nated in the town of Contursi in the Salerno province
of southern ltaly (77); some members emigrated to
the United States, Germany, and other countries.

The extended family pedigree consists of 592 mem--

bers with 60 individuals affected by PD (Fig. 1). High
molecular weight genomic DNA was isolated from
whole-blood lysate as described [G. I. Bell, J. Karam,
W. Rutter, Proc. Natl. Acad. Sci. U.S.A. 78, 5979
(1981)]. Genotyping was performed as described [J.
M. Gyapay et al., Nature Genet 7, 262 (1994)]. Pair-
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age. For the multipoint analysis allele frequencies
were set to 1/n where n equals the number of alleles
observed. In the two-point analysis, lod scores were
calculated for both the reported and the 1/n allele
frequencies with minimal effect on the maximum lod
score observed. Simulations of multipoint analysis in
a subset of the pedigree with different allele frequen-
cies similarly indicated no significant effect on the
scores calculated. Maximum lod scores as shown
were observed for the heterozygote and homozy-
gote disease allele penetrance set to 0.99 which is
similar to the PD allele penetrance previously report-
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individuals used in the study were of age above the
mean for onset of illness. Disease allele frequency
was set to 0.001. Distances and order of genetic
markers were set as reported in the CHLC data-
base. Overlapping three point analysis was per-
formed for markers D4S2361, D4S1647, D4S421,
and the PD locus. The 12-allele D4S2380 locus
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parallel computer and the SGI Challenge machine.
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protect patient confidentiality.
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Identification of BIME as a Subunit of the
Anaphase-Promoting Complex

Jan-Michael Peters,* Randall W. King,* Christer H66g,
Marc W. Kirschneri

The initiation of anaphase and exit from mitosis require the activation of a proteolytic
system that ubiquitinates and degrades cyclin B. The regulated component of this
system is a large ubiquitin ligase complex, termed the anaphase-promoting complex
(APC) or cyclosome. Purified Xenopus laevis APC was found to be composed of eight
major subunits, at least four of which became phosphorylated in mitosis. In addition to
CDC27, CDC16, and CDC23, APC contained a homolog of Aspergillus nidulans BIME,
a protein essential for anaphase. Because mutation of bimE can bypass the interphase
arrest induced by either nimA mutation or unreplicated DNA, it appears that ubiquiti-
nation catalyzed by APC may also negatively regulate entry into mitosis.

Mictotic cyclins bind to the protein kinase
p34°9¢? to promote entry into mitosis in all
eukaryotic cells (1). During anaphase, mi-
totic cyclins are rapidly degraded by ubig-
uitin-dependent proteolysis, leading to the
inactivation of Cdc2 and allowing exit from
mitosis (2). This proteolytic system is also
thought to initiate anaphase by ubiquitinat-
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ing a hypothetical inhibitor of chromosome
segregation (3, 4). Cyclin B ubiquitination
can be reconstituted in reactions contain-
ing the ubiquitin activating enzyme El, ei-
ther one of the ubiquitin conjugating en-
zymes UBC4 or UBCx (5, 6), and APC (5,
7). Xenopus APC contains homologs of
CDC27 and CDCI16 (5), proteins that are
essential for the metaphase-anaphase tran-
sition in yeast and mammalian cells (4, 8).
However, the precise subunit composition
of APC and the mechanisms of its activity
and cell-cycle regulation remain unknown.

We immunopurified APC from interphase
and mitotic Xenopus egg extracts and analyzed
its subunit composition and activity (9). Both
forms contained eight major polypeptides,
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that we refer to as APCI through APCS, in
approximately stoichiometric amounts (Fig.
1A and Table 1). The electrophoretic mobil-
ities of APC1, APC3, APC6, and APCS8 were
reduced in APC purified from mitotic ex-
tracts. These mobility differences were appar-
ently caused by phosphorylation because
treatment of purified mitotic APC with \
protein phosphatase (A\-PPase) (10) produced
a subunit pattern resembling the interphase
form (Fig. 1D). Mitotic APC supported cyclin
B ubiquitination in the presence of either an
interphase  100,000g supernatant  fraction
(S100) or a mixture of purified E1 with UBC4
or UBCx (Fig. 1C) (9). Interphase APC had
approximately 20% of the activity of mitotic
APC. Treatment of mitotic APC with
A-PPase (10) resulted in a similar reduction of
cyclin ubiquitination activity (Fig. 1E), sug-
gesting that phosphorylation of APC subunits
is essential for mitotic levels of activity. Sim-
ilarly, the ubiquitination activity of partially
purified cyclosome from clam is inhibited by
addition of a phosphatase-containing fraction
(11).

Protein microsequencing of individual
APC subunits revealed that APC1, APC3,
APC6, and APC7 are similar to previously
described cell-cycle proteins (Table 1) (12).
Peptide sequences obtained from APC3 and
APC6 were 50 to 100% identical to se-
quences of human CDC27 and CDCI16 (8),
respectively, confirming our previous con-
clusion (5) that these proteins are subunits of
APC. A peptide derived from APC7 was
identical to a sequence encoded by the hu-
man expressed sequence tag H59410, which
showed highest similarity to Saccharomyces
cerevisiae Cdc23p (13). This suggests that
APCT7 is a Xenopus homolog of Cdc23p,
which has previously only been found in
budding yeast, where it interacts with
Cdc27p and Cdc16p (8) and is required for
cyclin degradation (4).

None of the peptide sequences revealed
any similarity to Cselp or Cdc26p—proteins
required for cyclin degradation in budding
yeast (4, 14). We have found that a Xenopus
homolog of Cselp does not cofractionate with
APC during column chromatography or den-
sity gradient centrifugation (15). It remains
possible that a homolog of Cdc26p, which
appears to be a component of yeast APC (14),
is only loosely associated with the Xenopus
complex, and is therefore lost during affinity
purification. However, in Xenopus, neither
Cselp nor Cdc26p is essential for the recon-
stitution of cyclin B ubiquitination in vitro.

We obtained four peptide sequences from
APCI1 (12), all of which showed 60 to 83%
identity to mouse Tsg24, a 216-kD protein
that is 30% identical to Aspergillus nidulans
BIME (16). In immunoblot experiments, an-
tibodies to Tsg24 recognized a 210-kD protein
in crude Xenopus interphase extracts and a
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220-kD protein in mitotic extracts (Fig. 2)
and cross-reacted specifically with purified
mitotic and interphase APC1 (Fig. 1B). The

Fig. 1. Subunit composition
and cyclin ubiquitination activ-
ity of Xenopus APC. (A) SDS-
PAGE analysis of APC purified
from interphase (i) and mitotic
(m) extracts, stained with
Coomassie. (B) Immunoblot
analysis of interphase and mi-
totic APC1, APC3, and APC6
with antibodies specific for
Tsg24 (mouse homolog of
BIME) (76), human CDC27, or
human CDC16 (8). (C) SDS-
PAGE analysis of 125|-labeled
cyclin (2%l-cyc)-ubiquitin
conjugates generated by in-
terphase or mitotic APC in the
presence of either interphase
S100 (S100) or a mixture of
purified recombinant wheat
E1 with either Xenopus UBC4
or UBCx. (D) SDS-PAGE
analysis of mitotic APC sub-
units treated with (+) or with-
out (—) N\-PPase and stained
with  Coomassie. (E) SDS-
PAGE analysis of '25I-labeled
cyclin-ubiquitin~ conjugates
formed by \-PPase-treated
(+) or untreated (—) mitotic
APC in the presence of E1
and UBC4.

Fig. 2. Cofractionation of a
Xenopus homolog of BIME
with APC. (A) Immunoblot
analysis of membrane (M),
S100, and Resource Q col-
umn fractions (7 through 18)
obtained from interphase
Xenopus extracts with anti-
bodies to the proteins indi-
cated. Antibodies to the en-
doplasmic reticulum trans-
membrane protein TRAP«a
(24) were used to control for
the complete separation of
membranous and soluble
proteins. (B) Immunoblot
analysis as in (A) with frac-
tions from mitotic Xenopus
extracts. (C) Immunoblot
analysis of Superose 6 frac-
tions obtained by separation
of the fractions 13 through
15in (B).
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S100 fractions were analyzed by anion ex-
change chromatography and subsequent gel
filtration (Fig. 2) (17). This suggests that
APC1 is a Xenopus homolog of BIME and that
BIME is associated exclusively with APC in
Xenopus eggs. A homolog of BIME is also a
subunit of APC in S. cerevisiae, and yeast
BIME mutants are deficient in degradation of
the mitotic cyclin Clb2p (14), suggesting that
BIME is a highly conserved component of
APC.

Aspergillus BIME and mouse Tsg24 share
three hydrophobic segments that were orig-
inally proposed to function as transmem-
brane sequences (16). However, in immuno-
blot experiments we have been unable to
detect BIME, CDC27, or CDC16 in mem-
brane fractions (Fig. 2) (17). Therefore, we
speculate that the hydrophobic stretches of
BIME represent a motif that may be impor-
tant for interaction with the tetratricopep-
tide repeats (8, 13) of CDC27, CDC16, and
CDC23.

Mutation of the bimE gene in Aspergil-
lus results in arrest of the cell cycle before
anaphase (18). A similar phenotype is
caused by mutation of Aspergillus bimA
(19), a homolog of CDC27 and therefore
also a likely subunit of APC. Our findings
provide a potential molecular mechanism
for the metaphase arrest of these mutants,
as they may be unable to ubiquitinate and
degrade putative inhibitors of anaphase
such as Pdslp and Cut2*p (20).

In addition to regulating exit from mitosis,
BIME may function as a negative regulator of
entry into mitosis: Aspergillus cells treated
with hydroxyurea or carrying a mutation in

Table 1. Subunits of Xenopus APC purified from
interphase (i) and mitotic (m) egg extracts and their
homologs in other species. A.n., Aspergillus nidu-
lans; D.m., Drosophila melanogaster; S.c., Sac-
charomyces cerevisiae; and S.p., Schizosaccha-
romyces pombe. The references for each ho-
molog are as follows: mouse Tsg24 and A.n.
BIME (76); human CDC27, D.m. CDC27, S.c.
Cdc27p, human CDC16, and S.c. Cdc16p (9);
A.n. BIMA, (19); S.p. Nuc2*p and S.p. Cut9*p,
(23); and S.c. Cdc23p (13).

Molecular
Sub- size (kD) Homologs
unit ————
i m
APC1 210 220 Mouse Tsg24, A.n. BIME
APC2 112 112 -
APC3 100 130 Human CDC27, D.m.
CDC27, A.n. BIMA, S.c.
Cdc27p, S.p. Nuc2*p
APC4 100 100 -
APC5 82 82 -
APC6 75 78 Human CDC16, S.p.
Cut9*p, S.c. Cdc16p,
APC7 69 69 S.c. Cdc23p
APC8 66 69 -
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the nimA gene normally arrest in S and G,
phase, respectively, but enter mitosis if bimE
has been mutated (18). It is presently unclear
why mutation of an APC subunit would cause
this phenotype. One possibility is that mitotic
cyclins accumulate in abnormal amounts in
bimE mutants, resulting in premature en-
trance into mitosis. Alternatively, APC may
negatively regulate other activators of mitosis
such as NIMA (2I). Others have proposed
that APC may also regulate exit from S phase
(22). Because APC is composed of eight sub-
units, it is conceivable that APC ubiquiti-
nates multiple proteins that regulate cell-cycle
progression.
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Identification of Subunits of the
Anaphase-Promoting Complex of
Saccharomyces cerevisiae

Wolfgang Zachariae,” Tae Ho Shin,*f Marta Galova,
Brigitte Obermaier, Kim Nasmythi

Entry into anaphase and proteolysis of B-type cyclins depend on a complex containing
the tetratricopeptide repeat proteins Cdc16p, Cdc23p, and Cdc27p. This particle, called
the anaphase-promoting complex (APC) or cyclosome, functions as a cell cycle-regu-
lated ubiquitin-protein ligase. Two additional subunits of the budding yeast APC were
identified: The largest subunit, encoded by the APC1 gene, is conserved between fungi
and vertebrates and shows similarity to BIMEp from Aspergillus nidulans. A small heat-
inducible subunit is encoded by the CDC26 gene. The yeast APC is a 36S particle that

contains at least seven different proteins.

Micotic cyclin degradation is required for the
final exit from mitosis (I, 2) and is a prereq-
uisite for S phase in the subsequent cell cycle
(3). In extracts from Xenopus eggs, degrada-
tion of cyclin B depends on a particle called
the APC, which contains at least eight differ-
ent proteins. The APC and the cyclosome, a
particle found in clam oocytes, function as
cell cycle-regulated ubiquitin-protein ligases
that mediate destruction box—dependent
ubiquitination (4, 5) and thereby target cyc-
lins for proteolysis by the proteasome (6). The

W. Zachariae, T. H. Shin, M. Galova, K. Nasmyth, Re-
search Institute of Molecular Pathology, Dr. Bohr-Gasse
7, A-1030 Vienna, Austria.

B. Obermaier, MediGene GmbH, Lochhamer Str. 11,
82152 Martinsried, Germany.

*These authors contributed equally to this work.
tPresent address: University of Massachusetts, Cancer
Center, 373 Plantation Street, Worcester, MA 01605,
USA.

$#To whom correspondence should be addressed.

VOL. 274 =

15 NOVEMBER 1996

isolation of mutants defective in cyclin deg-
radation led to the identification of the tetra-
tricopeptide repeat proteins Cdc16p, Cdc23p,
and Cdc27p as subunits of the APC (4, 7, 8).
These proteins are required for the onset of
anaphase in various organisms (9, 10). Be-
cause cyclin proteolysis per se is not required
for anaphase (2, 11), it has been suggested
that the APC also targets for destruction pro-
teins whose degradation is necessary for sister
chromatid separation (7, 12).

Mitotic cyclins such as Clb2p are rapidly
degraded in G-arrested yeast cells (7, 13). To
isolate mutants defective in cyclin proteolysis,
we screened mutagenized colonies for B-galac-
tosidase activity resulting from the accumula-
tion of a Clb2-lacZ protein in G, at 37°C as
described (7). We identified 18 mutants that
arrested as large, budded cells with a 2C DNA
content after cycling cultures were shifted
from 25° to 37°C (14). Complementation
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