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The specificity of ubiquitin-mediated protein degradation with regards to the selection of substrates to be
polyubiquitinated has only been determined rather recently. Substrate targeting by the N-end rule and HECT
(homology to E6AP carboxyl terminus) domain ubiquitin ligases occurs through substrate-specific binding
domains. In contrast, the SCF complex recruits substrates through a substrate adaptor protein, the F-box
subunit. Despite evidence showing that Cdc20 and Cdh1 bind and activate the anaphase-promoting complex
(APC) in a substrate-specific manner, there is no evidence that the activating protein and substrate interact
directly; hence, no clear model exists for the mechanism of APC activation or recruitment of substrates. We
show here that the activators Cdc20 and Cdh1 can associate with substrates via their N termini. In the
absence of APC, Cdc20 and Cdh1 bind substrates reflecting Cdc20–APC and Cdh1–APC specificity. The N
termini of Cdc20 and Cdh1 provide specificity functionally, as demonstrated by the generation of active
chimeras that display the specificity corresponding to their N termini. Thus, Cdc20 and Cdh1 act as both
substrate recognition and activating modules for APC.
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Ubiquitin-mediated protein degradation regulates im-
portant cellular processes from cell cycle progression to
Wnt signaling (Peters 1998; for reviews, see Zachariae
and Nasmyth 1999; Jackson et al. 2000). Attachment of a
polyubiquitin chain to a protein targets that protein for
degradation by the 26S proteasome (Coux et al. 1996;
Baumeister et al. 1998). Ubiquitin becomes covalently
attached to a substrate by interaction with a cascade of
enzymes. The last in the series, a ubiquitin protein ligase
(E3), transfers the ubiquitin to a lysine on the substrate
protein (for review, see Hershko and Ciechanover 1998).
In the N-end rule pathway, extending from bacteria to

humans, a destabilizing residue at the N terminus di-
rects proteins for ubiquitination via the E3 N-recognin/
Ubr1p (Saccharomyces cerevisiae) or E3� (in mammals).
Direct binding of substrates to N-recognin/E3� is ob-
served (Reiss et al. 1988; Gonda et al. 1989; Bartel et al.
1990; for review, see Varshavsky 1996). Similarly, HECT
(homology to E6AP carboxyl terminus) domain E3s are
highly conserved from yeast to vertebrates. They share
homology in their C termini to E6AP and contain a con-
served C-terminal cysteine residue that forms a thioester

with ubiquitin; they bind substrates via their N termini
(for review, see Jackson et al. 2000). E6AP targets the src
kinases (Oda et al. 1999), HHR23A and HHR23B (Kumar
et al. 1999). The HECT domain RSP5 in yeast targets
Gap1 and Fur4 by interaction with its N-terminal WW
domains (Hein et al. 1995; Rotin 1998; Wang et al. 1999).
The fission yeast pub1 targets Cdc25 (Nefsky and Beach
1996). Xsmurf1 binds and targets Smad1 for degradation
(Zhu et al. 1999).
Two ubiquitin protein ligases play a role in the cell

cycle: the SCF (Skp1/Cullin/F-box) complex and the ana-
phase-promoting complex (APC) (Peters 1998; for re-
views, see Zachariae and Nasmyth 1999; Jackson et al.
2000). Both complexes contain a protein with cullin ho-
mology (Cul1/Cdc53 in the SCF complex, APC2 in the
APC) (Yu et al. 1998; Zachariae et al. 1998; Seol et al.
1999) and a RING-H2 finger protein, (Rbx1 in the SCF
complex and APC11 in the APC) (Zachariae et al. 1998;
Kamura et al. 1999; Skowyra et al. 1999; Gmachl et al.
2000; for review, see Tyers and Jorgensen 2000). Recruit-
ment of substrates to the SCF complex occurs via the
F-box subunit. F-box proteins interact with the Skp1 sub-
unit of the SCF complex via the F-box motif (Bai et al.
1996). F-box proteins fall into three categories, those
with WD repeats (Fbw), leucine-rich repeats (Fbl), or
other domains (Fbx) (for review, see Jackson et al. 2000).
Binding to substrates requires substrate phosphorylation
and is thought to occur in the non-F-box domains (for
review, see Jackson et al. 2000). Substrate binding has
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been shown to occur for Cdc4 via its WD domain (Skow-
yra et al. 1997), for Grr1 via its leucine rich repeats (Kishi
and Yamao 1998; Hsiung et al. 2001), and for Skp2 via its
other domain (Yeh et al. 2001). In some cases, however,
the F-box protein may not be sufficient for substrate in-
teraction; homo- or heterodimerization of the F-box or
another factor may be required (for review, see Jackson et
al. 2000).
The APC contains several additional subunits without

a defined role; substrate interaction could occur through
one of these proteins. APC activation requires its bind-
ing to the WD repeat containing proteins Cdc20 or Cdh1.
The Cdc20- and Cdh1-bound forms of the APC demon-
strate different substrate specificities (Fang et al. 1998a;
Pfleger and Kirschner 2000). Cdc20–APC recognizes de-
struction box (D box) containing proteins (Glotzer et al.
1991; King et al. 1996; Fang et al. 1998a), and Cdh1–APC
recognizes proteins containing either a D box or a KEN
box (Pfleger and Kirschner 2000). No direct binding of
activating protein to substrate has been demonstrated. In
one case, the APC substrate Hsl1p, a Swe1p inhibitor,
was identified through a two-hybrid interaction screen
with Cdc20, but without addressing direct interaction
(Burton and Solomon 2000). In another case, the putative
substrate cyclin D was shown to bind to other APC sub-
units by �Cdc27 immuno-precipitation analysis (Agami
and Bernards 2000). More recently, the interaction be-
tween cyclin A–Cdk2 with the WD repeats of Cdc20
(Ohtoshi et al. 2000) or Cdh1 (Sorensen et al. 2001) has
been reported for the recognition of Cdc20 and Cdh1 as
substrates of cyclin A–Cdk2. Recruitment of substrate to
the APC might occur through activating protein,
through binding to one of the other subunits of APC, or
through a combination of both.
In this report we present evidence that Cdc20 and

Cdh1, the substrate-specific adaptors of the APC, inter-
act with substrates in an APC-independent manner. We
show that this interaction occurs through their N ter-
mini and does not require the WD repeats. We show that
this binding does not require APC and can occur directly
between purified proteins. Specificity is retained by the
N terminus, as demonstrated by active chimeras be-
tween Cdc20 and Cdh1 when their N termini and WD
repeats are swapped. N-terminal fragments of the acti-
vators are potent APC inhibitors both in vitro and in
vivo, and we introduce a binding assay that could be used
to identify additional APC targets.

Results

APC substrate-specific adaptors Cdc20 and Cdh1
specifically bind substrates

Cdc20–APC directs the ubiquitination of several D-box
substrates in mitosis including the chromokinesin, Xkid
(Funabiki and Murray 2000), the inhibitor of sister chro-
matid separation, securin (Holloway et al. 1993; Cohen-
fix et al. 1996; Funabiki et al. 1996; Yamamoto et al.
1996; Zou et al. 1999), cyclin B (cyc B) (Glotzer et al.

1991), and an inhibitor of DNA replication, geminin
(McGarry and Kirschner 1998). Cdh1–APC recognizes
these four substrates at the end of mitosis and during G1,
as well as the vertebrate NIMA related kinase Nek2, the
p53-inducible KEN-box substrate mB99 (Utrera et al.
1998; Pfleger and Kirschner 2000), and at least four other
KEN box-containing substrates (C. Pfleger and M.
Kirschner, unpubl.). Information regarding the mecha-
nism of interaction between APC and these substrates
has been lacking.
To investigate the interaction between APC and its

substrates, we incubated cold in vitro translated myc-
tagged hCdc20 or hCdh1 bound to �-myc coated beads
with 35S-labeled in vitro translated Xkid, xsecurin, gemi-
nin, and mB99. Myc-tag alone (MT) does not bind any of
these substrates. Myc-tagged Cdh1 (MTCdh1) binds
Xkid, xsecurin, geminin, and mB99 (Fig. 1A), which con-
tain D boxes or KEN boxes, to ∼10% of input. Myc-

Figure 1. Myc-tagged full-length APC activators recover APC
substrates with specificity in binding. (A) Cold in vitro trans-
lated MT, MTCdc20, and MTCdh1 bound to �myc coated beads
and incubated with 35S-labeled in vitro translated APC sub-
strates Xkid, securin, geminin, and mB99, and the non-APC
substrates �-cat and Xic1. The left-most lane of each panel in-
dicates 10% of the in vitro translation material supplied in the
binding assay. (B) Binding of MTCdc20 and MTCdh1 to �myc
beads, as above, incubated with 35S-labeled in vitro translated
full-length Xenopus cyc B (top), xCdc2 (middle), or Xenopus cyc
B cotranslated with xCdc2 (bottom). The left-most panel re-
flects 10% of the material supplied in each assay. (C) Binding of
MTCdc20 and MTCdh1 to anti-myc beads, as above, incubated
with 35S-labeled in vitro translated cyc B-N, cyc B-N �Dbox,
Cdc20N105, and Cdc20N90.
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tagged hCdc20 (MTCdc20) binds the D box-containing
substrates Xkid, xsecurin, and geminin (Fig. 1A), but not
mB99 (Fig. 1A). Neither MTCdc20 nor MTCdh1 bind the
SCF substrates Xic1 or �-cat (Fig. 1A) or over a dozen
other non-APC substrates in this assay (data not shown).
The failure of MTCdc20 or MTCdh1 to bind non-APC
substrates, and the difference in binding of mB99 be-
tween MTCdc20 and MTCdh1 accurately reflects the
differences in substrate specificity between Cdc20- and
Cdh1-activated APC ubiquitin ligase activity.
The facile success of recapitulating APC substrate

specificity in a pull-down assay contrasts the lack of
such reports, including our own previous difficulties. As
discussed throughout this paper, this may be attributable
to nonideal behavior of the cyc B substrate used in pre-
vious experiments. Extension to other D-box and KEN-
box substrates resolves many of the problems. We re-
peated the pull-down assays in Figure 1A using full-
length cyc B. In repeated experiments, we brought down
little to no cyc B with MTCdc20, and varying levels of
cyc B, much less than 10% (Fig. 1B, upper panel), with
MTCdh1 where we saw very clear results with Xkid and
B99. We therefore asked whether coexpression of full-
length cyc B with the partner CDK would stimulate
binding to Cdc20. As shown in Figure 1B (middle panel),
Xenopus Cdc2 (xCdc2) by itself does not bind. However,
cotranslation of cyc B with xCdc2 results in a dramatic
increase in the binding of cyc B by both MTCdc20 and
MTCdh1 (Fig. 1B, lower panel) despite the lack of bind-
ing of xCdc2. This may suggest an indirect effect of
xCdc2 (through phosphorylation of cyc B or other in-
duced conformational changes). Alternatively, Cdc20
and Cdh1may displace cyc B from a cycB/Cdc2 complex.
Because we cannot rule out that the initial binding

between cyc B and Cdc20 and Cdh1 occurs through an
active cyc B/Cdc2 complex recognizing Cdc20 and Cdh1
as substrates, we repeated this assay using the N-termi-
nal peptide of cyc B (cyc B-N). This fragment contains
the D box, but lacks other functional domains of cyc B.
The binding of this N-terminal peptide is much weaker
than Xkid or mB99, binding to ∼1% of the input signal,
but binding is observed to MTCdc20 and MTCdh1, but
not to MT alone (Fig. 1C). In addition, Cdh1 binds the
N-terminal 105 amino acids of Cdc20 (Cdc20N105)
which contains the KEN box and is recognized by Cdh1
(Pfleger and Kirschner 2000) to ∼1%, whereas MTCdc20
and MT alone do not (Fig. 1C). The interaction between
MTCdc20 and MTCdh1 and cyc B-N or Cdc20N105 re-
lies on an intact D box or KEN box; a D box-deleted
fragment of cyc B-N (cyc B-N �D box) and the N-termi-
nal 90 amino acids of Cdc20 (Cdc20N90) lacking the
KEN box do not bind in the same assay (Fig. 1C). Larger
fragments of Cdc20 were not tested in this assay because
of the possible problems of interpretation given the role
of Cdc20 as an activator of APC. For example, we ob-
served the ability of MTCdc20 andMTCdh1 to bind both
full-length Cdc20 and Cdh1 in the pull-down assay (data
not shown). Although both cyc B-N or Cdc20N105 and
full-length cyc B or Cdc20 are all substrates for APC-
mediated degradation, the N-terminal peptides show

much shorter half-lives. We speculate that perhaps the
weaker binding allows more rapid activator-substrate
dissociation followed by more rapid degradation.

The N-terminal domains of Cdh1 and Cdc20
bind substrates

To identify the domains of Cdh1 and Cdc20 responsible
for substrate binding, we repeated the substrate-binding
assay using myc-tagged deletion mutants of hCdh1 and
hCdc20. The N-terminal 170 amino acids (MTCdc20N170)
and 120 amino acids of Cdc20 (MTCdc20N120) bind
similar amounts of Xkid, as does full-length MTCdc20
(Fig. 2A); the N-terminal 173 amino acids (MTCdh1N173)

Figure 2. N-terminal activator binds substrate with specific-
ity. (A) Binding assays as above, using myc-tagged deletion mu-
tants of Cdh1 and Cdc20. Myc-tagged fragments containing the
N-terminal 120 amino acids of Cdc20 and the N-terminal 125
amino acids of Cdh1 were sufficient for binding of Xkid. (B)
Bacterially expressed his-tagged N-terminal hCdc20 bound to
nickel beads (Ni-H6Cdc20N120) binds Xkid, but not mB99. Bac-
terially expressed his-tagged N-terminal hCdh1 bound to nickel
beads (Ni-H6Cdh1N125) binds both Xkid and mB99. Neither
Ni-H6Cdc20N120 nor Ni-H6Cdh1N125 binds �-cat or Xic1. (C)
Both N-terminal bacterially expressed hCdc20 and hCdh1 bind
the N-terminal fragment of Xenopus cyclin B containing the D
box, but fail to recover the D-box deleted N-terminal cyclin B.
(D) In vitro-translated cyc A binds MTCdc20 and MTCdh1, but
not to MT alone. Ten percent of input is shown in the left-most
lane. (E) Bacterially expressed his-tagged N-terminal hCdc20 or
N-terminal hCdh1 bind ∼1–5% of in vitro translated cyc A.

Pfleger et al.

2398 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on May 4, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


and 125 amino acids of Cdh1 (MTCdh1N125) also bind
similar amounts of Xkid (Fig. 2A) or mB99 (data not
shown) as full-length MTCdh1. We also tested whether
the C-terminal WD repeats of Cdc20 and Cdh1 interact
with substrates. The isolated WD repeats of both Cdc20
(Cdc20�170) and Cdh1 (Cdh1�173) bind at least 10%–
20% of substrate input in the binding assay, but also
bind similar levels of other non-APC substrates (data not
shown), indicating that this binding may be nonspecific.
The self-association of Cdc20 and Cdh1 noted earlier re-
quires the WD repeats of each protein (data not shown)
and may reflect this nonspecific binding by the WD re-
peat region. Alternatively, self-association may play a
role in activating APC. The stoichiometry of activator
binding to APC has not been reported, and we have not
determined if this homo- and hetero-dimerization is
functionally required.
Bacterially expressed his-tagged N-terminal hCdc20

(H6Cdc20N120) and hCdh1 (H6Cdh1N125) bind substrates
to a similar extent as the in vitro translated myc-tagged
versions. Nickel-bound H6Cdc20N120 or H6Cdh1N125
binds significant in vitro translated Xkid as compared
to a nickel bead control (Fig. 2B). Only nickel-bound
H6hCdh1N125 binds significant amounts of the KEN-
box substrate mB99. Neither H6Cdc20N120 nor
H6Cdh1N125 bind the non-APC substrates Xic1 or �-cat
(Fig. 2B) or several other non-APC substrates incubated
in the nickel pull-down assay (data not shown). When
incubated with the in vitro translation products of 10
pools of ∼30 clones each from a Xenopus dorsalized gas-
trula cDNA library, only one of the >300 proteins bound
to H6hCdc20N120 and H6Cdh1N125. On sequencing,
this was cyc B, indicating that these recombinant pro-
teins recapitulate full-length specificity, rather than
nonspecific interactions. As with in vitro translated
MTCdc20 and MTCdh1, binding of cyc B-N is weak, but
H6Cdc20N120 and H6Cdh1N125 bind detectable levels
(typically between 1% and 5%) compared to a nickel
bead control (Fig. 2C). This binding depends on an intact
D box; cyc B-N �D box does not bind (Fig. 2C).
Recent reports showing pull-down assays indicate

that cyclin A (cyc A) binds Cdc20 in its WD repeats
(Ohtoshi et al. 2000) and Cdh1 via a cyclin-binding mo-
tif, R-X-L in the C terminus of Cdh1 (Sorensen et al.
2001). Alanine substitution of this cyclin-binding motif
reduces the targeting of cyc A by Cdh1, but has no effect
on the targeting of other substrates, consistent with the
hypothesis that this interaction is not a general Cdh1-
substrate interaction site, but specific for interaction
with cyc A. In our binding assays, we see ∼30%–40% of
cyc A input binding to full-length MTCdc20 and
MTCdh1 (Fig. 2D). Binding to the N-terminal recombi-
nant proteins is drastically reduced (to ∼1%) (Fig. 2E).
This reduction could reflect the weaker binding seen for
cyc B-N, or could indicate that cyc A binds Cdc20 and
Cdh1 primarily through C-terminal regions attributable
to recognizing the activators as substrates. Given the
strong C-terminal binding, a strict requirement for D box
recognition in the N terminus of cyc A may be unnec-
essary.

The N-terminal domains of Cdc20 and Cdh1
functionally inhibit APC activity in vitro and in vivo

We would expect that if the N termini of Cdc20 and
Cdh1 bind substrates, they should inhibit degradation. In
other words, the Cdh1 N terminus should inhibit Cdh1–
APC and Cdc20–APC activity towards D-box substrates
and Cdh1–APC activity towards KEN-box substrates,
whereas Cdc20–APC should inhibit APC activity to-
wards only D-box substrates. Because of the internal
KEN sequence in the Cdc20 N terminus, we used a KEN
mutant peptide (H6Cdc20N120KENNA) that does not
significantly compete for full-length Cdc20 degradation
in Cdh1 extracts in the range of 5–10 µM (Pfleger and
Kirschner 2000). Both the N termini of Cdc20 and Cdh1
block the degradation of D-box substrates Xkid, cyc B,
securin, and geminin in mitotic extracts (�90) and Cdh1-
supplemented extracts (Fig. 3). Only the N terminus of
Cdh1 robustly blocks the degradation of the KEN-box
substrate mB99, although a stabilizing effect is seen after
the addition of N-terminal Cdc20 KEN mutant. Neither
N-terminal fragment inhibits the dimerization of full-
length activators in the binding assay (data not shown),
and separate experiments in Figure 5 (see below) show
that neither N-terminal fragment binds to APC; hence,
they most likely cause inhibition by substrate sequestra-
tion. The stabilizing effect of Cdc20 and Cdh1 N-termi-
nal peptides in extracts is seen for shorter fragments of
90 or 70 amino acid lengths, respectively (data not
shown).
Xenopus embryos do not begin their own transcription

Figure 3. N-terminal hCdc20 and hCdh1 inhibit APC in vitro.
(A) In vitro degradation assay using �90 extracts or Cdh1 ex-
tracts of Xkid, cyc B, geminin, securin, and mB99 (Cdh1 extracts
only) in the presence of buffer or 5 µM bacterially expressed
H6Cdc20N120KENNA or H6Cdh1N125. Initial and 90 min
time points are shown. Although we observe variability in half-
lives between extracts, careful titration and kinetic analysis
shows that half-lives are extended to�60 min in the presence of
5 µM amounts of inhibitory N-terminal fragments.
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until the mid-blastula transition (MBT); they rely on ma-
ternal messages for protein synthesis prior to MBT. In-
jection of RNA into embryos allows for expression of
injected messages almost immediately. Injection of full-
length MTCdc20 or MTCdh1 RNA into one cell of 2-cell
Xenopus embryos had no effect on early divisions; how-
ever, injection of MTCdc20N120 or MTCdh1N125 RNA
caused an arrest in the injected half of the embryo after
one or two divisions. The cells remained large and ceased
to divide whereas cells on the uninjected half continued
to divide (Fig. 4). Propidium iodide staining of these em-
bryos showed that cells on the injected side had ex-
tremely large nuclei that stained very intensely, remi-
niscent of the postMBT cells of embryos injected with
protein of the Cdh1 inhibitor, MAD2L2 (Pfleger et al.
2001). Given the proportionality of propidium iodide
staining and the size and intensity of the nuclear stain-
ing, these nuclei likely represent many rounds of DNA
replication. This phenotype is consistent with results
from other systems. Work in yeast has shown a require-
ment for APC activity in G1 to prevent uncontrolled
entry into S phase (Irniger and Nasmyth 1997). Inhibi-
tion of the proteasome in sea urchin embryos results in
overreplication and prevention of entry into mitosis
(Kawahara et al. 2000). Inhibition of APC in cultured
cells with a Cdh1 antibody leads to early entry into S
phase and increased incorporation of BrdU, theoretically
by accumulation of an unknown target protein involved
in the initiation of DNA replication (Sorensen et al.
2000).

Cdc20 and Cdh1 substrate binding does not
require APC

Using an APC-binding assay (Fang et al. 1998a) in which
35S-labeled in vitro translated proteins are incubated
with APC bound to �Cdc27-coated beads, we tested the
ability of hCdc20 and hCdh1 and various deletion mu-
tants to interact with APC (Fig. 5A). APC beads bind
substantial amounts of full-length hCdc20 or hCdh1
compared to a bead control. Similarly, the N-terminal

regions extending to amino acid 170 of Cdc20
(Cdc20N170) or 173 of Cdh1 (Cdh1N173) bind to APC
beads above control levels. Alanine substitution of pos-
sible Cdk1 phosphorylation sites in the N terminus of
Cdh1 removes the ability of phosphorylation to cause
dissociation of Cdh1 from the APC; furthermore, aspar-
tate substitution of these residues blocks activation of
APC by Cdh1 (Kramer et al. 2000), consistent with the N
terminus contributing to the binding of Cdh1 to APC. In
addition, recent work demonstrated the ability of two
peptides consisting of amino acids 122–145 or from 166–
187 of hCdc20 to inhibit the binding of full-length Cdc20
to APC (Zhang and Lees 2001), indicating a role for that
region in binding, although their studies did not show
binding of N-terminal fragments containing only this re-
gion to APC. Despite detectable binding of the N-termi-

Figure 4. Injection of RNAs encoding ei-
ther N-terminal Cdc20 or Cdh1 block the
early Xenopus embryonic divisions. Em-
bryos at the 2-cell stage were injected in
one cell with RNAs (500 pg) encoding ei-
ther (A) MTCdc20, (B) MTCdc20N120, (C)
MTCdh1, (D) MTCdh1N125, or (E) H20
and fixed at stage 6.5. Injection of
MTCdh1N125 RNA results in cells that
have enhanced nuclear staining. Embryos
injected with MTCdhN125 RNAs (D)
were fixed at stage 6.5 and stained with
propidium iodide. Uninjected side (F) and
injected side (G) of the same embryo
shown at the same magnification. The
cells on the injected side have much
larger, more intensely staining nuclei (G)
than the cells on the uninjected side (F).

Figure 5. Cdc20 and Cdh1 N-terminal inhibitors do not bind
APC. (A) Full-length hCdc20 and hCdh1 bind to iAPC immuno-
purified from Xenopus extracts on �Cdc27-coated beads, as do
the first 170 amino acids of hCdc20 and 173 amino acids of
hCdh1, however APC bound to �Cdc27-coated beads fails to
bind the N-terminal 120 amino acids of hCdc20 or 125 amino
acids of hCdh1 above control beads. (B) Binding of full-length
hCdc20 and hCdh1 to iAPC on beads in the presence of 5 or 10
µM N-terminal peptides of hCdc20 and hCdh1.
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nal half of Cdc20 and Cdh1 to APC, Cdc20N120 and
Cdh1N125 fail to bind APC under the same conditions
(Fig. 5A). The isolated WD repeats of both hCdc20 and
hCdh1 bind APC (data not shown), but we do not know
if this binding represents a specific interaction, or
whether it is nonspecific, as we saw for substrate bind-
ing.
Truncation of 50 amino acids of Cdc20 (from 170 to

120) or 48 amino acids from Cdh1 (from 173 to 125),
retains substrate binding but loses the ability to bind
APC. To test whether the truncated molecules merely
have weaker binding, we asked whether the truncated
regions would inhibit APC binding at higher concentra-
tions by competition. Even at concentrations twice that
at which we see complete stabilization of APC sub-
strates in extracts, we see little to no effect on binding of
full-length Cdc20 and Cdh1 (Fig. 5B). Furthermore, we
see no interaction by gel filtration. In vitro translated
MTCdc20N120 and MTCdh1N125 fractionate in a peak
corresponding to protein of monomeric size both on a
superdex 200 and on a superdex 75 column, far removed
from fractions containing the APC (data not shown). In
contrast, full-length in vitro translated Cdc20 and Cdh1
show two distinct peaks by gel filtration (superdex 200);
one peak corresponds to a high molecular weight com-
plex consistent with the migration of rabbit APC (from
the reticulocyte lysate), and another peak corresponds to
a size consistent with either monomer or dimer (data not
shown). Lack of direct interaction between the substrate-
binding domain of Cdc20 or Cdh1 and the APC suggests
that the core APC complex from reticulocyte lysate is
not required for the interaction of Cdc20 and Cdh1 with
substrates, and that the in vitro and in vivo inhibition of
APC by the N-terminal peptides does not result from
interfering with productive binding of full-length activa-
tors and APC.

The interaction between substrate and activator
is direct

We asked whether the activators bind substrate directly
or whether they require another protein to mediate the
interaction. It would be desirable to determine whether
Cdc20 or Cdh1 directly interact with substrates in com-
pletely purified systems. Initially, we had difficulty ex-
pressing well-behaved versions of the substrates and the
activators in sufficient quantities to allow for direct
binding experiments. In earlier experiments with bacte-
rially expressed cyc B-N (and its D-box mutant control)
and Cdh1 and Cdc20 (data not shown), we detected no
specific binding, and this thwarted our efforts to demon-
strate the interactions. In our reinvestigation of this
problem we found that the N-terminal cyc B peptide ag-
gregated into complexes that migrated as a large complex
(at least 80 kD or more) leaving a trailing peak to a mo-
nomeric size on gel filtration (data not shown). Aggrega-
tion was also observed when the N-terminal domain of
cyc B was expressed in reticulocyte lysate and subjected
to gel filtration (data not shown). Although it is an ex-
cellent and specific substrate for APC, the aggregation of

cyc B-N makes direct binding experiments difficult to
interpret.
The lack of success with bacterially expressed and pu-

rified protein in contrast with in vitro translated protein
could be explained by the fact that: (1) interaction be-
tween activator and substrate requires another factor; (2)
the bacterial proteins lack some crucial modification or
are folded improperly; or (3) the already weak cyc B-N
interaction is too weak to detect conclusively with par-
tially misfolded bacterial protein. The major techniques
to address direct interaction, which include equilibrium
dialysis, analytical ultracentrifugation, differential spec-
troscopy, or isothermal titrating calorimetry, require
large amounts of monodisperse protein species.
Even though the N-terminal domains of Cdc20 and

Cdh1 do not detectably interact with APC, we wished to
rule out any role of APC (including a transient role) in
the process of substrate binding. We depleted APC from
reticulocyte lysate using �Cdc27-coated beads before in
vitro translating myc-tagged cold activator and 35S-la-
beled substrate. Substrate binding was completely unaf-
fected (data not shown).
To eliminate other large molecules that may play a

role in substrate binding, we further purified and char-
acterized three substrates made by in vitro translation.
We fractionated 35S-labeled in vitro translated Xkid,
geminin, and xsecurin on a superdex 200 gel filtration
column. Unlike cyc B-N, these substrates showed no ag-
gregation; each fractionated as a distinct peak corre-
sponding to a monomer (or at most a dimer) molecular
mass (data not shown). For example, xsecurin migrated
at an apparent molecular mass of ∼20–30 kD. When we
incubated the peak fractions of Xkid, geminin, or securin
with nickel-bound H6Cdc20N120 or H6Cdh1N125, all
three bound to beads containing either H6Cdc20N120 or
H6Cdh1N125, but did not bind to a nickel bead control
(Fig. 6A). These experiments rule out the role of even
catalytic amounts of APC and make it unlikely that any
large molecular components carried over from the re-
ticulocyte extracts participated in the binding interac-
tion.
Having determined for several substrates that binding

of the Cdc20 and Cdh1 N termini to substrates occurs in
an APC-independent manner, we again attempted to
show direct binding using purified proteins other than
cyc B. We cross-linked bacterially expressed and purified
H6Cdc20N120 and H6Cdh1N125 to Pierce UltraLink
beads and incubated themwith bacterially expressed and
purified human H6-securin or baculovirus-expressed and
purified H6-mB99. H6-securin bound to both
H6Cdc20N120 beads and H6Cdh1N125 beads, but not to
control beads (Fig. 6B). Typically, the amount bound re-
flected 5% of the input or more (5% input shown). In
parallel experiments, H6Cdh1N125 beads bound
5%–10% of H6-mB99 protein (10% input shown),
whereas little or no binding was seen to control beads or
HcCdc20N120 beads (Fig. 6B). Interestingly, under less
stringent washing conditions, H6Cdc20N120 beads
bound detectable levels of mB99 above control beads al-
though these levels were significantly lower than
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H6Cdh1N125 beads (data not shown). This binding
could reflect low-level recognition of one of several R-X-
X-L motifs in mB99 (one of which, at position 364, is
conserved in the human sequence). Alternatively, Cdc20
may recognize the mB99 KEN sequence at lower affinity
than the D box which may be out-competed by other
proteins present in the reticulocyte lysate but absent in
the direct binding assay; this might also explain the
slight stabilizing effect of H6Cdc20N120KENNA on
mB99 in the degradation assay. Neither H6Cdc20N120
beads nor H6Cdh1N125 beads bind bacterially expressed
and purified H6-Ubcx (Fig. 6B) or purified BSA above con-
trol beads (data not shown), indicating that this interac-
tion is specific.

The N termini of Cdc20 and Cdh1 confer substrate
specificity in functional assays

The best evidence that the N termini functionally direct
specificity would be to show that switching domains in
functional protein switches substrate specificity. Ubiq-
uitination of APC substrates can be reconstituted in
vitro using a purified system (Fang et al. 1998a) contain-
ing immunopurified APC on beads activated by full-
length Cdc20 or Cdh1. We created chimeric hCdc20 and
hCdh1 proteins by exchanging the WD repeats (shown
schematically in Fig. 7A). Both chimeric proteins ubiq-
uitinate cyc B-N (Fig. 7B), indicating that they retained
activity. Each chimera showed a slight reduction in the
average polyubiquitin chain length compared to wild-
type Cdc20 and Cdh1 (higher molecular weight polyu-

biquitined conjugates formed, but lower molecular
weight conjugates were also enriched), with comparable
activity to each other. Neither the N-terminal regions
(Cdc20N170 and Cdh1N173) (Fig. 7B) nor the C-terminal
WD repeats (Cdc20�170 and Cdh1�173) (data not
shown) are competent to activate APC for polyubiquiti-
nation of cyc B-N in this purified system; only monou-
biquitinated species (which form in the presence of iAPC
alone) form. Only the chimera containing the N termi-
nus of Cdh1,NCdh1–CCdc20 (bold letters indicate the N
and C termini), ubiquitinates the Cdh1 KEN-box sub-
strate hCdc20N170 (Fig. 7C). As with cyc B-N, the aver-
age polyubiquitin chain length is slightly lower than for
wild-type Cdh1, however significant polyubiquitination
occurs. Because both chimeras showed activity for the D
box, but only NCdh1–CCdc20 showed activity for the
KEN box, either (1) the WD repeats bind the D box and
the N terminus of Cdh1 binds the KEN box, or (2) the
specificity of activator chimera is mediated by its N ter-
minus and not its C terminus. Given the behavior of the
Cdc20 and Cdh1 N termini in the binding assays, we find
it more likely that the N terminus of each molecule
directs specific binding to substrates.
The localization of substrate binding to the N-termi-

nal region may seem surprising given the overlapping
specificity (in terms of D box recognition) of Cdc20 and
Cdh1 and the lack of sequence homology in this region.
Despite extensive N-terminal sequence diversity, one
motif is highly conserved between the Cdc20 and
Cdh1 sequences throughout different species, DR(F/
Y)IPXRX∼45–75 (K/R)XL (Fig. 7C). In Cdc20 sequences, the
RYIPX4(K/R)XL portion of the motif repeats (Fig. 7C).

Discussion

The APC displays different substrate specificities de-
pending on its association with the activating proteins
Cdc20 and Cdh1. Cdc20 binds and activates APC during
mitosis, whereas Cdh1 binds and activates APC late in
mitosis and during G1 (Schwab et al. 1997; Visintin et al.
1997; Fang et al. 1998a). The selective association with
activator confers APC specificity; the Cdc20- and Cdh1-
bound forms have both shared and specific substrates,
although unlike the F-box proteins of the SCF complex,
there has been no evidence for direct interaction be-
tween these proteins and substrates.
Two obvious models could explain how Cdc20–APC

and Cdh1–APC target both shared and distinct sub-
strates. Rather than directly binding and recruiting sub-
strate to APC, as occurs in the case of the recruitment of
substrates by the F-box protein in the SCF, Cdc20 and
Cdh1 might induce a conformational change in the APC
core complex, exposing a different set of substrate-inter-
acting subunits. Such a model would explain the differ-
ence in specificity conferred by Cdc20 and Cdh1, as well
as explain the need for so many subunits. One APC sub-
unit might specifically bind KEN box-containing pro-
teins whereas another specifically binds D box-contain-
ing proteins. Alternatively, Cdc20 and Cdh1 might in-
teract directly with substrate proteins, recruiting them

Figure 6. N-terminal hCdc20 and hCdh1 bind substrates di-
rectly. (A) 35S-labeled in vitro translated Xkid, geminin, and
securin, each isolated by gel filtration over a Superdex 200 col-
umn incubated in the presence of Nickel beads, or bacterially
expressed H6Cdc20N120 or H6Cdh1N125 bound to nickel
beads. (B) Pull-down assays using bacterially expressed
H6Cdc20N120 or H6Cdh1N125 cross-linked to Pierce Ultra-
Link beads incubated with bacterially expressed and purified
human H6-securin, baculovirus-expressed and -purified mB99,
or bacterially expressed and purified Xenopus H6-Ubcx. Visual-
ization of his-tagged proteins was achieved following Western
transfer and blotting with a QIAGEN �-pentahis antibody. Five
percent input is shown for H6securin, and 10% input is shown
for H6-mB99 and H6-Ubcx.
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to the APC. This model requires that Cdc20 bind sub-
strates containing a well-defined D box, whereas Cdh1
bind both well- and less well-defined D-box motifs as
well as the KEN box. Binding several motifs might re-
quire different domains of Cdh1, or might reflect an un-
derlying structural similarity between the motifs accom-
modated in Cdh1 but not in Cdc20, for example by a
“bump and hole” theory proposed earlier (Pfleger and
Kirschner 2000).
Most investigations of APC–substrate interactions

have used cyc B. The initial analysis of cyc B targeting
and degradation revealed the D box (Glotzer et al. 1991;
King et al. 1996), and the N terminus of Xenopus cyc B
has been used widely in analysis of APC activity. This
fragment makes a much better substrate than full-length
cyc B in terms of conjugation to ubiquitin in a purified

system and the kinetics of degradation in extracts. The
lack of success in binding assays by our own lab and
others might reflect weak binding of this substrate; in
particular, weak binding could promote product disso-
ciation as in many enzymatic reactions. Rapid release of
ubiquitinated substrates would lead to more rapid pre-
sentation to the proteasome and therefore more rapid
degradation. Even very weak binding can be detected us-
ing several biochemical techniques. These techniques
generally require monodisperse populations of proteins.
However, gel filtration of both in vitro translated and
bacterially expressed cyc B-N showed that this peptide
aggregated, making binding experiments difficult to per-
form or interpret.
By expanding binding experiments to include several

other APC substrates, we now present evidence that

Figure 7. Functional specificity is encoded by the N-terminal domain of hCdc20 and hCdh1. (A) Schematic showing the design of
chimeric proteins exchanging the amino-termini and WD repeats of hCdc20 and hCdh1. (B) Ubiquitination assay using in vitro
translated Cdh1, Cdc20, NCdh1–CCdc20, Cdc20N170, NCdc20–CCdh1, and Cdh1N173 to activate APC for ubiquitination of 35S-
labeled cyc B-N. (C) Ubiquitination assay using Cdh1, Cdc20, NCdh1–CCdc20, and NCdc20–CCdh1 to activate APC for ubiquitina-
tion of 35S-labeled KEN-box containing Cdc20N170. An asterisk marks a background band present in the in vitro translation products
in B and C. (D) Alignment of Cdch1 and Cdc20 family members from human (h), Xenopus (x), and Drosophila (Dm). Conserved
residues of the DR(F/Y)IPXR are in bold type and are boxed.

Cdc20 and Cdh1 N termini bind substrates

GENES & DEVELOPMENT 2403

 Cold Spring Harbor Laboratory Press on May 4, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Cdc20 and Cdh1 each bind their substrates. Binding re-
flects Cdc20–APC and Cdh1–APC specificity. Cdc20
binds the APC substrate Xkid, but not B99, whereas
Cdh1 binds both Xkid and B99. Neither Cdc20 nor Cdh1
binds the SCF substrates �-cat or Xic1, or over a dozen
non-APC substrates incubated in the assay, including
the D box-deleted form of N-terminal cyc B. Consistent
with our binding observations, recent binding experi-
ments by the Solomon group have shown that binding of
Hsl1p to Cdc20 (Burton and Solomon 2000, 2001) require
the D box, and binding of Hsl1p to Cdh1 requires the
KEN box (Burton and Solomon 2001). Furthermore, the
binding of Hsl1p to Cdh1 is direct (Burton and Solomon
2001).
We have localized a region sufficient for specific bind-

ing of substrates to the N termini of both Cdc20 and
Cdh1, although we cannot rule out a role for the WD
repeats in the full-length context. Furthermore, binding
is not mediated by APC. Binding is retained in a specific
manner in APC-depleted extracts and by bacterially ex-
pressed N-terminal fragments of Cdc20 and Cdh1 incu-
bated with the substrates Xkid, geminin, and securin iso-
lated from APC by gel filtration. The securin protein
used in these assays migrated at its expected small mo-
lecular weight by gel filtration. Any contaminating ac-
tivity would have to elute both in fractions containing
Xkid (molecular mass of 70 kD) as well as in the later
fractions containing the smaller protein, securin, sug-
gesting that binding of the activator to substrate is di-
rect. To confirm this, we show that these bacterial N
termini interact with bacterially expressed securin, and
the bacterially expressed Cdh1 N terminus interacts
with baculovirus-expressed and purified mB99, whereas
neither N-terminal Cdc20 nor Cdh1 bind the nonsub-
strates H6-Ubcx or BSA above control levels. Further-
more, the yeast substrate Hsl1p directly interacts with
purified baculovirus-expressed full-length Cdh1 and pu-
rified Hsl1p expressed in bacteria (Burton and Solomon
2001).
We have shown that the N termini of Cdc20 and Cdh1

direct the binding to substrate functionally by the be-
havior of active chimeric proteins exchanging the N ter-
mini and WD repeats between Cdc20 and Cdh1. The
specificity of the chimera reflects the specificity of its N
terminus, not its C-terminal WD repeats, contrary to the
Fbw subset of F-box proteins of the SCF complex which
require the WD repeats for substrate interaction (Skow-
yra et al. 1997; for review, see Jackson et al. 2000).
Although the extreme N termini of Cdc20 and Cdh1

that bind substrates fail to bind APC, N-terminal frag-
ments containing 50 or 48 amino acids more of Cdc20
and Cdh1, respectively, do retain the ability to bind
APC. We have not determined if these fragments or full-
length Cdc20 and Cdh1 can bind substrate and APC con-
currently. If they cannot, activator might transfer sub-
strate to another APC subunit on binding APC. The
cryo-electron microscopy-determined structure of APC
(Gieffers et al. 2001) indicates a large inner cavity that
might serve as a reaction chamber to hold the substrate
during the ubiquitination reaction. Cdc20 and Cdh1

might deposit substrates into this cavity for catalysis.
However, N-terminal fragments capable of both sub-
strate-binding and APC-binding fail to activate APC. We
have observed the ability of Cdc20 and Cdh1 to dimerize,
requiring the WD repeats, but we have not established if
this dimerization is functionally required, although
dimerization of certain F-box proteins is required for sub-
strate binding (for review, see Jackson et al. 2000). One
molecule of activating protein could bind substrate (ei-
ther directly or indirectly) while another interacts with
the APC core complex. Substrate-bound activator could
be bound by the WD repeats of APC-bound activator,
bringing substrate to APC for ubiquitination.
If one molecule of activating protein interacts with

both APC and substrate concurrently, the WD repeats
may provide a means to stabilize specific interactions.
We observed binding of the WD repeats to both APC and
to substrates, but we failed to show specificity in those
interactions; we cannot rule out that such interactions
occur. The lack of selectivity of the WD repeats for sub-
strate and APC binding may reflect nonspecific stabili-
zation of either substrate-interaction or APC-interaction
once specific binding has occurred in the N-terminal re-
gion, or, alternatively, the WD repeats may initiate non-
specific interaction with other proteins randomly, but
they are only retained if specific interaction with the N
terminus follows.
In addition to binding substrates, the N-terminal frag-

ments of hCdc20 and hCdh1 inhibit Cdc20 and Cdh1
activity both in vitro and in vivo. This inhibition does
not occur by inhibiting dimerization of activator, or by
inhibiting binding of full-length activator to APC. We
hypothesize that the N-terminal fragments sequester
substrate from functionally active APC. Substrate bind-
ing to the N-terminal region which are more divergent
than the carboxyl termini, may indicate a role for the
motif DR(F/Y)IPXRX∼45−75 (K/R)XL which is highly con-
served in the N-terminal region of Cdc20 and Cdh1 in
species from yeast to humans. Alternatively, despite
lower sequence homology in the N termini, structural
aspects may be conserved in this domain.
The MAD2 related protein, MAD2L2 (also referred to

as MAD2B) inhibits Cdh1–APC similar to the MAD2
inhibition of Cdc20 (Pfleger et al. 2001). Neither MAD2
nor MAD2L2 inhibit binding of Cdc20 to APC, or Cdh1
to APC, respectively (Fang et al. 1998b; Pfleger et al.
2001), or the binding of Cdc20 and Cdh1 to substrates
(Pfleger et al. 2001), but actually inhibit the release of
substrate bound to Cdc20 and Cdh1, respectively (Pfleger
et al. 2001). This inhibition of substrate release does not
require the WD repeats of Cdc20 and Cdh1, but is seen
for Cdc20N170 and Cdh1N173 (data not shown), both of
which contain the DR(F/Y)IPXRX∼45−75 (K/R)XL motif.
This sequence is required for activation of APC by Cdc20
and Cdh1; alanine substitution of this first part of this
motif, DR(F/Y)IPXR to AAAAAXA, in both Cdc20 and
Cdh1 results in proteins unable to activate APC (C.
Pfleger, unpubl.). The initial (K/R)XL region of this motif
has been identified recently as a conserved portion of the
MAD2-binding region of Cdc20 (Zhang and Lees 2001;
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H. Yu, pers. comm.). Future studies should address the
functional role of the DR(F/Y)IPXR motif.
Our study of the interaction of APC activators and

their substrates has helped us understand the mecha-
nism of APC-mediated ubiquitination. In addition,
dominant negative versions of Cdc20 and Cdh1 have
been used to study the importance of these activators in
extracts. Biochemical and structural studies of direct in-
teraction between activator and substrate require mono-
disperse populations of substrate not possible with cyc
B-N. Once such populations of D-box and KEN-box re-
gions from other substrates are generated, further atomic
level structural analysis will be possible. In particular,
Burton and Solomon (2001) have shown direct binding
between full-length Cdh1 and a fragment of Hsl1p. Fur-
ther understanding of the biological function of the APC
will proceed not only through mechanistic studies, but
also through the identification of additional substrates.
In addition to previous methods of identifying substrates
by global degradation screens using Xenopus extracts
(McGarry and Kirschner 1998; Zou et al. 1999) which do
not support global degradation of all substrates (C.
Pfleger, unpubl.), a binding-based screen may reveal ad-
ditional substrates by bypassing the requirement for
global degradation, potentially identifying substrates
that are degraded locally or compartmentally. Using this
substrate-binding assay, we have identified two other
proteins as potential APC substrates (C. Pfleger, un-
publ.).
Recent work has revealed a family of Cdh1 homologs

with distinct tissue distributions and substrate specifici-
ties (Y. Wan andM. Kirschner, in prep.). These additional
Cdc20 and Cdh1-like molecules could expand the num-
ber of substrates targeted by APC as well as allow for
tissue-specific or developmental-specific patterns of sub-
strate specificity. Therefore APC, like the SCF com-
plexes, possesses several substrate-specific adaptors that
function in various cellular and developmental pro-
cesses.

Materials and methods

Pull-down assays using in vitro translated
Myc-tagged proteins

Cold in vitro translated myc-tagged proteins were bound to
9E10 anti-myc coupled beads purchased from Santa Cruz. After
this prebinding, [35S]methionine-labeled substrate was added, in
addition to cycloheximide to 100 µg/mL and BSA to 1 mg/mL in
binding buffer (50 mM Hepes at pH 7.7, 50 mM NaCl, 1mM
MgCl2, 1 mM EDTA, and 0.2% Tween-20). Following a 2 h
incubation, samples were loaded onto minicolumns on a
vacuum assembly and washed four times with 1 mL of binding
buffer and eluted with heated sample buffer.

Depletion of APC from reticulocyte lysate

�Cdc27 antibody coated Affi-prep Protein A beads were added
to one-fourth the volume to reticulocyte lysate and incubated at
4°C for 2 h. Depleted reticulocyte lysate was used to translate
both cold myc-tagged proteins and [35S]methionine-labeled sub-
strates.

Expression and purification of recombinant proteins

N-terminal Cdc20 and Cdh1 peptides were cloned into a pET 28
bacterial expression vector tagging them with an N-terminal
His tag. Protein was expressed in bacteria, purified on nickel
beads, and eluted with high imidazole. Gel filtration isolated
monodisperse forms of the proteins from aggregated material.
Purified His-tagged securin was a gift from Hui Zou (Harvard
Medical School, Boston, MA). mB99 was cloned into a pFastbac
vector containing a His tag; baculovirus-expressed protein was
purified from Sf9 cells on nickel beads and eluted with high
imidazole.

Pull-down assays using recombinant His-tagged proteins
bound to Ni-beads

Nickel-bound His-tagged N-terminal peptides of bacterially ex-
pressed recombinant Cdc20 or Cdh1 were incubated with 35S-
labeled in vitro translated substrate proteins in 50 mM Tris (pH
7.5), 100 mM KCl. The beads were washed using the minicol-
umns and vacuummanifold described above in 50 mM Tris (pH
7.5), 300 mM KCl, 20 mM imidazole, and a final wash with the
concentration of imidazole increased to 30 mM. His-tagged pep-
tides were eluted from the nickel beads by increasing the imid-
azole to a concentration of 500 mM.

Pull-down assays using immunopurified APC

Immunopurified interphase APC (iAPC) on �Cdc27 beads was
incubated with 35S-labeled in vitro translated Cdc20 or Cdh1
wild-type or mutant proteins at room temperature for 1 h on a
TOMY shaker. Beads were washed five times with 1 mL binding
buffer in minicolumns on a vacuum manifold and eluted as
described for the MT binding assay. As a control, beads coated
with preimmune serum were subjected to the same assay.

Pull-down assays using recombinant proteins cross-linked
to beads

Bacterially expressed and purified H6Cdc20N120 or
H6Cdh1N125 were cross-linked to Pierce UltraLink beads at
the same molar concentrations. Control beads were treated to
identical conditions. Cross-linked beads were incubated with
purified proteins for 2 h at room temperature on an inverting
rocker. Samples were loaded onto minicolumns attached to a
vacuummanifold and subjected to 2–3 washes with XB contain-
ing 300mMNaCl, 0.1% Tween, 2–3 washes with XB containing
500 mMNaCl, 0.1% Tween, two washes of XB, and then eluted
with heated sample buffer. Samples were run on a gel and vi-
sualized by either Coomassie staining or Western transfer and
detection by QIAGEN �penta-His antibody.

Preparation of low speed supernatant interphase extracts

Extracts were prepared as described previously (Murray 1991;
Pfleger and Kirschner 2000).

In vitro ubiquitination assays

Ubiquitination assays were as described previously (Fang et al.
1998a; Pfleger and Kirschner 2000). APC on �Cdc27 beads was
bound to Cdc20 or Cdh1 purified from baculovirus-infected Sf9
cells (Fang et al. 1998a; Pfleger and Kirschner 2000) or in vitro
translated Cdc20, Cdh1, and chimeras. 50 µg/mL Ubcx, 1.25
mg/mL ubiquitin, 200 µg/mL recombinant E1, 0.1 mg/mL cy-
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cloheximide, 1–5 µM ubiquitin aldehyde was added in the pres-
ence of 35S-labeled substrate.

Construction of chimeric Cdc20 and Cdh1

A SalI site was inserted by changing the nucleotide sequence
but preserving the amino acid sequence VD at position 190 in
Cdc20 and 193 in Cdh1, a region of high homology just after the
start of the first WD repeat. PCR fragments corresponding to the
region between the N terminus and the SalI site of each protein
were ligated to the region between the SalI site and the C ter-
minus of the other protein and into a pCS2+-based vector in a
position for in vitro translation using the Sp6 primer.

RNA and DNA injection into Xenopus embryos

The indicated amounts of RNA or DNA were injected into one
cell of two cell Xenopus embryos.
Capped RNA was synthesized from linearized plasmid DNA

templates. As the cap analog (GpppG) is a potent inhibitor of
translation, care was taken to remove all unincorporated cap.
Messenger RNAs were resuspended in water to 100–500 ng/µL.
Embryos were fixed in MEMFA (0.1 M MOPS at pH 7.4, 2 mM
EGTA, 1 mM MgSO4, and 3.7% formaldehyde), washed three
times with PBT (PBS plus 0.2% Tween-20), and incubated at
37°C for 2 h with Propidium Iodide (10 ug/mL) in the presence
of RNAse A (50 µg/mL). Propidium Iodide-stained embryos
were washed three times with PBT, dehydrated for 5 min in
methanol, and mounted in 2:1 benzyl benzoate/benzyl alcohol.
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