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Exit from mitosis in eukaryotic cells is regulated by
he cyclosome (also called anaphase promoting com-
lex or APC), a multisubunit ubiquitin ligase that acts
n mitotic cyclins. Previous studies in a cell-free sys-
em from clam oocytes have shown that the activation
f the cyclosome at the end of mitosis involves its
hosphorylation by protein kinase Cdk1/cyclin B. Ge-
etic and biochemical studies have furthermore indi-
ated that cyclosome activity also requires a WD-40
epeat containing protein called Fizzy (FZY) or Cdc20.
t has been suggested [Fang et al. (1998) Mol. Cell 2,
63–171] that in the presence of FZY, the phosphoryla-
ion of the cyclosome is not critical for its activation.
y contrast, we find that the activity of the interphase,
on-phosphorylated form of the cyclosome from clam
mbryos is not stimulated by FZY to a significant ex-
ent. However, when interphase cyclosome is first in-
ubated with protein kinase Cdk1/cyclin B, the subse-
uent supplementation of FZY greatly stimulates its
yclin-ubiquitin ligase activity. Furthermore, phos-
hatase treatment of purified mitotic cyclosome pre-
ents its stimulation by FZY, a process that can be
eversed by the action of protein kinase Cdk1/cyclin B.
e conclude that in the early embryonic cell cycles,

he primary event in the activation of the cyclosome at
he end of mitosis is its Cdk1-dependent phosphoryla-
ion and activation by FZY takes place in a subsequent
rocess. © 1999 Academic Press

Exit from mitosis in eukaryotic cells requires the
biquitin-dependent degradation of cell cycle regula-
ory proteins, such as mitotic cyclins and anaphase
nhibitors (reviewed in 1, 2). The degradation of these
roteins is controlled by a multi-subunit ubiquitin
igase known as the cyclosome (3) or anaphase-

1 Corresponding author. Fax: 9724-853-5773. E-mail: hershko@
x.technion.ac.il.
193
romoting complex (APC) (4). In early embryonic cell
ycles, the cyclosome is inactive in the interphase, but
ecomes active at the end of mitosis. We have been
tudying the mechanisms of the regulation of cyclo-
ome activity in a cell-free system from clam oocyctes.
he inactive, interphase form of the cyclosome can be
onverted in vitro to the active form by incubation with
rotein kinase Cdk1/cyclin B (3, 5), and the mitotic
orm can be inactivated by treatment with a protein
hosphatase (6). We have concluded that in the early
mbryonic cell cycles, the activity of the cyclosome is
egulated by reversible phosphorylation (6). The mi-
otic, phosphorylated form of the cyclosome can be pu-
ified by affinity chromatography on immobilized Suc1
7), an essential cell cycle protein that has high affinity
o Cdk1 and to some phosphorylated proteins. In the
ourse of that study we have noted that the cyclin-
biquitin ligase activity of the cyclosome decreased
arkedly following affinity purification, but activity

ould be restored by the addition of the flow-through
raction that was not adsorbed to the affinity column
7). These findings indicated the involvement of addi-
ional factor(s) in the regulation of cyclosome activity.

Additional regulators of cyclosome activity have
een discovered by genetic studies. In Drosophila
elanogaster, two WD-40 repeat containing proteins,

zzy (FZY) and fizzy-related (FZR), have been shown to
e required for the degradation of mitotic cyclins in
itosis and in the G1 phase of the cell cycle, respec-

ively (8, 9). Similar, though not identical functions
ave been described for two homologous proteins in
accharomyces cerevisiae, Cdc20 and Cdh1/Hct1, re-
pectively (10, 11). The function of FZR/Cdh1 appears
o be restricted to somatic and yeast cell cycles, where
t keeps the cyclosome active during the G1 phase (9,
2–15). By contrast, early embryonic cell cycles have
o G1 phase, and consist of rapidly alternating S and

phases. Accordingly, only FZY (and not FZR) is
ound in early embryonic cells of Drosophila (9) and
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



X
s
s
e
i
X
i

F
t
c
i
p
a
p
b
i
h
v
c
i
s
a
c
t
n
c
(
fi
f
(
S
l
c
p
p
b

M

e
f
S
p
p
t
D
m
p
s
“
w
t

w
W
T
m
m

methionine and 0.02 mM unlabeled methionine. Following incuba-
t
e
8
T
l
a
A
l
A
r
s

m
T
r
c
u
p
“
s
7
t
q

R

a
d
a
p
m
v
F
a
F
l
a
c
p
s
F
a
a
a
g
i
t
a
c
t
d

F
o
h
t
S
b
c

Vol. 260, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
enopus (16), while FZR is expressed only at a later
tage of embryonic development, when cell cycles are
witched to the somatic mode. Therefore, when consid-
ring the mode of the regulation of cyclosome activity
n early embryonic systems, such as clam oocytes or
enopus eggs, only the effects of FZY have to be taken

nto account.
This study was initiated in order to examine whether

ZY can functionally replace the cyclosome-stimula-
ory factor in the flow-through fraction, and if so, to
haracterize the mode of action of FZY in this biochem-
cal system. In the course of this work, two recent
apers have reported that FZY stimulates cyclosome
ctivity in vitro. Lorca and co-workers (16) have re-
orted that antibodies directed against Xenopus FZY
lock the degradation and ubiquitinylation of cyclin B
n extracts of mitotic Xenopus eggs. Fang et al. (17)
ave reported that human FZY/Cdc20, translated in
itro in reticulocyte lysates, binds to immunopurified
yclosome from Xenopus eggs and stimulates its activ-
ty. These authors have furthermore reported that FZY
timulates the activity of both mitotic (phosphorylated)
nd interphase (non-phosphorylated) preparations of
yclosome from Xenopus eggs. It was concluded that
he binding of FZY/Cdc20 to the cyclosome/APC, and
ot the phosphorylation of the cyclosome/APC, is the
ritical step in the activation of the cyclosome/APC
17). This suggestion is at variance with our earlier
ndings that the phosphorylation of the cyclosome
rom early embryonic cells is required for its activity
6), and that the fraction not adsorbed to Suc1-
epharose stimulates the activity of the phosphory-

ated, but not of the non-phosphorylated form of the
yclosome (7). We have therefore re-examined this
roblem and our results are reported in the present
aper. We discuss possible reasons for the difference
etween our results and those of Fang et al. (17).

ATERIALS AND METHODS

Extracts of M-phase clam oocytes and interphase two-cell clam
mbryos were prepared as described previously (5, 18). The mitotic
orm of the cyclosome was purified by affinity chromatography on
uc1-Sepharose (7). The flow-through fraction of this procedure was
repared as described (7). Cyclosome from interphase embryos was
artially purified by chromatography on DEAE-cellulose, salt extrac-
ion and gel filtration on Superose-6, as described (19). Cdk1/GST-
88-cyclin B was prepared and purified by sequential affinity chro-
atography on Suc1-Sepharose and GSH-agarose, as described

reviously (7, 19). We have used this preparation for the present
tudy, because it has high kinase activity, but lacks the N-terminal
destruction box” region of cyclin, and therefore does not interfere
ith the cyclin-ubiquitin ligation assay (7, 19). To facilitate descrip-

ion, this preparation is referred to as Cdk1/cyclin B.
Human FZY cDNA was obtained from EST clone 656-h22, which
as sequenced and found to be identical to p55cdc (FZY) cloned by
einstein et al. (20). This cDNA was cloned into the pT7T3 plasmid.

ranslation of FZY in vitro was carried out in a reaction volume of 55
l containing 50 ml TnT Quick Coupled Transcription-Translation
ix (Promega), 1 mg of the above-described plasmid, 50 mCi 35S-
194
ion at 30°C for 90 min, the formation of FZY was verified by gel
lectrophoresis and radioautography. In all preparations, more than
0% of total protein radioactivity was in the 55-kDa FZY protein.
ranslation mix lacking FZY was prepared in a similar incubation

acking the plasmid. For immunodepletion of Cdc27, a monoclonal
ntibody directed against human Cdc27 (21) was covalently linked to
ffi-Prep Protein A beads (BioRad), as described (22). 40 ml of trans-

ation mix containing FZY was mixed with 5 ml of anti-Cdc27-protein
beads (;1.2 mg of IgG/ml beads) at 0°C for 1 h. The beads were

emoved by centrifugation, the treatment was repeated and the
upernatants were filtered through a 0.45-mM Microspin filter.
The cyclin-ubiquitin ligase activity of the cyclosome was deter-
ined in a reaction mixture containing in a volume of 10 ml: 40 mM
ris-HCl (pH 7.6), 1 mg/ml reduced-carboxymethylated bovine se-
um albumin, 1 mM dithiothreitol, 5 mM MgCl2, 10 mM phospho-
reatine, 50 mg/ml creatine phosphokinase, 50 mM ubiquitin, 1 mM
biquitin aldehyde, 1 pmol E1, 5 pmol E2-C, 1 mM okadaic acid, 1-2
mol (;2 3 105 cpm) of 125I-labeled cyclin B (13-91)/protein A (termed
125I-cyclin” subsequently) and source of cyclosome as specified. The
ources of materials used in the reaction mixture are described in ref
. Following incubation at 18°C for 60 min, samples were subjected
o electrophoresis on a 12.5% polyacrylamide/SDS gel. Results were
uantified with a phosphorimager.

ESULTS

We have first examined whether FZY stimulates the
ctivity of cyclosome purified from clam oocytes, as
oes the fraction not adsorbed to the Suc1-Sepharose
ffinity column (7). Because recombinant FZY ex-
ressed in bacteria is not soluble (16, 17), and it is also
ostly insoluble when expressed with a baculovirus

ector in insect cells (our observations), we have used
ZY translated in vitro in reticulocyte lysate (17). The
ddition of increasing amounts of such preparation of
ZY to the purified mitotic cyclosome strongly stimu-

ated cyclin-ubiquitin ligase activity (Fig. 1, closed tri-
ngles). Because FZY was added in a translation mix
ontaining reticulocyte proteins, we have examined the
ossible contribution of the translation mix to the ob-
erved effect. We found that translation mix lacking
ZY did stimulate cyclosome activity (Fig. 1, open tri-
ngles), but to a much less extent than did similar
mounts of translation mix containing FZY. Without
dded cyclosome, a low activity of cyclin-ubiquitin li-
ation could be observed with translation mix contain-
ng or lacking FZY (Fig. 1, filled and open circles). It
hus seems that reticulocyte lysates contain a low
mount of FZY-like activity, and a lower amount of
yclosome-like activity, but most of the stimulation of
he activity of cyclosome from mitotic clam oocytes was
ue to in vitro-translated FZY.
We have next examined whether in vitro-translated

ZY can stimulate the activity of the interphase form
f the cyclosome. To prepare interphase cyclosome, we
ave used extracts of clam embryos arrested by eme-
ine at the interphase of the second cell cycle (5, 18).
ince the interphase form of the cyclosome does not
ind to Suc1-Sepharose (7), it was partially purified by
hromatography on DEAE-cellulose followed by gel fil-
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ration on Superose-6 (19). This preparation of inter-
hase cyclosome had no activity of cyclin-ubiquitin li-
ation (Fig. 2, lane 2). In accordance with our previous
esults (7), the addition of the flow-through fraction
rom the Suc1-Sepharose affinity procedure did not
timulate significantly the activity of the interphase
yclosome (Fig. 2, lane 3). When increasing amounts of
n vitro-translated FZY were added to the interphase
yclosome preparation, low activity of cyclin-ubiquitin
igation could be seen (Fig. 2, lanes 4 and 5). However,
his was entirely due to the cyclin-ubiquitin ligation
ctivity of the translation mix, as shown by the obser-
ation that similar amounts of cyclin-ubiquitin conju-
ates were formed when similar amounts of in vitro-
ranslated FZY preparations were incubated in the
bsence of cyclosome (Fig. 2, lanes 10 and 11). To
xamine whether the activity of the same preparation
f interphase cyclosome can be stimulated by FZY fol-
owing phosphorylation, interphase cyclosome was first
ncubated with protein kinase Cdk1/cyclin B in the
resence of MgATP, and then protein kinase action
as stopped by the addition of staurosporine. Subse-
uently, the flow-through fraction or increasing
mounts of FZY were added and cyclin-ubiquitin liga-
ion activity was determined (Fig. 2, lanes 6–9). Fol-
owing phosphorylation by the protein kinase, activity
as strongly stimulated by the flow-through fraction

FIG. 1. FZY stimulates the activity of purified cyclosome from
escribed under “Materials and Methods”, in the presence of the indic
“TM”). Where indicated, 0.5 ml of affinity-purified cyclosome from m
ithout cyclosome; filled symbols, with in vitro-translated FZY; ope
195
Fig. 2, cf. lanes 6 and 7) and even more by high
oncentrations of FZY (Fig. 2, lanes 8 and 9). It is
otable that the flow-through fraction stimulated
ainly the accumulation of low molecular mass conju-

ates, while FZY stimulated the accumulation of high
olecular mass conjugates, containing long polyubiq-

itin chains (Fig. 2, lanes 7–9). This may be due to the
resence of an enzyme that disassembles polyubiquitin
hains in the flow-through fraction, or to a difference
etween the mode of action of factor(s) present in this
raction and that of FZY. Control experiments indi-
ated that the addition of staurosporine prior to incu-
ation of interphase cyclosome with protein kinase
dk1/cyclin B completely prevented the stimulation of
yclin-ubiquitin ligation activity by FZY (data not
hown). These results suggest that FZY stimulates
he activity of the cyclosome only following a phosphor-
lation reaction carried out by protein kinase Cdk1/
yclin B.
Since the above-described experiments were carried

ut with partially purified preparation of cyclosome
rom interphase cells, it was possible that some of the
bserved effects were due to indirect mechanisms. For
xample, it could be that the preparation of interphase
yclosome contained an inhibitor of FZY action, and
hat this inhibitor was inactivated by phosphorylation
atalyzed by Cdk1/cyclin B. We have therefore further

totic clam oocytes. 125I-cyclin-ubiquitin ligation was determined as
d amounts of in vitro-translated FZY, or translation mix lacking FZY
ic clam oocytes (“CS”) was added. Triangles, with cyclosome; circles,
mbols, with translation mix lacking FZY.
mi
ate
itot
n sy



e
c
t
c
w
w
t
a
a
m
p
a
o
w
o
c
u
l
t
d
p

i
t
m
f
w
T
p
s

v
t
r
l
c
o
o
C

s
p
m
(
t
“
M
w
c
i
s
p
1

a
c
p
p

s
C
w
6
s
t
a
t
a
i
l
c
f
i
(

Vol. 260, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
xamined this problem with the aid of purified mitotic
yclosome that had been subjected to phosphatase
reatment. In the experiment shown in Fig. 3, purified
yclosome from mitotic clam oocytes was incubated
ith lambda phosphatase and then phosphatase action
as terminated by the addition of vanadate (23). Con-

rol experiments (not shown) have indicated that van-
date effectively inhibited phosphatase action, without
ffecting the cyclin-ubiquitin ligation reaction. Treat-
ent of purified mitotic cyclosome with lambda phos-

hatase markedly reduced its cyclin-ubiquitin ligation
ctivity and prevented most of the stimulation by FZY
r the flow-through fraction (Fig. 3, compare lanes 4–6
ith lanes 1–3). At least a part of the slight activity
bserved in the incubation of phosphatase-treated cy-
losome with FZY (Fig. 3, lane 6) is due to the cyclin-
biquitin ligation activity of reticulocyte lysate trans-

ation mix, supplemented together with in vitro-
ranslated FZY. The question arose whether the
ecrease in cyclin-ubiquitin ligation activity of
hosphatase-treated cyclosome is due to its irrevers-

FIG. 2. Activity of cyclosome from interphase clam embryos is
timulated by FZY only following phosphorylation by protein kinase
dk1/cyclin B. Samples of 1 ml of interphase cyclosome preparation
ere incubated (18°C, 20 min) with 500 units of Cdk1/cyclin B (lanes
–9) or without the protein kinase (lanes 2–5), in a reaction mixture
imilar to that used for the assay of cyclin-ubiquitin ligation, except
hat 125I-cyclin was omitted. Subsequently, staurosporine (5 mM) was
dded to all samples, followed by the addition of flow-through frac-
ion (ref. 7, 10 mg of protein) or in vitro-translated FZY (0.3 or 1.0 ml),
s indicated. Following the addition of 125I-cyclin, all samples were
ncubated for a further 60 min for the assay of cyclin-ubiquitin
igation. Cyc., position of free 125I-cyclin; Cyc-(Ubn), cyclin-ubiquitin
onjugates. All labeled protein bands of molecular size higher than
ree cyclin are cyclin-ubiquitin conjugates, except for a contaminat-
ng protein labeled by * symbol, and FZY labeled with 35S-methionine
“35S-FZY”), seen in lanes 5 and 11.
196
ble inactivation, caused by the conditions of incuba-
ion of phosphatase treatment. However, we found that
ost of FZY-stimulated activity could be restored by a

urther incubation of phosphatase-treated cyclosome
ith protein kinase Cdk1/cyclin B (Fig. 3, lanes 7–9).
he cumulative evidence thus strongly indicates that
hosphorylation of the cyclosome is required for its
timulation by FZY.
Our finding that reticulocyte lysate, present in the in

itro translation mix, had some cyclin-ubiquitin liga-
ion activity (Fig. 2, lane 11) was surprising, because
eticulocytes are terminally differentiating cells that
ack nuclei. We have therefore examined whether the
yclin-ubiquitin ligation activity is due to the presence
f cyclosomes in reticulocyte lysates. Immunoblotting
f reticulocyte lysate with an antibody directed against
dc27 (a subunit of the cyclosome) indicated the pres-

FIG. 3. Phosphatase treatment of the mitotic form of the cyclo-
ome prevents its stimulation by FZY. Samples of 1 ml of affinity-
urified mitotic cyclosome preparation were incubated (18°C, 60
in) with 10 units of lambda phosphatase (New England Biolabs)

lanes 4–9), or without phosphatase (lanes 1–3), in a reaction mix-
ure similar to that used for the assay of cyclin-ubiquitin ligation (see
Materials and Methods”), except that 125I-cyclin was omitted and
nCl2 (0.1 mM) was added. Subsequently, 2 mM sodium vanadate
as added to all samples, followed by the supplementation of Cdk1/

yclin B (500 units) to the indicated samples. Following a second
ncubation of 60 min at 18°C, staurosporine (5 mM) was added to all
amples. Where indicated, flow-through fraction (ref. 7, 10 mg of
rotein), or in vitro-translated FZY (0.3 ml) were supplemented.

25I-cyclin was added to all samples, and cyclin-ubiquitin ligation was
ssayed after a third incubation of 60 min. Cyc., position of free
yclin; Cyc(Ubn), cyclin-ubiquitin conjugates; *, contamination in the
reparation of labeled cyclin. Numbers on the right side indicate the
osition of molecular mass protein markers (kDa).
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nce of this protein (Fig. 4A). To examine whether
dc27 is a part of a functional cyclosome complex in

eticulocyte lysates, we have subjected these lysates
containing in vitro-translated FZY) to immunodeple-
ion with an anti-Cdc27 antibody. This immunodeple-
ion procedure removed part of the Cdc27 protein (Fig.
A). This was accompanied by a partial decrease in the
yclin-ubiquitin ligation activity of the FZY translation
ix, assayed with large amounts of translation mix to

ncrease the sensitivity of detection (Fig. 4B). We have
oncluded that at least a part of the cyclin-ubiquitin
igation activity of reticulocyte lysates is due to the
resence of functional cyclosomes.

ISCUSSION

Our results indicate that in the early embryonic cell
ycles, the primary event in the activation of the cyclo-
ome at the end of mitosis is its Cdk1-dependent phos-
horylation. Subsequently, FZY stimulates the activity
f the phosphorylated cyclosome. This conclusion is
ased on the observations that the cyclin-ubiquitin
igase activity of the interphase form of the cyclosome
s stimulated by FZY only following phosphorylation by
dk1/cyclin B (Fig. 2) and that phosphatase treatment
f the purified mitotic cyclosome prevents its stimula-
ion by FZY, a process that can be reversed by the
ction of protein kinase Cdk1/cyclin B (Fig. 3). It
hould be emphasized that our conclusions are limited
o the case of early embryonic cell cycles, and there is
o sufficient evidence at present for the involvement of
yclosome phosphorylation in its activation in somatic
ell cycles.

Our results are different from those of Fang et al.
17), who reported that FZY stimulates the activity of
oth mitotic and interphase cyclosomes from Xenopus
ggs and suggested that phosphorylation of cyclosome
s not critical for its activation. It does not seem likely
hat this difference in results is due to species differ-
nces in regulatory mechanisms between clams and
rogs, because both are early embryonic systems acti-
ated by Cdk1/cyclin B (3, 5, 24, 25), and basic cell cycle
egulatory mechanisms are strongly conserved in evo-
ution in eukaryotes (1, 2). It rather seems that the
iscrepancy in results is due to differences in experi-
ental conditions. An important difference is the mode

f preparation of interphase extracts. Our method con-
ists of fertilization of clam oocyctes and the addition of
he protein synthesis inhibitor emetine at the end of
itosis 1 (5, 18). Under these conditions, mitotic cyc-

ins are degraded and the first cell division takes place,
ut embryos are arrested in the two-cell state due to
he inhibition of new cyclin synthesis. Only batches in
hich 98–100% of embryos are arrested in the two-cell

tate are used for the preparation of interphase ex-
racts (18). In such interphase extracts, levels of pro-
ein kinase Cdk1/cyclin B activity are less than 1% of
197
hose in M-phase extracts (7), and there is virtually no
yclosome activity (Fig. 2). By contrast, Xenopus egg
nterphase extracts are prepared by activation of eggs
y electrical stimulation or ionophore treatment, fol-
owed by incubation in the presence of a protein syn-
hesis inhibitor (2). Thus, these cells are arrested be-
ore mitosis 1, while clam embryos are arrested after

itosis 1. It appears that in the interphase before
itosis 1, the inactivation of the cyclosome is not com-

lete, because in such Xenopus interphase extracts,
ignificant residual amounts of cyclosome activity can
e seen (14, 17). It seems possible, therefore, that cy-
losomes from such preparations of interphase Xeno-
us eggs are partially phosphorylated, which would
xplain their stimulation by FZY. A further difference
s that the results of Fang et al. (17) were not corrected

FIG. 4. Presence of cyclosome in reticulocyte lysates. Translation
ix containing in vitro-translated FZY was subjected to immu-
odepletion with anti-Cdc27 antibodies, as described under “Mate-
ials and Methods”. (A) Detection of Cdc27 by immunoblotting. Sam-
les of 70 mg protein (equivalent to 1 ml of untreated translation mix)
f untreated or immunodepleted preparations were separated on
0% polyacrylamide-SDS gel and immunoblotted with an anti-Cdc27
ntibody (Transduction Laboratories). (B) Cyclosome activity.
yclin-ubiquitin ligation was assayed in samples of 140 mg of the
ame preparations as described under “Materials and Methods”,
xcept that the temperature of incubation was 30°C.
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or cyclosome activity in the translation mix containing
n vitro-translated FZY. Such correction can be sig-
ificant if large amounts of translation mix are used
Fig. 4).

The mode of action of FZY and its possible regulation
n the cell cycle are not known and require further
nvestigation. In somatic cell cycles, levels of FZY os-
illate with a peak in mitosis followed by rapid decline
o low levels in G1 (14, 26). By contrast, FZY is present
t high levels in both M-phase and interphase Xenopus
ggs (16). We have also observed FZY-like cyclosome-
timulating activities in extracts of both M-phase and
nterphase clam oocytes (unpublished observations).
hus, in early embryonic systems, FZY activity does
ot seem to be regulated by changes in its levels. Phos-
horylation of FZY has been observed in mitosis in
oth somatic (20, 26) and early embryonic (16) cells.
hile it has been established that phosphorylation of
dh1/FZR in yeast negatively regulates its activity (12,
5, 27), the functional significance of the phosphoryla-
ion of FZY remains to be elucidated.
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