner 1996; Jiger et al. 2001).
Sister-chromatid separation fails in all three mutants.
Moreover, we have previously shown that THR, PIM,
and SSE form a trimeric complex (Jiger et al. 2001),
which appears to be a prerequisite for activation of sepa-
rase activity at the metaphase-to-anaphase transition.
Accordingly, pim mutants presumably lack separase ac-
tivity. Therefore, we analyzed THR-myec stability during
exit from mitosis in pim mutant embryos. Mitosis 15 is
the first division that is affected in pim mutant embryos,
but the previous mitoses proceed normally because of a
maternally provided pim* contribution (Stratmann and
Lehner 1996). We observed that THR-myec is no longer
degraded during mitosis 15 in pim mutant embryos (Fig.
3H), whereas it declined normally in pim* sibling em-
bryos as expected (Fig. 3I).

Additional evidence for the role of SSE in THR cleav-
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age was obtained with transgenes encoding different
THR deletion mutants. We have previously shown that a
mutant (THR 445-1379-myc) lacking the N-terminal
PIM-binding site can still associate with SSE (Jiger et al.
2001). However, this mutant is unable to rescue muta-
tions in the endogenous thr gene (data not shown). As
this mutant still contains the normal C-terminal region
with the cleavage site, we analyzed its cleavage. Analysis
in syncytial embryos indicated that THR 445-1379-myc
is not cleaved (Fig. 4A). Moreover, THR 445-1379-myc
was also not degraded during mitosis 14 (Fig. 4C). We
point out that THR 445-1379-myc was expressed in a
thr* background in these experiments. Thus, despite the
presence of functional and active SSE complexes in this
background, THR 445-1379-myc that still binds to SSE
was not cleaved during mitosis. A C-terminal deletion
mutant (THR 1-1204-myc) is also unable to provide thr*
function, even though this mutant can bind to both PIM
and SSE to a degree comparable with full-length THR
1-1379-myc (data not shown). The analysis of THR
1-1204-myc, which also still contains the cleavage re-
gion, revealed that its cleavage in syncytial embryos is
greatly reduced (Fig. 4B) and that the protein is stabilized
in mitosis 14 (Fig. 4D).

We conclude that our findings in checkpoint-arrested
cells, in pim mutants, and with the different thr deletion
mutants all strongly support the argument that THR
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Figure 3. THR cleavage is inhibited in cells arrested by the
mitotic spindle checkpoint and in pim mutants. (A—F) Embryos
expressing gthr-myc were permeabilized and incubated in the
presence (A,C,E) or absence (B,D,F) of the microtubule inhibitor
demecolcine while progressing through mitosis 14. After fixa-
tion, embryos were labeled with antibodies against the myc
epitope (A,B), cyclin A (C,D), and a DNA stain (E,F). Compa-
rable epidermal regions are shown. Cells below the dotted line
are in G, before mitosis 14, whereas cells above the dotted line
have progressed into mitosis 14 and are arrested with condensed
chromatin (E) or are already in early interphase of cycle 15 (F).
THR-myc is present at high levels in arrested cells (A), and only
at low levels in interphase 15 cells (B). (G) gthr-myc embryos
during the syncytial blastoderm cycles were permeabilized and
incubated in the presence (+) or absence (-) of demecolcine.
Embryo extracts were analyzed by immunoblotting with anti-
myc. The THR-myc fragment appearing after the metaphase-
to-anaphase transition is indicated by an arrow. (H-K) pim™~ em-
bryos (H,]) and pim* sibling embryos (I,K) expressing gthr-myc
were fixed at the stage of mitosis 15 and labeled with antibodies
against the myc epitope (H,I) and cyclin B (J,K). In the epidermal
region shown, cells below the dotted line are in G, before mi-
tosis 15, whereas cells above the dotted line have progressed
through mitosis 15 and are mostly in early interphase of cycle
16. These latter cells have high levels of THR-myc in pim~
embryos (H), and only low levels in pim* sibling embryos (I).

cleavage can only proceed within complexes that con-
tain active SSE.

Expression of noncleavable THR results
in a cellularization defect

To address the physiological significance of mitotic THR
cleavage, we characterized the phenotype associated

THR cleavage in mitosis

with the mutations abolishing cleavage. The transgenes
gthr*V°—myc and gthr®°-myc include the wild-type thr
regulatory region. By crossing these transgenes into a thr
null mutant background, we analyzed whether the non-
cleavable THR proteins can functionally replace wild-
type THR. The gthr*V2-myc and gthr®°-myc trans-
genes complemented the embryonic lethality associated
with null mutations in the endogenous thr gene and sup-
ported development to the adult stage. The rescued flies
hatched with the expected frequency and displayed no
apparent morphological defects. Thus, the noncleavable
THR variants must be at least partially functional.

However, the gthr*V?-myc and gthr®P-myc trans-
genes resulted in cold-sensitive female sterility. Females
with two transgene copies in a wild-type background
were almost completely sterile at 18°C, whereas at 25°C
they were fertile. Even at 18°C, plenty of eggs were laid.
However, very few larvae were observed to hatch from
these eggs. This maternal-effect lethality at 18°C was
observed with females homozygous for either single
gthr*V-myc or gthr®P-myc insertions, and also with
females heterozygous for one of six different chromo-
somes carrying recombined pairs of independent
gthr*V“—myc insertions, ruling out position effects of
transgene insertions (Fig. 5A, 6A, below; data not
shown). Moreover, the maternal-effect lethality was not
observed with females carrying two copies of gthr-myc
(Fig. 5A), showing that this phenotype does not result
from an increased thr* gene dose. However, the dose of
gthr*Ve—myc or gthr®P-myc was found to be critical.
Maternal-effect lethality was not observed with females
carrying only one transgene copy (Fig. 5A).

The cold-sensitive developmental period of the mater-
nal-effect lethality was defined by temperature-shift ex-
periments. When eggs were collected at 25°C for 1 h and
allowed to develop further at 25°C, the larval hatch rate
of progeny from females with two gthr®°-myc, gthr*V2-
myc, or gthr—-myc transgene copies was indistinguish-
ably high (Fig. 5A, gray bars). However, when the eggs
were incubated at 18°C for 4.5 h followed by an up-shift
to 25°C for the rest of embryogenesis, we observed a
dramatic decrease in the larval hatch rates of progeny
from females with either two gthr®°-myc or gthr*V2-
myc transgenes, whereas the progeny from females with
two gthr-myc transgenes still hatched with high effi-
ciency (Fig. 5A, black bars). A reciprocal temperature-
shift experiment revealed that embryonic lethality of
progeny from females with two gthr*V“—myc transgenes
is no longer observed when the whole embryogenesis,
except for the first 3.5 h, takes place at 18°C (Fig. 5A,
hatched bar). We conclude, therefore, that the cold-sen-
sitive period covers the early stages of Drosophila em-
bryogenesis that are characterized by rapid syncytial di-
vision cycles followed by cellularization.

To analyze the maternal-effect phenotype caused by
noncleavable THR variants on a cellular level, we first
examined embryos that had progressed through early de-
velopment at 18°C, after fixation and DNA labeling (Fig.
5B,C; data not shown). These stainings suggested that
progression through the rapid syncytial cycles is affected
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Figure 4. THR cleavage occurs only within functional
SSE complexes. (A,B) Extracts from gthr 445-1379-myc
(A) or gthr 1-1204-myc (B) embryos during interphase
(I), prophase (P), metaphase (M), anaphase (A}, and telo-
phase (T) of the synchronous syncytial blastoderm
cycles were analyzed by immunoblotting using anti-
bodies against the myc epitope (MYC), THR (THR), and
tubulin (TUB). In addition, a telophase extract from
gthr-myc embryos was analyzed in parallel (right
lanes). The proteins THR 445-1379-myc, THR 1-1204—
myc, and THR-myec all contain the cleavage region and
associate with SSE. Mitotic cleavage products of THR-
myc and endogenous THR are indicated by arrows and
arrowheads, respectively. (C-H) Embryos expressing
gthr 445-1379-myc (C,F), gthr 1-1204-myc (D,G), or
gthr-myc (E,H) were fixed at the stage of mitosis 14 and
labeled with antibodies against the myc epitope (C-E)
and cyclin B (F-H). Comparable epidermal regions are
shown. Cells below the dotted lines are in G, before
mitosis 14, whereas cells above the dotted lines have
progressed through mitosis 14 and are in early inter-
phase of cycle 15. Note that THR 445-1379-myc (C)
and THR 1-1204-myc (D) are still present at high levels
in these cells, in contrast to THR-myc (E).

TUB

by noncleavable THR, although not severely. In the fol-
lowing, we refer to progeny from females with two
gthr®P_myc, gthr®Y?-myc, or gthr—myc transgene cop-
ies as THR®P, THR*V?, and THR embryos, respectively.
A fraction of the syncytial THR®P (19%, n =317) and
THRAVQ embryos (35%, n = 269) displayed various ir-
regularities that were less frequent in THR embryos
(12%, n = 250). Irregularities included embryonic regions
with prominent mitotic asynchrony, abnormal mitotic
figures or lower nuclear densities. Moreover, many
THRAV? and THR®P embryos with an apparently regu-
lar nuclear distribution were found to have fewer nuclei
compared with THR embryos of the same age. All these
observations indicate that the noncleavable THR vari-
ants cause occasional cell cycle defects during the syn-
cytial cycles with limited penetrance.

A much more severe and highly penetrant phenotype
was observed during cellularization. This developmental
process follows after the last syncytial division, mitosis
13. During cellularization, the ~6000 nuclei at the syn-
cytial egg periphery are enclosed by cell membranes and
thereby transformed into individual cells forming a
single layer epithelium (Foe et al. 1993). At this stage,
THR*V® and THR®P embryos were found to lose a large
fraction of nuclei from the egg periphery (Fig. 5C,H-J).
These nuclei accumulated in the yolk region in the egg
interior (Fig. 5C). In contrast, THR embryos had a nor-
mal appearance, with the majority of the nuclei at the
periphery and only few yolk nuclei in the interior (Fig.
5B). This cellularization defect was displayed by 99% of
the THRAV? embryos (n = 112) and 98% of the THRRP
embryos (n = 53), but none of the THR embryos was af-
fected (n = 49). Time-lapse imaging of THR*V? embryos
expressing a histone-GFP fusion (Clarkson and Saint
1999) indicated that this massive loss of nuclei from the
egg periphery started well after completion of mitosis 13,
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concomitant with the early slow phase of cellulariza-
tion, which is paralleled by nuclear elongation (Foe et al.
1993). The loss of nuclei from the periphery of THR*V?
embryos was found to continue throughout cellulariza-
tion (data not shown).

Immunolabeling of fixed THRAV? embryos with an
antibody against the Drosophila B-catenin homolog Ar-
madillo (ARM), which displays a well-characterized dy-
namic behavior during cellularization (Hunter and Wie-
schaus 2000), confirmed that the massive nuclear loss
started simultaneously with cellularization (Fig. 5D-J).
Moreover, these stainings also indicated that cellulariza-
tion, as revealed by ARM relocalization, was delayed in
THRAV? embryos compared with nuclear elongation.

Immunolabeling with antibodies against y-tubulin and
a-tubulin indicated that parallel with the onset of cellu-
larization, microtubule organization also became abnor-
mal in THR*YQ embryos. y-Tubulin labeling in centro-
somes was reproducibly weaker and revealed an im-
paired centrosome separation in THR*V®Q embryos (Fig.
5, c¢f. K and O). Microtubule asters were found to be
slightly smaller (Fig. 5, cf. L and P). Centrosomes and
associated microtubule asters were observed to stay at
the cortex above interiorly displaced nuclei (Fig. 50-R,
arrowheads).

SSE is negatively regulated by mitotic THR cleavage

Mitotic THR cleavage might regulate the activity of the
associated SSE. The maternal-effect lethality resulting
from noncleavable THR at 18°C therefore might reflect
either hyper- or hypoactivation of SSE. To address this
issue, we analyzed the effects of a reduced Sse* gene dose
on the gthr*V2-myc phenotype. A reduction from two to
one functional Sse* gene copies was found to result in a
strong suppression of the maternal-effect lethality



A
[2sc Wl 1ec »25°c BB 25°c »18°C
100 .»“"“
1 B
wl |
|
o
E o : ttive
Z |
Pl
H
fel |

thrYa.mye

- i

caused by two gthr*V2-myc transgene copies at 18°C
(Fig. 6A). This suppression was completely reverted,
when one copy of a fully functional genomic Sse* trans-
gene was crossed into the females with only one endog-
enous Sse* locus and two gthr*V“—myc transgene copies
(Fig. 6A), showing that it is in fact the Sse* copy number,
and not potential second-site mutations, that affects the
expression of the gthr*Y2-myc phenotype.

Not only maternal-effect lethality but also the cellu-
larization defects were affected by the Sse* copy number.
Massive nuclear loss from the egg periphery at 18°C was
observed in 7% of THR*V? embryos (n = 133), when the
mothers had only one Sse* copy. In contrast, 95% of
THRAV® embryos derived from sibling females with two
Sse* copies were affected (n = 119). Quantitative immu-
noblotting experiments showed that SSE protein levels
during early embryogenesis were almost twofold higher
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Figure 5. Phenotype associated with ex-
pression of noncleavable THR. (A) Non-
cleavable THR present during early em-
bryonic development causes cold-sensi-
tive, maternal-effect lethality. Eggs were
collected at 25°C for 1 h from females ho-
mozygous for the transgene insertions
gthr—myc (2x WT), gthr®P-myc (2x RD), or
gthr*Ve-myc (2x AVQ), or heterozygous
for gthr*V°-myc (1x AVQ). Eggs were in-
cubated at 25°C (gray bars); or shifted to
18°C after 3.5 h (hatched bar); or shifted to
18°C for 4.5 h, followed by a shift back to
25°C (black bars). The larval hatch rates
(% of hatched eggs) are given as average
values obtained from three independent
experiments. (B,C) Noncleavable THR
causes internalization of nuclei during
early embryonic development. Embryos
derived from females homozygous for
gthr-myc (B) or gthr*V%-myc (C) were in-
cubated during their early development at
18°C, fixed, and stained for DNA. (D-])
Cellularization is delayed in THR*Y? em-
bryos. Cellularizing THR (D-F) and
THRAVQ (G-]) embryos were fixed and la-
beled with an antibody against Armadillo
(Arm, green) and a DNA stain (DNA, red).
(K-R) Noncleavable THR affects centro-
some separation. THR (K-N) or THRAV®
(O-R) embryos were fixed during cellular-
ization at 18°C, stained for DNA, and la-
beled with antibodies against y-tubulin
(yTUB) and a-tubulin (« TUB). Apical con-
focal sections that contained the yTUB
signals were stacked (K,L,O,P), and a lower
section was taken for DNA (M, Q). Arrows
indicate unseparated centrosomes. Arrow-
Sh heads denote positions where nuclei had
dropped into the interior of the embryo and
had left behind centrosomes and microtu-
bule asters. (N) Merge of K, L, and M; (R)
merge of O, P, and Q. Red, green, and blue
in the merged images indicate labeling of
DNA, oTUB, and yTUB, respectively.
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in these THR*V? embryos from mothers with two Sse*
copies (Fig. 6B, cf. lane labeled Sse'*™, 1x and lane la-
beled Sse*, 0.5x). We conclude, therefore, that the cellu-
larization defects caused by noncleavable THR variants
depend on high SSE protein levels.

To assess whether catalytic activity of SSE is required
for the cellularization defects caused by noncleavable
THR variants, we expressed a transgene (UAS-HA-
Sse€4°75) encoding a catalytically inactive SSE mutant
with a serine residue instead of the predicted catalytic
cysteine residue (Jager et al. 2001). Significantly, UAS-
HA-Ss5e“*7S expression in THR*YQ embryos from
mothers with a single endogenous Sse* locus did not
increase the frequency and severity of cellularization de-
fects. Only 5% of the embryos suffered from massive
nuclear loss during cellularization (n = 300). In contrast,
an analogous transgene (UAS-HA-Sse) allowing expres-
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Figure 6. THR cleavage limits SSE activity. (A) Females carrying two copies of the gthr®Y?—myc transgene in a genetic background
that was Sse*/Sse* (Sse*), Df(3L)SseA/Sse* (Df Sse), Sse’™/Sse* (Sse'®™), or Sse’®™, gSse*[Sse* (Sse'®™ + gSse*) were crossed to w'
males. Df(3L)SseA deletes Sse; Sse'®™ is a null allele and gSse* is a transgene constructed with a genomic fragment providing Sse*
function (Jager et al. 2001). Progeny developing at 18°C were counted. Average values of progeny/day and females obtained from at least
four independent experiments are given for each cross. (B,C) Females carrying two copies of the gthr*V2-myc transgene in a genetic
background that was either Sse*/Sse* (Sse*) or Sse?®%/Sse* (Sse'*™) were crossed to w' males (B). Females that carried two copies of the
gthr*V@-myc transgene in an Sse’®™/Sse* genetic background and in addition expressed HA-Sse* (HA-Sse*) or HA-Sse€%°7S (HA-
Sse©*?75) were also crossed to w! males (C). HA-Sse“?°”S encodes a catalytically inactive SSE mutant. Embryos from these crosses were
used to quantitate cellularization defects at 18°C and to prepare protein extracts for immunoblotting. Extracts were loaded either
undiluted (1x) or in a 1:2 dilution (0.5x). Blots were probed with antibodies against SSE (SSE; arrow in B), the HA epitope (HA; C) or

tubulin (TUB) as a loading control. The asterisk in B indicates a cross-reacting band.

sion of wild-type SSE clearly induced cellularization de-
fects in THR*V? embryos from mothers with a single
endogenous Sse* copy. In this case, 56% of the embryos
displayed nuclear loss during cellularization (n =317).
Quantitative immunoblotting experiments showed that
HA-Sse“#°”S and HA-Sse were expressed at the same
level (Fig. 6C). We conclude that noncleavable THR vari-
ants result in cellularization defects only in combination
with catalytically active SSE. The cellularization defects
caused by noncleavable THR versions at 18°C in em-
bryos with wild-type SSE levels therefore reflect SSE hy-
peractivity. Consequently, our findings indicate that
THR cleavage contributes to inactivation of SSE.

Discussion

Genetic stability in eukaryotes is critically dependent on
the careful regulation of sister-chromatid cohesion. Co-
hesion between sister chromatids needs to be established
during S phase and maintained until the metaphase-to-
anaphase transition, when it must be rapidly and com-
pletely eliminated. This final elimination of cohesion is
known to result from proteolytic cleavage of the Sccl
subunit of the cohesion complex by the endopeptidase
separase. Because Sccl cleavage is irreversible, separase
activity has to be tightly regulated. Previous findings
have implicated the securins, which bind as inhibitory
regulatory subunits to separase in the corresponding con-
trol pathway (Funabiki et al. 1996a; Ciosk et al. 1998;
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Zou et al. 1999). In addition, recent studies have empha-
sized the regulatory role of phosphorylation of Sccl and
separase (Alexandru et al. 2001; Stemmann et al. 2001).
Our studies indicate yet an additional level of control,
the proteolytic cleavage of the THR subunit of the Dro-
sophila separase complex. Moreover, they emphasize
that Drosophila separase regulation is not only crucial
for controlled cleavage of cohesin subunits, but for that
of additional substrates as well.

Immunolabeling revealed that THR is partially de-
graded after the metaphase-to-anaphase transition, simi-
lar to PIM. However, the mitotic degradation of PIM and
THR is mechanistically and functionally distinct. Mi-
totic degradation of PIM is dependent on the presence of
a destruction box (D-Box) and on Fizzy-APC/C, which
promotes ubiquitination and subsequent degradation by
the proteasome (Leismann et al. 2000). This PIM degra-
dation presumably leads to activation of SSE.

In contrast, THR does not seem to contain a functional
D-box (data not shown), and mitotic degradation of THR
is dependent on SSE. The initial THR cleavage event is
followed by degradation of the C-terminal cleavage prod-
uct. By analogy with the fate of the C-terminal cleavage
product of Saccharomyces cerevisiae Sccl, we assume
that this degradation follows the N-end rule (Rao et al.
2001). Furthermore, rather than activating SSE as in the
case of PIM degradation, THR cleavage contributes to
inactivation of SSE.

According to this proposal, degradation of PIM should



precede THR cleavage, as these two events would define
a window of SSE activity. THR cleavage should not oc-
cur too fast after PIM degradation so that SSE can cleave
its other targets. THR cleavage therefore might be regu-
lated (for instance, by Sccl cleavage fragments) or might
not lead to SSE inactivation immediately. SSE inactiva-
tion might occur only once THR cleavage fragments
have been removed. Alternatively, SSE might cleave its
substrates with different kinetics. Fast and efficient Sccl
cleavage may be followed by less efficient and slower
THR cleavage.

We emphasize that we do not have direct evidence for
our proposal from biochemical separase activity assays.
The assay developed for human separase in the Xenopus
extract system (Waizenegger et al. 2000) does not work
for Drosophila SSE complexes for unknown reasons (A.
Herzig, C.F. Lehner, and S. Heidmann, unpubl.). Perhaps
activation of Drosophila SSE complexes is only possible
in a particular cellular context, for instance, on the mi-
totic spindle or at the kinetochore. Consistent with this
proposal, only a fraction of PIM and THR is degraded
during mitosis in Drosophila embryos, and a slight en-
richment of PIM and THR on mitotic spindles, similar to
securin and separase in yeast (Ciosk et al. 1998; Kumada
et al. 1998; Jensen et al. 2001), can be visualized with
appropriate fixation procedures in the syncytial blasto-
derm (A. Herzig, C.F. Lehner, and S. Heidmann, unpubl.).

Even without biochemical evidence, our data strongly
support the notion that THR is cleaved by SSE. Cleavage
occurs at a conserved separase-cleavage consensus se-
quence. Substitution of a single arginine by an aspartate
within this region abolishes cleavage, as previously ob-
served for cleavage of yeast and human Sccl by separase
(Uhlmann et al. 1999; Hauf et al. 2001). Furthermore,
mitotic THR cleavage requires functional SSE com-
plexes, as THR is neither cleaved in pim mutants, nor in
SSE complexes containing nonfunctional THR mutants,
nor in cells arrested in the mitotic checkpoint, when SSE
is inactive.

The idea that THR cleavage and the consequential
THR degradation contribute to inactivation of SSE is
supported by our genetic analyses. Expression of non-
cleavable THR variants results in a phenotype that is
highly dependent on the level of SSE protein. The phe-
notype is only observed with wild-type, but not with
reduced levels of SSE. Moreover, noncleavable THR gen-
erates a phenotype only in combination with functional,
but not with catalytically inactive SSE, having a serine
instead of the cysteine residue in the catalytic center.

Does THR cleavage represent a general aspect of sepa-
rase regulation or is it specific for Drosophila? THR is
not conserved during evolution but might correspond to
the nonconserved N-terminal domain found in separases
from other eukaryotes. Therefore, mitotic THR cleavage
might conceivably correspond to the mitotic separase
cleavage, which has been observed in human tissue cul-
ture and in vitro (Waizenegger et al. 2000; Stemmann et
al. 2001). This separase cleavage also appears to be auto-
catalytic. The cleavage sites in human separase have not
yet been mapped precisely, and the functional conse-
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quences of cleavage-site mutations are not yet known
(Stemmann et al. 2001). However, extrapolating from the
reported size of the human separase cleavage fragments
to Drosophila, the corresponding processing events
should occur within SSE and not within THR, the puta-
tive N-terminal separase domain released during evolu-
tion. We have not detected SSE processing in Drosophila.
But the hypothesized evolutionary gene split resulting in
the independent Sse* and thr* genes of Drosophila might
represent a permanent separation of those separase frag-
ments that are generated by mitotic cleavage in human
cells. The theory that mitotic THR cleavage does not
correspond to human separase self-cleavage is also sup-
ported by the apparently distinct functional conse-
quences of these processing events. Whereas THR cleav-
age contributes to SSE inactivation, cleaved human sepa-
rase is clearly active (Stemmann et al. 2001). Mitotic
THR cleavage therefore might be an event specific for
insects with their characteristic early embryogenesis in-
cluding syncytial division cycles followed by cellulariza-
tion. Early embryogenesis is precisely the developmental
period that is most dependent on THR cleavage. We do
not understand why THR cleavage is essential at 18°C
but largely dispensable at 25°C. The reason for this cold-
sensitivity is not simply stress per se, because we did not
observe sensitivity at elevated temperatures. We note
that microtubule-dependent processes tend to be sensi-
tive to cold temperatures (Brinkley and Cartwright 1975;
Rieder 1981).

At present, we also do not understand why THR cleav-
age is particularly crucial for the process of cellulariza-
tion, whereas it is less important during other develop-
mental stages. As THR cleavage contributes to SSE in-
activation, the phenotypes caused by noncleavable THR
variants presumably reflect SSE hyperactivation. Persis-
tence of SSE activity into S phase might be expected to
interfere with the establishment of sister-chromatid co-
hesion by premature degradation of the Sccl cohesin
subunit. A rapid SSE inactivation resulting from mitotic
THR cleavage, therefore, would be expected to be most
important during the extremely rapid syncytial division
cycles, during which the alternative pathway of SSE in-
hibition by resynthesis of the securin PIM during inter-
phase might not be fast enough. In principle, the various
irregularities observed during the syncytial cycles in
THRAV? embryos might reflect consequences from pre-
mature Sccl degradation by hyperactive SSE. The lim-
ited penetrance and expressivity of these defects during
the syncytial cycles, however, makes a detailed charac-
terization difficult.

The highly penetrant phenotype observed during cel-
lularization is very unlikely to result from premature
Sccl degradation. The extensive cellularization defects
start well after completion of mitosis 13, which is at
most subtly defective in a few nuclei. We therefore as-
sume that hyperactive SSE results in the degradation of
an unknown protein that is crucial for cellularization.

Observations in other organisms have also indicated
that separase has other targets in addition to cohesin
subunits. Caenorhabditis elegans separase appears to
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have targets whose cleavage is important for osmotic
barrier and anterior-posterior axis formation in the fer-
tilized egg (Siomos et al. 2001; Rappleye et al. 2002).
Moreover, a bioinformatics survey has revealed 26 po-
tential separase targets in the S. cerevisiae proteome
(Rao et al. 2001), and the kinetochore-associated protein
S1k19 has in fact been confirmed as a separase target.
Cleavage of Slk19 has been shown to contribute to ana-
phase spindle stability (Sullivan et al. 2001). Even though
a Drosophila ortholog for S1k19 cannot be identified, it is
conceivable that spindle-associated proteins are also SSE
targets in Drosophila. Excess cleavage of microtubule-
associated targets important for cytoskeletal organiza-
tion might thus cause the cellularization defects in
THRAV® embryos, which clearly have an abnormal v-tu-
bulin distribution during interphase 14. The putative ad-
ditional SSE targets might be exclusively or particularly
important during cellularization. Alternatively, it is not
excluded that the alternative pathway of SSE inhibition
by PIM resynthesis is particularly inefficient before cel-
lularization, because the decrease of maternal pim
mRNA levels at this stage might not yet be fully com-
pensated by zygotic pim expression.

In conclusion, although mitotic and meiotic cohesin
subunits have been shown to be crucial targets of eu-
karyotic separases, recent results point to additional sub-
strates involved in processes beyond sister-chromatid
separation and to novel regulatory mechanisms. Analy-
ses in different organisms, which have revealed surpris-
ingly distinct aspects of separase regulation and func-
tion, will perhaps rapidly converge toward a complete
picture.

Materials and methods

Fly stocks and crosses

The transgenic lines gthr—myc .1 and gthr 445-1379-myc I1I.1
have been described previously (Leismann et al. 2000; Jiger et al.
2001). gthr 1-1204-myc lines were generated analogously.
gthr*Ve-myc and gthr®P-myc lines were generated with modi-
fied gthr-myc constructs carrying the desired mutations intro-
duced with the QuikChange Mutagenesis kit (Stratagene).
Sse’®™ Df(3L)SseA (Jiger et al. 2001), pim® (Stratmann and
Lehner 1996), and thr'® (Niisslein-Volhard et al. 1984) have been
described previously. An Sse’®™ chromosome carrying the
transgene gSse* II1.1 was constructed by meiotic recombination.
gSse* 1.1, UAS-HA-Sse I11.1, and UAS-HA-Sse“#*°7S T11.2 have
been described previously (Jiager et al. 2001). The UAS trans-
genes were expressed using adtub-GAL4-VP16 (Micklem et al.
1997). The T(2;3) TSTL CyO; TM6B, Tb balancer stock (TSTL)
was a gift from Konrad Basler (Institute of Molecular Biology,
University of Zurich, Zirich, Switzerland).

To investigate the phenotype resulting from two gthr
myc transgenes in a thr* background, all six possible pairs of the
transgenes gthr*V%-myc IL.1, gthr*V?-myc 11.2, gthr*V%-myc
11.3, and gthr*V?-myc I1.4 were combined by meiotic recombi-
nation. Females with the genotypes gthr*V°-myc Il.n, gthr*V-
myc IL.m/+; Df(3L)SseA/+ or gthr*V°-myc I.n, gthr*V°-myc
IL.m/+; Sse'®™/+ or gthr*V@-myc IL.n, gthr*V%-myc IL.m/+;
Sse’®™, gSse* TI1.1/+ or gthr*VC—myc IL.n, gthr*Y%—myc IL.m/+;
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TM3, Ser Act5c-GFP/+ were crossed to w' males at 18°C. The
letters n and m refer to the different transgene insertion num-
bers. For the experiment shown in Figure 6A, the chromosome
gthr*VC-mycI1.2, gthr*V°-myc I1.3 was used. At least four vials
with six females and eight to ten w! males were set up for each
cross; eggs were allowed to be laid for 7 days, and all eclosing
progeny were counted. In all cases, the cold-sensitivity caused
by the two gthr*V°-myc transgene insertions was strongly sup-
pressed (at least 100-fold more progeny when the maternal Sse
dose was reduced by 50%).

To determine the cold-sensitive period of the maternal-effect
lethality resulting from noncleavable thr variants, eggs were
collected from gthr®P-myc 1.1, or gthr*Y%—myc I1.3, or gthr-
mycIIL1, or gthr*V2-myc I11.3/+ females at 25°C for 1 h on apple
juice agar plates. The agar plates were divided into three sectors.
One sector was left at 25°C, one sector was shifted to 18°C after
3.5 h, and a third sector was incubated at 18°C for 4.5 h and then
shifted back to 25°C for the rest of embryonic development.
Each sector was used for the determination of larval hatch rates.

For the analysis of the phenotype associated with the mater-
nal expression of two gthr*V2-myc transgenes in the presence
of Gal4-inducible Sse transgenes, females with the genotype
gthr*VC-myc I1.3, gthr*V°-myc 11.4/adtub-GAL4-VP16; UAS-
HA-Sse TI1.1/Sse’®™, or gthr*V2-myc 1.3, gthr*V%-myc 11.4/
adtub-GAL4-VP16; UAS-HA-Sse€#*°7S T11.2/Sse!®™ were gener-
ated. Control females had the genotype gthr*V%-myc 113,
gthr*VQ-myc 11.4/TSTL; UAS-HA-Sse*7S TI1.2/TSTL or
gthr*VC—myc 11.3, gthr®Y°-myc 11.4/TSTL; Sse’*™/TSTL. All fe-
males were crossed to w’ males. Eggs were collected at 25°C for
1 h and then incubated at 18°C for 4.5 h before fixation and
DNA labeling. In addition, eggs were collected at 25°C for 2 h
and used to prepare protein extracts for immunoblotting.

Coupled in vitro transcription and translation

To generate THR fragments in vitro, the regions coding for C-
terminal domains starting at amino acids 954, 973, 995, 1013,
and 1032 were enzymatically amplified and cloned into the vec-
tor pCITE2a (Novagen). The forward primers were designed to
introduce a start codon immediately upstream of the following
thr coding regions. The resulting plasmids were used as tem-
plates in coupled in vitro transcription and translation reactions
using the TNT system (Promega). Next 0.1 pL of each in vitro
reaction was run on a SDS-PAGE next to an extract prepared
from pooled embryos synchronously progressing through ana-
phase 14 (see Fig. 1G). The extracts were subsequently analyzed
by immunoblotting with an anti-THR antibody.

Antibodies

Antibodies against a-tubulin (mAB DM1A; Neomarkers), y-tu-
bulin (GTU-88; Sigma), and secondary antibodies (Jackson Im-
munoresearch) were obtained commercially. The anti-Arma-
dillo antibody (mAb N2 7Al; Peifer et al. 1994) was obtained
from the Developmental Studies Hybridoma Bank (University
of Towa). Antibodies against the human c-myc-epitope (mAb
9E10; Evan et al. 1985), the HA-epitope (mADb 12CA5; Niman et
al. 1983), cyclin B (Jacobs et al. 1998), cyclin A (Lehner and
O'Farrell 1989), PIM and SSE (Jiger et al. 2001), and THR (Leis-
mann et al. 2000) have been described previously.

Immunoblotting and immunolabeling

Extracts from embryos at defined stages of mitosis 14 were ob-
tained as described (Sauer et al. 1995). For the analysis of defined
cell cycle stages during the syncytial blastoderm, embryos were



fixed, stained with Hoechst 33258, and stored as described
(Edgar et al. 1994). Embryos at the desired cell cycle stage were
selected under an inverted fluorescence microscope and subse-
quently solubilized in SDS-PAGE sample buffer. Hybond-ECL
membranes and ECL-detection (Amersham Biosciences) were
used for immunoblotting experiments.

For the analysis of THR during mitosis 14 by immunofluo-
rescence, females with the genotype gthr-myc IL1/+, or
gthr*Ve-myc 11.3/+, or gthr 445-1379-myc 1I.1/+, or gthr
1-1204-myc 11.1/+ were crossed with w’ males. Embryos were
collected from these crosses and fixed at the stage of mitosis 14.

To analyze the stability of THR in spindle checkpoint-ar-
rested cells, we collected eggs from a cross between w’ males
and gthr-myc II1.1/+ females. Eggs were collected for 30 min and
aged at 25°C for 150 min. The subsequent permeabilization and
incubation with demecolcine (Sigma) were performed as de-
scribed (Leismann et al. 2000). Control embryos were treated
identically, except that demecolcine was omitted. For the im-
munoblot analysis shown in Figure 3G, methanol-fixed em-
bryos were stained with Hoechst 33258 and examined micro-
scopically. Only fertilized and morphologically intact embryos
were selected for extract preparation.

For the analysis of THR-myc behavior in pim mutants, eggs
were collected from a cross of pim?/CyO, P[w*, ftz-lacZ]; gthr—
myc III.1/+ females and pim?/CyO, P[w*, ftz—lacZ] males. Eggs
were collected for 90 min and aged at 25°C for 270 min, fixed
and immunolabeled. pim mutant embryos progressing through
mitosis 15 were identified by the characteristic pim phenotype
revealed by the DNA staining (Stratmann and Lehner 1996).

For the analysis of the cellular phenotype caused by the pres-
ence of noncleavable THR, eggs were collected from gthr®V<-
myc 11.3, or gthr®P-myc II1.1, or gthr-myc I1I.1 females at 25°C
for 1 h. The eggs were incubated at 18°C for 3.5 h and then fixed
and labeled with a DNA stain.

To quantify defects during syncytial divisions, embryos were
counted that had a nuclear density lower than expected for cycle
13 and that displayed abnormalities in their DNA stain (mitotic
arrest, asynchronous mitoses, large areas devoid of nuclei, very
low density of nuclei on the embryo surface). Percentages were
calculated from the total number of embryos that were exam-
ined.

To quantify defects during cellularization, all embryos were
scored that had completed cellularization (as judged by nuclear
morphology). Among these, embryos with >20 nuclei detached
from the cortex were classified as having a cellularization de-
fect. Percentages were calculated from the total number of
scored cellularized embryos.

Some embryos of the same collections were fixed by heat/
methanol treatment and labeled with an antibody against Ar-
madillo and propidium iodide to stain DNA. Some embryos
were formaldehyde fixed in the presence of taxol and double-
labeled with antibodies against a-tubulin and y-tubulin to vi-
sualize microtubules and centrosomes, respectively. Images
were acquired using a Leica TCS-SP inverted confocal laser
scanning microscope and the Leica confocal software package.
Images were processed using Adobe Photoshop.
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