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SUMMARY

The anaphase-promoting complex (APC)
coordinates mitosis and G1 by sequentially
promoting the degradation of key cell-cycle
regulators. Following the degradation of its
substrates in G1, the APC catalyzes the
autoubiquitination of its E2 UbcH10. This
stabilizes cyclin A and allows it to inactivate
APCC. How the APC establishes this
complex temporal sequence of ubiquitina-
tions, referred to as substrate ordering, is
not understood. Here we show that sub-
strate ordering depends on the relative
processivity of substrate multiubiquitina-
tion by the APC. Processive substrates ob-
tain ubiquitin chains in a single APC binding
event. The multiubiquitination of distribu-
tive substrates requires multiple rounds of
APC binding, which render it sensitive to
lower APC concentrations, competition by
processive substrates, and deubiquitina-
tion. Consequently, more processive sub-
strates are preferentially multiubiquitinated
in vitro and degraded earlier in vivo. The
processivity of multiubiquitination is strongly
influenced by the D box within the sub-
strate, suggesting that substrate ordering is
established by a mechanism intrinsic to
APC and its substrates and similar to kinetic
proofreading.

INTRODUCTION

The unidirectional progression through the eukaryotic cell
cycle is accomplished by the degradation of key cell-cycle
regulators. Both the high specificity and the correct timing
of these degradation events are crucial for cell-cycle pro-

gression. In eukaryotes, protein degradation is in most cases
initiated by the attachment of ubiquitin chains, which mark
proteins for destruction by the 26S proteasome (reviewed
in Pickart, 2001). After its ATP-dependent activation by E1,
ubiquitin is transferred to ubiquitin-conjugating enzymes
(E2s). Ubiquitin ligases (E3s) then recruit ubiquitin-charged
E2s and substrates and promote the formation of an isopep-
tide bond between ubiquitin and a lysine residue in the sub-
strate. Ubiquitin chains are generated when lysine residues
of previously conjugated ubiquitin molecules are used as ac-
ceptors. Thus, by recruiting substrates, E3s function as
specificity factors for multiubiquitination.

The E3 anaphase-promoting complex/cyclosome (APC) is
a central coordinator of cell-cycle progression in mitosis and
G1 (reviewed in Peters, 2002). The APC is activated in early
mitosis through cyclin B/Cdk1-dependent phosphorylation
and the binding of its activator Cdc20. Inhibition of the APC
by the spindle-assembly checkpoint ensures that sister-
chromatid separation is initiated only after all kinetochores
have been correctly attached to the mitotic spindle. During
anaphase, Cdc20 is replaced by a homologous activator,
Cdh1. By promoting the sequential degradation of key regu-
lators, APCCY" orchestrates exit from mitosis and events in
G1. The APC is inactivated before entry into S phase by deg-
radation of its E2 UbcH10 and by the E2F-dependent ex-
pression of the inhibitors cyclin A and Emi1 (Lukas et al.,
1999; Hsu et al., 2002; Rape and Kirschner, 2004).

The correct sequence of APC-mediated ubiquitinations,
referred to as substrate ordering, ensures the orderly pro-
gression of mitosis and G1. Substrates are initially recog-
nized by Cdc20 and Cdh1, but interactions between sub-
strates and the APC itself may also be important (Burton
et al., 2005; Kraft et al., 2005; Yamano et al., 2004). A short
stretch of amino acids within substrates, called the D box,
promotes recognition by APC®°2° (Glotzer et al., 1991).
APCCY" additionally associates with proteins containing a
KEN box (Pfleger and Kirschner, 2000). Although most of
its substrates contain D boxes, KEN boxes, or both, APCCN
further discriminates between them and catalyzes their
multiubiquitination in a sequential manner: Cdc20 is ubiquiti-
nated shortly after APC®"! activation in anaphase, Plk1 and
Aurora A are ubiquitinated later after they have functioned in
telophase and cytokinesis, and UbcH10 autoubiquitination is
promoted in G1 after these substrates have been degraded.
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Additionally, the degradation of UbcH10 stabilizes cyclin A,
while APCC"" substrates, such as securin or geminin, can
still be degraded. How APC®" discriminates between sub-
strates is not understood.

Both models intrinsic and extrinsic to APC could explain
substrate ordering. An extrinsic control of APC-substrate in-
teractions could rely on enzymes that modify substrates and
increase their affinity toward the APC. This has been de-
scribed for cullin-based ubiquitin ligases, which depend on
previous modifications such as phosphorylation or hydro-
xylation for substrate binding (Cardozo and Pagano, 2004).
Alternatively, the APC might intrinsically control substrate or-
dering by discriminating between substrates in the absence
of modifications.

Here we provide evidence that substrate ordering can be
generated by mechanisms intrinsic to APC and its sub-
strates. Specifically, we find that different substrates acquire
their ubiquitin chain with varying degrees of processivity and
that this correlates with the temporal order of their destruc-
tion. While processive substrates can obtain their ubiquitin
chain within a single APC binding event, distributive sub-
strates frequently dissociate from APC®®" during multiubi-
quitination. This renders their multiubiquitination susceptible
to competition by more processive substrates and to deubig-
uitination. The differences in processivity are sufficient to re-
capitulate substrate ordering in vitro, suggesting that the
APC can discriminate between substrates in the absence
of other regulatory factors.

RESULTS

APC Substrates Differ in the Processivity
of Multiubiquitination
The degradation of UbcH10 during G1 stabilizes cyclin A so
that it can accumulate before S phase and complete the in-
activation of APC®"" (Rape and Kirschner, 2004). At the
same time, other APCC™"" substrates, such as securin or
geminin, are still degraded. To explore the question of why
securin and geminin, but not cyclin A, are degraded in the
presence of low UbcH10 levels, we studied in greater detail
the kinetics of their APCC9"'-dependent multiubiquitination.
Whereas geminin and securin rapidly obtained full-length
ubiquitin chains, the multiubiquitination of cyclin A was nota-
bly slower, and ubiquitin chains attached to cyclin A gradu-
ally increased in length over time (Figures 1A and 1B). The
slow multiubiquitination of cyclin A was not due to the ab-
sence of its binding partner Cdk2 since cyclin A purified in
an active complex with Cdk2 was ubiquitinated with identical
kinetics. The delay in the formation of full-length ubiquitin
chains attached to cyclin A was also obvious with recombi-
nant proteins, indicating that it was not caused by some pe-
culiarity of in vitro-translated substrates (Figure 1C). Further-
more, cyclin A was multiubiquitinated with slower kinetics
when the E2 UbcHb5a was used (see Figures S1A and S1B
in the Supplemental Data available with this article online).
The differences in the kinetics of multiubiquitination be-
tween cyclin A and securin were amplified when the con-
centration of APC®™" was reduced. Interestingly, at low
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APC®Y" concentrations, cyclin A was preferentially mono-
ubiquitinated in the time course of this experiment, indicating
that, under these conditions, the elongation of ubiquitin
chains attached to cyclin A is unfavorable (Figure 1D). By
contrast, securin was modified with full-length ubiquitin
chains even at low concentrations of APCC®". Accordingly,
the degradation of cyclin A in G1 extracts required higher
APCC"" concentrations than the degradation of securin.
The immunodepletion of APC®M to about 40% of its level
in early G1 extracts strongly stabilized cyclin A, while securin
was still degraded (Figure 1E). The formation of full-length
ubiquitin chains on cyclin A therefore occurs with slower ki-
netics and requires higher concentrations of APC®" than
the respective modification of securin or geminin.

To understand the reason for the slow multiubiquitination
of cyclin A compared to geminin or securin, we compared
their affinities toward APC®™". Surprisingly, when we mea-
sured the kinetics of monoubiquitination using methylubiqui-
tin, we did not find significant differences among cyclin A,
geminin, and securin, indicating that all proteins are rapidly
recognized by APC®Y (Figures 2A and 2B). Additionally,
purified cyclin A, geminin, and securin were equally efficient
as competitors of the monoubiquitination of radiolabeled cy-
clin A, indicating that they have comparable K; values
(Figure 2D). This suggests that the slow multiubiquitination
of cyclin A by APC®9" is not caused by a low affinity of cyclin
Atoward APCCY" This is consistent with the function of cy-
clin A as an inhibitor of APC®®", which should bind with high
affinity.

Alternatively, differences in the kinetics of multiubiquitina-
tion could be caused by differences in processivity. The
processivity of multiubiquitination describes the number of
ubiquitin molecules that are attached to substrates during
a single APC binding event (Carroll and Morgan, 2002).
Very processive substrates might obtain full ubiquitin chains
in a single binding event, while more distributive substrates
would have to associate with the APC multiple times to
achieve full-length multiubiquitination. To compare the proc-
essivity of multiubiquitination of different APCS" sub-
strates, we prebound radiolabeled geminin and cyclin A to
APCCI We then initiated their ubiquitination by providing
ATP and E1 in the presence of excess unlabeled competitor
substrate. The competitor inhibits the rebinding of radiola-
beled proteins that dissociate from APC®" during the reac-
tion and thereby limits their ubiquitination to the initial APC
binding event. Under these conditions, distributive sub-
strates might at best be monoubiquitinated, whereas proc-
essive substrates might obtain complete ubiquitin chains.
When analyzed in this assay, cyclin A was modified with
very few ubiquitin molecules (Figure 2C). By contrast, gemi-
nin acquired ubiquitin chains that were almost indistinguish-
able from reactions performed in the absence of competitor
(Figure 2E). Securin likewise obtained longer ubiquitin chains
in this assay (see below). APC® therefore catalyzes the
multiubiquitination of securin and geminin processively but
that of cyclin A more distributively.

We subsequently examined whether cyclin A repeatedly
dissociates from APC®M" at steps following its first
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Figure 1. Cyclin A Obtains Ubiquitin Chains with Slow Kinetics

(A) Kinetics of cyclin A and geminin multiubiquitination. %°S-labeled cyclin A and geminin were used after IVT; cyclin A was also purified by binding to Cdk2.
The APCCN -dependent multiubiquitination in the presence of ubiquitin was analyzed by autoradiography. U1-U3, mono- or oligoubiquitinated species; Uy,
ubiquitin chains.

(B) Quantitative analysis of multiubiquitination. The weighed average length of ubiquitin chains was calculated from intensities as shown in Figure 1A and
plotted relative to the length obtained at saturation. Three experiments were used to calculate the standard error.

(C) Kinetics of multiubiquitination of purified securin and cyclin A. Recombinant securin and cyclin A were ubiquitinated by AP
ern blotting.

(D) Titration of APCC"", Recombinant cyclin A and securin were ubiquitinated in the presence of increasing concentrations of APC"", The reactions were
analyzed by Western blotting.

(E) APCC" was partially depleted from G1 extracts by anti-Cdc27 beads. Depleted and control extracts were then used to measure the degradation of %°S-
labeled cyclin A and securin. The reactions were analyzed by autoradiography. The extent of the depletion is shown by Western blotting against Cdc27 and
cyclin E.

CCI" and analyzed by West-

ubiquitination. We used UBA-domain-containing proteins ubiquitinated cyclin A and geminin once the ubiquitinated
(UBAs), which preferentially bind ubiquitin chains, but not proteins have dissociated from APCCY"! | but not the respec-
monoubiquitinated proteins, to capture substrates that have tive monoubiquitinated proteins (Figure S2A). Significantly,
dissociated from APCC" with short ubiquitin chains (Raasi when these UBAs were added to APCC"'-dependent
et al., 2004). The UBA domains of hHR23A bind both muilti- ubiquitinations, they reduced the length of ubiquitin chains
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Figure 2. The Multiubiquitination of Cyclin A Is Distributive

(A) Kinetics of APC®"-dependent monoubiquitination. *°S-labeled cyclin A and geminin were ubiquitinated in the presence of methylubiquitin.

(B) Quantitation of APC®""-dependent monoubiquitination. Depicted is the weighed average length of modifications normalized to the modification at sat-
uration.

(©) Cyclin Ais a distributive APCCY"! substrate. *°S-labeled cyclin A was prebound to APCS®M. Its multiubiquitination was started by addition of ATP and E1.
In the second reaction, an excess of the competitor N-cyclin B was added simultaneously to ATP to limit ubiquitination of cyclin A to the initial binding event.
In the third reaction, N-cyclin B was added during prebinding as a negative control. The reactions were analyzed by autoradiography. U1-U4, mono- or
oligoubiquitinated cyclin A; Uy, ubiquitin chains.

(D) Cyclin A, geminin, and securin have similar K; values for the competition of cyclin A monoubiquitination by APC®®", Purified proteins were used as com-
petitors of APCC¥"-dependent monoubiquitination of *°S-labeled cyclin A. The modification of cyclin A compared to reactions in the absence of competitor
was quantitated and plotted against the competitor concentration. The standard error was calculated from three experiments.

(E) Geminin is a processive APC®™" substrate. The processivity of APCCM-catalyzed ubiquitination of *°S-labeled geminin was analyzed as before with
cyclin A. Full-length ubiquitin chains were formed even when N-cyclin B was added at the start of the ubiquitination.

92 Cell 724, 89-103, January 13, 2006 ©2006 Elsevier Inc.



A B C

geminin+
geminin  cyclin A cyclin A

2 5 10 2 5 10 2 5 10 time (min)

securin +
securin cyclin A cyclin A

2 5 10 2 5 10 2 5 10 time (min)

[sec]:[cycA]

0.125

wn
0 o
o o

U

cyclin A/lgG

Western

cyclin A/lgG cyclin A/lgG

Western Western

Figure 3. The Preferential Stabilization of Cyclin A Can Be Reconstituted in a Purified System

(A) Securin is preferentially multiubiquitinated by APC®"" compared to cyclin A. The multiubiquitination by APCC®"! of recombinant securin and cyclin A
alone or of both proteins simultaneously was analyzed by Western blotting.

(B) Geminin is preferentially multiubiquitinated by APCC"" compared to cyclin A. The multiubiquitination of purified geminin and cyclin A was analyzed either
alone or after the proteins were combined. The asterisk marks a crossreactive band of the antibody.

(C) The extent of cyclin A multiubiquitination depends on the concentration of competing securin. Cyclin A and decreasing concentrations of securin were

combined and incubated with APC®"", The reactions were analyzed by Western blotting.

attached to cyclin A but not to geminin or securin (Figure 2F;
Figure S2B). This indicates that cyclin A, but not geminin or
securin, dissociated from APC®" with ubiquitin chains of in-
termediate length. Consistently, UBAs sequestered partially
ubiquitinated cyclin A in G1 extracts, whereas they did not
affect securin or geminin degradation (Figure S2C). This
strongly suggests that cyclin A continuously shuttles on
and off the APC®®" during its multiubiquitination. The multi-
ubiquitination of cyclin A is therefore much less processive
than that of geminin or securin.

Differences in the processivity of multiubiquitination would
be mitigated if APCCYM preassembled ubiquitin chains on
the active site of UbcH10 and transferred them as complete
entities onto substrates, as was suggested for HECT E3s
(Verdecia et al., 2003). This, however, is unlikely for the RING
E3 APCCM First, the average length of cyclin A-attached
ubiquitin chains gradually increases over time, which is not
expected if ubiquitin chains are transferred as one entity.
Second, preincubation of APCC" with E1, E2, and ubiquitin
prior to substrate addition did not accelerate the multiubiqui-
tination of cyclin A, although it should allow the preformation
of ubiquitin chains (data not shown). Third, ubiquitin chains
linked to the active-site cysteine of UbcH10 in a DTT-sensi-
tive fashion were not observed, presumably because binding
of UbcH10 to substrate-free APC leads to autoubiquitination
of UbcH10 on lysine residues. Finally, cyclin A is modified in
single binding assays with few ubiquitin molecules but not
with chains (Figure 2C). Therefore, APC“"" elongates sub-
strate-linked chains by adding ubiquitin monomers, allowing

it to exploit differences in processivity as a means of discrim-
inating substrates.

Indeed, the differences in the kinetics and processivity of
multiubiquitination tightly correlate with the stability of the
proteins in G1 when securin and geminin are degraded, but
not cyclin A. If these differences are sufficient for APC®" to
discriminate between these substrates, we should be able to
reconstitute the preferential stabilization of cyclin Ain a puri-
fied system. Specifically, we predict that more processive
substrates would outcompete cyclin A for multiubiguitination
since they acquire their ubiquitin chain in fewer APC binding
events. To test this notion, we purified cyclin A, securin, and
geminin and subjected them to APC®™'-dependent multiu-
biquitination. Importantly, when either securin or geminin
was combined with cyclin A in this reaction, the modification
of cyclin A was limited to monoubiquitination (Figures 3A
and 3B). The high abundance of the monoubiquitinated
species shows that cyclin A can associate with APCC"
in the presence of more processive competitors but that
these competitors inhibit the rebinding required for multi-
ubiquitination. Accordingly, when the concentration of se-
curin is reduced, the length of cyclin A-attached ubiquitin
chains gradually increased (Figure 3C). Neither the multiubi-
quitination of securin nor the multiubiquitination of geminin
was inhibited by cyclin A. Similar results were observed
when UbcH5a was used as E2 (Figure S1C). Thus, the
APC®Y" can achieve substrate ordering in vitro by preferen-
tially promoting the multiubiquitination of more processive
substrates.

(F) Cyclin A shuttles on and off APC®®" during its multiubiquitination. The multiubiquitination of 3°S-labeled cyclin A, geminin, and securin by APC®" was
analyzed in the absence and the presence of UBA domains of hHR23A. The reaction products were resolved by SDS-PAGE and quantitated after auto-
radiography. The intensities + UBAs are shown as a function of the distance from the unmodified form.
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Figure 4. The D Box Regulates Processivity of Multiubiquitination and Substrate Ordering

(A) Kinetics of multiubiquitination of °S-labeled securin, securin®P8, securin62ANe8K  and securin®PBAEN by APCS?M Time courses of multiubiquitination
and single binding assays (where indicated) are shown. The reactions were analyzed by autoradiography. U1-U3, mono- or oligoubiquitinated securing; Uy,
ubiquitin chains.

(B) Kinetics of degradation of securin, securin®®8, securin™®®, securin“62ANe&K ' and securin®PBAKEN, 353 japeled proteins were incubated with UbcH10-
treated extracts of nocodazole-arrested cells (APC?°2°-dependent degradation) or with extracts of G1 cells (APC?"'-dependent degradation). G1 ex-
tracts were supplemented with UbcH10 were indicated. The reactions were analyzed by autoradiography. The asterisk marks phosphorylated securin.
(C) Degradation of securin®PE depends on APCCY"! and the proteasome. The degradation of securin®E in G1 extracts was analyzed as before, and purified
APCC" supstrates N-cyclin B1 and geminin, the APC inhibitor Emit, inactive E2 UbcH10%""4S, or the proteasome inhibitor MG132 was added. UbcH10

was added where indicated.
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Recognition of the D Box Is Essential for Processive
Multiubiquitination by APCS4"

The processivity of multiubiquitination and substrate order-
ing should be profoundly influenced by sequence motifs
that stabilize the interaction of substrates with the APC.
Such a motif might be the D box of substrates, which is rec-
ognized by both Cdh1 and APC (Burton et al., 2005; Carroll
et al., 2005; Kraft et al., 2005; Yamano et al., 2004). Accord-
ingly, cyclin A contains a cryptic D box, which, unlike D boxes
of other substrates, does not confer APC-dependent degra-
dation when grafted into other proteins (Klotzbucher et al.,
1996).

We first addressed the role of the D box for the processivity
of multiubiquitination by mutating the D box of securin (se-
curin®PB; RO'KAL to A®'KAA). Whereas wild-type securin
was rapidly multiubiquitinated by APCC" securin®P® was
primarily monoubiquitinated and only slowly obtained short
ubiquitin chains (Figure 4A). Importantly, securin®P® was
not ubiquitinated in single binding assays, which is indicative
of a high dissociation rate from the APC. Consistently, the
addition of UBAs shortened ubiquitin chains on securin®®
but not on wild-type securin (data not shown). Expression
of UBAs in vivo stabilized ubiquitin chains on securin®®
but not on securin (Figure 4F); these ubiquitinated species
could be immunoprecipitated by UBAs. Thus, although se-
curin®PB is still recognized by APC®" via its KEN box, it
now acts as a distributive APC substrate. This implies that
the D box is required for processive multiubiquitination by
APCth1 .

More distributive substrates, such as cyclin A, require
higher concentrations of active APC®"" to be degraded. In
extracts of late G1 cells, when the bulk of UbcH10 has
been degraded, cyclin A is stable. Importantly, the degrada-
tion of securin®P® in G1 extracts is similar to cyclin A. Secur-
in2PB was stable in G1 extracts but was rapidly degraded

n
after the addition of UbcH10 in an APC- and proteasome-
dependent fashion (Figures 4B and 4C). Thus, the recogni-
tion of the D box by APC®"" is required for the processive
ubiquitination of securin and its rapid degradation.

To examine whether the D box determines the differences
in processivity between cyclin A and securin, we used pep-
tides encompassing the respective D box sequences as
competitors of multiubiquitination (Figure 4D; Figure S3B).
In APC®®'-dependent multiubiquitinations of cyclin A and
securin, the D box peptide of securin was a more potent
competitor than the D box peptide of cyclin A. Thus, the D
box of securin is recognized by APCCY! more efficiently
than the D box of cyclin A, which correlates with the higher
processivity of securin multiubiquitination.

We subsequently introduced two point mutations into
securin so that its D box resembled that of cyclin A (secur-
inKG2ANEBK. Eiqure S3A). Intriguingly, securin®2ANe8K \yag
slowly ubiquitinated in a distributive manner (Figure 4A). In
single binding assays, securin“®2#Né&< \vas modified with
very few ubiquitin molecules (Figure 4A). Expression of
UBASs in vivo stabilized ubiquitin chains on securin<6/Nesk
but not on securin (Figure 4F). Additionally, its degradation
in G1 extracts required addition of UbcH10 (Figure 4B). Con-
trary to securin®PB, securin62N68K \yas still recognized by
APCC920 55 indicated by its degradation in mitotic extracts
supplemented with UbcH10. Thus, by changing its D box to
the respective D box sequence of cyclin A, securin is con-
verted into a more distributive substrate. This indicates
not only that the D box is necessary for processive multiubi-
quitination but that its nature can determine the extent of
processivity.

These findings allowed us to compare three substrates to
evaluate the importance of the D box and processivity for
substrate ordering: securin, which contains a potent D box
and is multiubiquitinated processively; the more distributive
cyclin A, which has a cryptic D box; and securin®PB, the mu-
tated D box of which causes its very distributive ubiquitina-
tion. As seen before, the simultaneous incubation of securin
and cyclin Awith APCCI" effectively restricts cyclin A ubiqui-
tination to monoubiquitination (Figure 4E). By contrast,
securin®P® hardly affects the multiubiquitination of cyclin A.
Cyclin A, however, now effectively inhibits the multiubiquiti-
nation of securin®P2, Thus, the D box of the substrate deter-
mines both the processivity of multiubiquitination and sub-
strate ordering in the purified system.

Substrate Ordering Is Not Specifically Regulated

by Cdc20 or Cdh1

Substrates are recognized by both Cdh1 and the APC
(Burton et al., 2005; Kraft et al., 2005; Yamano et al.,
2004). If the latter interaction is crucial for processivity, it
should not be important whether Cdc20 or Cdh1 targets
a substrate to the APC, which could be tested by comparing
the kinetics of multiubiquitination for proteins recognized by
both APCC9°2° and APC®", We purified active APCC420
from extracts of cells arrested in mitosis by nocodazole.
These extracts contain APCC9°2°, which is inhibited by the
spindle-assembly checkpoint and does not promote the
degradation of its substrates (Figure 5A). However, addition
of UbcH10 activated APC®°2° and caused the degradation
of APCC9°20 substrates in those extracts. Despite the com-
plete degradation of cyclin B1, APC®" was not activated,
as indicated by the following observations: endogenous

(D) The D box of securin is recognized more efficiently by the APCC" than the D box of cyclin A. Peptides encompassing the D box of securin and cyclin A
were titrated into the APC®®""-dependent multiubiquitination of *°S-labeled securin or cyclin A. The reaction products were analyzed by autoradiography
and quantitated as a function of peptide concentration.

(E) The processivity of multiubiquitination determines substrate ordering. The multiubiquitination by APC®®"" of recombinant cyclin A alone or together with
securin®PE, securin®PBAKEN o securin was analyzed by Western blotting. Only securin blocks cyclin A multiubiquitination.

(F) D box mutants of securin behave as distributive substrates in vivo. Securin, securin®°®, and securin“6?~N®8K yere expressed in Hela cells. Coexpres-
sion of the UBA-domain protein "*hHR23A stabilized ubiquitin chains on the distributive mutations but not on wild-type securin; the ubiquitinated species
coimmunoprecipitated with "hHR23A (right panel).
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Figure 5. The Cofactor Does Not Determine Processivity of Multiubiquitination and Substrate Ordering
(A) APCCY°20 is activated by addition of UbcH10 to extracts of nocodazole-arrested cells. The degradation of endogenous proteins in extracts after addition
of buffer or UbcH10 was monitored by Western blotting. The APCC9°2° substrates cyclin B1 and securin are degraded, whereas the APC®?"-specific sub-

strates Cdc20 and Plk1 remain stable.

(B) Kinetics of multiubiquitination of *°S-labeled geminin, cyclin A, and Cdc20 by APCC92° and APCC", The reaction products were analyzed by auto-

radiography.

(C) Quantitation of the weighed average length of the respective ubiquitin chains on cyclin A and geminin from three experiments as shown in Figure 5B.
(D) APCC9°20 shows the same substrate ordering as APC?". Recombinant cyclin A or securin was incubated with APC®9°2° gither alone or together. The

ubiquitination of the proteins was analyzed by Western blotting.
APCCY" supstrates, such as Cdc20 and Plk1, remained sta-

ble in UbcH10-treated mitotic extracts (Figure 5A); exoge-
nously added Cdc20 and Plk1 were stable after incubation
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of mitotic extracts with UbcH10 (data not shown); and nei-
ther Cdc20 nor Plk1 was ubiquitinated by APC purified
from UbcH10-treated mitotic extracts (see Figure 5B).



We then compared active APCC9°2 from UbcH10-treated
extracts to APCCM!. As expected, APCC°2° multiubiquiti-
nated cyclin A and geminin, whereas it hardly modified the
APCCY"_gpecific substrate Cdc20 (Figure 5B). Importantly,
for both cyclin A and geminin, no significant differences in
the kinetics or in the efficiency of multiubiquitination were ob-
served when APCC92° and APC®" were compared (Figure
5C). Additionally, substrate ordering in the purified system
was not affected by whether the cofactor Cdc20 or Cdh1
was used (Figure 5D). Consistent with our previous observa-
tions with APCC"" the ubiquitination of cyclin A by APCC4°20
was restricted to short ubiquitinations in the presence of the
more processive APC-substrate securin. The multiubiquiti-
nation of securin was not affected by the simultaneous pres-
ence of cyclin A. Thus, the processivity of multiubiquitination
and the resulting substrate ordering are independent of
whether Cdc20 or Cdh1 recruits the substrate, indicating that
interactions between substrate and core APC are important.

Deubiquitination and Distributive Autoubiquitination
Delay UbcH10 Degradation

To examine whether differences in processivity are used as
a general means of establishing substrate ordering, we
turned to UbcH10. Although its function as an E2 requires
a high affinity toward the APC, UbcH10 is stabilized until
other substrates have been degraded in G1. This is accom-
plished in part by the inhibition of UbcH10 autoubiquitination
by APC substrates (Rape and Kirschner, 2004). However, if
its autoubiquitination were processive, UbcH10 would be
degraded prematurely before most APC substrates have
been destroyed.

As reported previously, the autoubiquitination of UbcH10
is slow, which in this case is indicative of a low kq4 (Rape
and Kirschner, 2004). Additionally, ubiquitin chains attached
to UbcH10 slowly increase in length over time (Figures 6A
and 6B). Accordingly, UbcH10 was only monoubiquitinated
in single binding assays (Figure 6C), and addition of UBAs to
ubiquitination assays profoundly inhibited the elongation of
ubiquitin chains on UbcH10 (Figure 6D). Together, these ex-
periments strongly suggest that the autoubiquitination of
UbcH10 is highly distributive, which is consistent with its
late degradation in vivo.

The slow autoubiquitination of UbcH10 allowed us to ex-
amine its fate after dissociating from the APC with short ubig-
uitin chains. After starting the autoubiquitination reaction, we
added purified securin as a competitor. The addition of se-
curin not only inhibited further ubiquitination of UbcH10 but
induced a rapid loss of preformed ubiquitin modifications
(Figure BE). The loss of UbcH10 ubiquitination was not due
to proteasomal degradation as it occurred in the presence
of the proteasome inhibitor MG132 (data not shown).
Rather, it was most likely due to deubiquitinating enzymes
(DUBS) present in reticulocyte lysate and in somatic-cell ex-
tracts. The deubiquitination of UbcH10 could be inhibited by
ubiquitin aldehyde and by NEM, which is consistent with the
fact that most DUBs are cysteine proteases (Figure 6F;
Amerik and Hochstrasser, 2004). Importantly, deubiquitina-
tion was not restricted to UbcH10. It was also observed for

other APC®" substrates if their reassociation with the
APC®Y" was blocked by an excess of competing substrates
and their degradation by the 26S proteasome was impaired
(Figure 6F). Thus, if APC substrates dissociate from APCC"
before they are recognized by the 26S proteasome, they are
prone to deubiquitination.

This indicates that differences in processivity could be
further modulated to establish the correct timing of the deg-
radation of APC substrates. With respect to UbcH10, its dis-
tributive autoubiquitination and the possible deubiquitination
should make its degradation very sensitive to inhibition by
low concentrations of APCC" substrates. We tested this
by directly comparing the inhibitory effect of APC substrates
on the APC®M"_dependent ubiquitination of UbcH10 and
geminin. As predicted, low concentrations of purified securin
dramatically inhibited UbcH10 autoubiquitination and led to
the accumulation of mono- and diubiquitinated UbcH10
(Figure 6G). By contrast, geminin ubiquitination was hardly
affected at all competitor concentrations tested. Thus, the
distributive autoubiquitination of UbcH10 together with pos-
sible deubiquitination upon dissociation suffice to establish
a striking sensitivity of UbcH10 degradation to competition
by other APC substrates. Differences in processivity there-
fore contribute to both the correct timing of UbcH10 auto-
ubiquitination and cyclin A stabilization in G1.

APC®?"! Multiubiquitinates Late Mitotic Substrates
with Decreasing Processivity

We finally investigated whether the ubiquitination reactions
catalyzed by APC®®" in late mitosis are regulated by mech-
anisms similar to those in G1. We compared the kinetics of
the APC®®_catalyzed ubiquitination of Cdc20, Plk1, and
Aurora A, which are degraded in that order during mitotic
exit (Lindon and Pines, 2004). Interestingly, the kinetics of
multiubiquitination were tightly correlated with the relative
timing of degradation in the cell cycle. The multiubiquitination
of Cdc20, which is the first APCCY" -specific substrate to be
degraded, was faster than that of Plk1 (Figures 7A, 7B, and
7D). Aurora A, which is degraded later than Cdc20 and Plk1,
was ubiquitinated with much slower kinetics (Figures 7C and
7D). When UBAs were added to multiubiquitination reac-
tions, they increasingly inhibited the ubiquitin-chain elonga-
tion of Plk1 and Aurora A, suggesting that the respective
multiubiquitination reactions are more distributive (Figure
7E; Figure S4). Importantly, both Plk1 and Aurora A were de-
graded with slow kinetics in G1 extracts, but increasing Keat
by addition of UbcH10 and inhibiting deubiquitination by ad-
dition of ubiquitin aldehyde converted them into unstable
proteins (Figure 7F). Together, these results indicate that dif-
ferences in the relative processivity of multiubiquitination by
APCCY"" and deubiquitinating enzymes are decisive factors
in establishing substrate ordering in late mitosis and G1.

DISCUSSION
The sequential ubiquitination of substrates by the APC is crit-

ical for the proper timing of cell-cycle events. A rough order-
ing of substrates is achieved by the sequential activation of
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Figure 6. UbcH10 Autoubiquitination Is Distributive and Sensitive to Deubiquitination

(A) Kinetics of autoubiquitination of **S-labeled UbcH10 by APC®®". Reaction products were analyzed by autoradiography. U1*, monoubiquitinated
UbcH10, which is formed independently of APC.

(B) Kinetics of ubiquitin-chain formation on geminin, cyclin A, and UbcH10 from three experiments.

(C) Single binding assay with UbcH10. *°S-labeled UbcH10 was preincubated with APCC“" in the presence or absence of excess unlabeled UbcH10°1"4S,
Where indicated, UbcH10%""4S was added simultaneously to the start of the ubiquitination to inhibit rebinding of dissociated UbcH10.

(D) UBASs inhibit the elongation of ubiquitin chains on UbcH10 by APC®", The reaction products were analyzed as before.

(E) Addition of APC substrates during the autoubiquitination of UbcH10 leads to deubiquitination of UbcH10. 7.5 minutes after UbcH10 autoubiquitination
was started, either BSA or recombinant securin was added for a further 30 min. The reaction products were analyzed as before.

(F) Substrates are deubiquitinated in reticulocyte lysate if their reassociation with APCC9™! is inhibited. The APCC®'-dependent ubiquitination of UbcH10,
geminin, or cyclin A was started. At 15 min, stop buffer (INPUT), N-cyclin B (which inhibits reassociation of dissociated proteins), or N-cyclin B and NEM (to
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APCCY20 and  APCCYM  (reviewed in Peters, 2002).
APCC920 hinds to D box-containing proteins, whereas the
subsequently activated APCCY"" additionally associates
with KEN box-containing proteins. However, APC®" ubig-
uitinates Cdc20, Plk1, Aurora A, and UbcH10 sequentially
and can in time stabilize cyclin A. Despite its importance
for understanding the cell cycle, the mechanism by which
APCC discriminates between these substrates has re-
mained elusive.

The results of this study support a model in which AP
establishes substrate ordering based on relative differences
in the processivity of multiubiquitination of the various sub-
strates. Very processive substrates, such as securin or gem-
inin, obtain their multiubiquitin chain in a single binding event,
while more distributive substrates, such as cyclin A or
UbcH10, continuously shuttle on and off the APC (Figure
7@). Differences in processivity can originate from the cata-
lytic rate of multiubiquitination, as might be the case for
PIk1, Aurora A, and UbcH10, or from the rate of dissociation
from the APC, which may account for the distributive nature
of cyclin A multiubiquitination. Irrespective of how processiv-
ity is determined, we find a striking correlation between the
processivity of multiubiquitination and the relative timing of
degradation in the cell cycle: The more processive the multi-
ubiquitination of an APC substrate, the earlier it is degraded
relative to the other substrates. The only notable exception,
cyclin A, will be discussed below. The timing of degradation
of an APCC"" substrate may thus be determined by the
processivity of its multiubiquitination relative to other sub-
strates.

Importantly, processivity differences allow the APC to gen-
erate substrate ordering without prior substrate modification.
Distributive APC substrates dissociate frequently from the
APC during their multiubiquitination. The probability of
quickly rebinding and escaping deubiquitination is deter-
mined by the availability of free APC®", which in turn de-
pends on the total concentration of remaining substrates.
Thus, distributive substrates will be multiubiquitinated effi-
ciently only after more processive substrates have already
been degraded. This implies that substrate ordering by the
APC is self-organizing or “substrate controlled,” which may
have facilitated its conservation throughout evolution (Georgi
et al., 2002).

The regulation of an E3 based on differences in processiv-
ity introduces a discrimination step subsequent to the initial
recognition of substrates. In case of the APC, this permits
the stabilization of substrates that also fulfill important func-
tions on the APC. It is exemplified by the APC-specific E2
UbcH10 and by cyclin A, which, in conjunction with Cdk2, in-
hibits APCS¥"" at the G1/S transition. Both proteins bind the
APC with high affinity, but, due to the distributive nature of
their ubiquitinations, they are multiubiquitinated only under
specific conditions: UbcH10 undergoes efficient autoubiqui-

Cth1

tination only after other APC substrates have been degraded,
while cyclin A is efficiently multiubiquitinated only in the pres-
ence of high E2 concentrations. Thus, catalyzing the muilti-
ubiquitination of its substrates with different processivity sub-
stantially expands the functional repertoire of the APC.

Regulation of Substrate Ordering

by Kinetic Proofreading

The proposed regulation of substrate ordering by the APC is
highly reminiscent of the concept of kinetic proofreading,
which was introduced to explain the high accuracy of trans-
lation and DNA replication (Hopfield, 1974). During kinetic
proofreading, a substrate undergoes a series of modifica-
tions, with only the fully modified state being able to produce
a signal. If the series of modifications is interrupted before
completion, the substrate reverts to its basal state. The rep-
etition of modifications or a series of required reactions is
used to amplify small differences in binding affinities or rate
constants. During translation, 100-fold differences in the
binding affinities of cognate versus noncognate amino-
acyl"tRNA*EF-Tu complexes to the ribosome are amplified
into a more than 10,000-fold higher probability of incorpora-
tion of the correct amino acid into the polypeptide chain. This
increase in fidelity is paid for by GTP hydrolysis, which effec-
tively makes dissociation reactions irreversible. Multiubiquiti-
nation by APC®" involves the sequential elongation of
ubiquitin chains attached to a substrate, and only proteins
modified with a tetraubiquitin chain are recognized by the
26S proteasome (Thrower et al., 2000). If substrates dissoci-
ate from the APC before they are multiubiquitinated, they
can be converted into the basal state by deubiquitination.
The more distributive the multiubiquitination of a substrate,
the more likely it will undergo proofreading before reaching
the tetraubiquitinated state. By exploiting differences in
processivity, APCC"" could thus amplify differences in affin-
ity or even discriminate between substrates of nearly identi-
cal affinities, such as cyclin A and geminin.

In contrast to kinetic proofreading in translation, the disso-
ciation of substrates from the APC does not automatically
lead to reversal of all modifications. After dissociation, sub-
strates could either be captured by DUBs or rebind the
APC. It is not known whether DUBSs act processively and re-
move the complete ubiquitin chain in a single binding event
or whether they compete with the APC at multiple stages.
It has also not been clarified whether specific DUBs control
the deubiquitination of specific APC substrates and whether
these DUBs are regulated in the cell cycle. Irrespective of this
potential specificity, DUBs are likely to have profound effects
on the timing of degradation by amplifying small differences
in the processivity of ubiquitination.

If the DUB activity is constant, the degradation of distribu-
tive APC substrates is determined by the availability of active
APC. Increasing local APC concentrations might promote

additionally inhibit deubiquitinating enzymes) were added, and the reactions were incubated for 30 min. In the right panel, ubiquitin aldehyde was added

instead of NEM.

(G) UbcH10 autoubiquitination is hypersensitive to substrate competition. Increasing concentrations of recombinant securin were used to compete for
APCC"_dependent ubiquitination of UbcH10 or geminin. The reaction products were analyzed as before.
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the ubiquitination of a substrate in a specific compartment,
while DUBs would stabilize it elsewhere in the cell. This could
be relevant for cyclin B1, which is first degraded at the spin-
dle poles, where active APC accumulates during mitosis
(Clute and Pines, 1999; Kraft et al., 2003).

Implications for the Regulation of the APC
A critical feature determining the processivity of multiubiqui-
tination is the stability of the substrate-APC interaction,
which, as our experiments indicate, might depend on both
Cdh1 and core APC subunits. Although cyclin A and secur-
in2PB are recognized by Cdh1, they are multiubiquitinated
distributively. Cyclin A can even be purified from cells in a sta-
ble complex with Cdh1, indicating that its binding by Cdh1 is
not sufficient for processive multiubiquitination (Sorensen
etal., 2001). Accordingly, the processivity of multiubiquitina-
tion is independent of whether Cdc20 or Cdh1 targets the
substrates to the APC, suggesting that an interaction of
substrates with subunits of the core APC is necessary for
processive multiubiquitination. These subunits presumably
constitute the D box binding activity demonstrated for Xeno-
pus APC (Yamano et al., 2004). They might include the
APC10 subunit, which is required for the stable binding
and processive ubiquitination of various yeast APC sub-
strates (Passmore et al., 2003; Carroll and Morgan, 2002;
Carroll et al., 2005). We propose that substrates are recog-
nized and delivered to the APC by the activators Cdc20 and
Cdh1. The D box of the substrate will then be transferred to
the core D box receptor on the APC, and the stability of this
interaction will in part determine the processivity of the ubig-
uitination reaction. Contribution of the D box to the stability of
the Cdh1-substrate interaction might further enhance the
discrimination between APC®®" substrates. Consistent
with this notion, the distributive substrate securin®® has
a mutated D box; cyclin A possesses a cryptic D box, which
does not convey APC-dependent degradation when trans-
ferred into a heterologous protein; and a bona fide D box
has yet to be defined for the distributive autoubiquitination
of UbcH10.

The only notable exception to the tight correlation be-
tween the processivity of multiubiquitination and the timing

of degradation is cyclin A. The ubiquitination of cyclin A oc-
curs in a distributive fashion and should be restricted to
monoubiquitination in the presence of processive sub-
strates. Contrary to this expectation, cyclin A is degraded
as one of the first proteins during mitosis when processive
APC substrates are still present (Geley et al., 2001). How-
ever, at this time, the spindle-assembly checkpoint interferes
with the APC®92°_dependent ubiquitination of most sub-
strates, but not of cyclin A. The function of the spindle check-
point is required for cyclin A degradation before processive
substrates such as securin (Geley et al., 2001). Based on
these previous results and on our studies, we propose that
cyclin A possesses an additional, checkpoint-independent
APC-recognition motif. By circumventing the inhibition of
the spindle-assembly checkpoint, cyclin A could escape
substrate ordering based on differences in processivity and
therefore will be degraded early in mitosis.

The experiments described here have provided general ki-
netic features of APC-dependent multiubiquitination. They
have used purified and extract systems, and the general fea-
tures are congruent with in vivo results. While these experi-
ments established the importance of processivity or deubig-
uitinating enzymes, we could not at this time obtain the
detailed kinetic features that would enable us to model the
reactions. These features include the on and off rates of all
substrates at various stages of ubiquitination, the on and
off rates of the E2s, and the nature and specificities of de-
ubiquitinating enzymes. Further complicating the analysis for
the present are the multiple ubiquitination sites on the sub-
strates and the heterogeneous nature of APCC" prepara-
tions. Although challenging, experiments addressing these
issues are likely to deepen our insight into the mechanisms
governing progression through mitosis and G1 and therefore
should be a major focus of subsequent studies.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies

UbcH10 and UbcH10%""*S were in pCS2PV™® for IVT or in pET28 for
purification. Securin, geminin, Cdc20, Plk1, Aurora A, cyclin A, and the N
terminus of cyclin B1 (NcycB) were all in pCS2 for IVT or in pET28-TEV for

Figure 7. The Processivity of Multiubiquitination of APC®?"" Substrates in Late Mitosis Correlates with the Relative Timing of Their

Degradation in the Cell Cycle

(A) The kinetics of ubiquitination of *°S-labeled Cdc20 by APCC™ . Both its multiubiquitination with ubiquitin and its monoubiquitination with methylubiquitin
were analyzed. The reaction products were visualized by autoradiography. U1-U5, mono- or oligoubiquitinated species; U,,, multiubiquitinated Cdc20.

(B) The same analysis as in (A) using 3°S-labeled Plk1.
(C) The same analysis as in (A) using 3°S-labeled Aurora A.

uantitation of the weighed average length of ubiquitin chains in -dependent multiubiquitinations from three experiments each.
D) Q itati f th ighed | h of ubiquitin chains in APC®"-q d Itiubiquitinati fi h i h

(E) The effect of UBAs on the length of ubiquitin chains attached to various APCC®"" substrates. The change in the average length upon UBA addition is
shown. The standard error was calculated from three experiments. Securin and geminin have apparently longer ubiquitin chains because UBAs inhibit deu-
biquitination.

(F) Degradation assays in G1 extracts of 353-labeled Aurora A and Plk1. Both proteins are degraded after addition of UbcH10 and the DUB inhibitor ubiquitin
aldehyde.

(G) Model of substrate multiubiquitination by the APC. The APC ubiquitinates substrates (S) with different degrees of processivity. Ubiquitin is delivered to the
APC by charged E2 complexes (E2Y). Processive substrates (right panel) do not dissociate from the APC during multiubiquitination. By contrast, more dis-
tributive substrates could dissociate from the APC at any stage during multiubiquitination (left panel). Upon dissociation, they could either rebind the APC or
be deubiquitinated by deubiquitinating enzymes (DUB). The presence of more processive substrates will inhibit rebinding and favor deubiquitination. Thus,
the more distributive the multiubiquitination of a substrate, the less likely it will acquire a tetraubiquitin chain sufficient for proteasomal degradation and the
later it will be degraded.
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purification. Mutant securin®®® (RKAL to AKAL) and securin®PBAKEN (KEN
to AAA, from Olaf Stemmann) were cloned into pCS2 and pET28-TEV.
securinN®®< and  securin®?"NeK \vere cloned into pCS2. pPGEX-
hHR23A and pGEX-UBA1-2 (from Cecile Pickart; Raasi et al., 2004)
were cloned into pET28. The Zn binding domain of Emi1 was in pET28.
All antibodies were from Santa Cruz except the anti-securin-antibody
(MBL).

Tissue Culture

Hela S3 cells were arrested with 2 mM thymidine medium for 24 hr. After
release into DMEM/FBS for 6 hr, cells were arrested in prometaphase by
addition of nocodazole (0.1 pg/ml) for 11 hr. G1 cells were obtained by re-
leasing nocodazole-arrested cells into DMEM/FBS for 3 hr.

Extract Preparation and In Vitro Degradation
Extracts of synchronized cells were prepared and analyzed for APC activ-
ity as described (Rape and Kirschner, 2004).

Peptides and Proteins

The D box peptides of cyclin A (VQQPRTRAALAVLKSGNPRGLA) and
securin  (ALPKATRKALGTVNRATEKSV) were from Sigma Genosys.
HisybcH10, "UbcH10%""S, His-tagged Zn binding domains of Emit,
HishHR23A, MNeyeB, MSsecurin, Hsecurin®PB, Hisseourin APBAKEN Hisge_
minin, and McyclinA were purified from BL21(DE3) pRIL cells (Stratagene)
by binding to NiNTA agarose (QIAGEN) according to the manufacturer’s
manual. Proteins were dialyzed against PBS and treated with TEV for 16
hr at 4°C. Gst and Gst-UBA1-2 encompassing the two UBA domains of
hHR23A were purified from BL21(BE3) pRIL cells using glutathione Se-
pharose according to the manufacturer’s manual (Novagen).

Ubiquitination Assays

Ten micrograms of anti-Cdc27 antibodies was coupled to ProG agarose
(Roche) for 1 hr at 4°C. 1.4 milliliters of HelLa S3 extract was cleared at
10,000 rpm and incubated with Cdc27 beads for 4 hr at 4°C. The
Cdc27 beads were washed three times with SB + 0.05% Tween 20 and
twice with SB (25 mM HEPES [pH 7.5], 1.5 mM MgCl,, 5 mM KCI, 1 mM
DTT, 1x complete protease inhibitors [Roche], 15 mM creatine phos-
phate, 2 mM ATP). The beads were resuspended in 40 pl SB. 17.5 micro-
molar E1 (Boston Biochem), 100 nM UbcH10, 20 mM ATP, 1.5 mg/mi
ubiquitin, 10 mM DTT, and 1 U creatine phosphokinase in UBAB buffer
(25 mM Tris/HCI, pH 7.5, 50 mM NaCl, 10 mM MgCl,) were added to
4 ul beads. Substrates were prepared by IVT (Promega) in the presence
of [¥°Smethionine. Ubiquitinations were started at room temperature by
addition of substrate, stopped with gel loading buffer, and resolved by
5%-15% SDS-PAGE and autoradiography. To analyze dissociation
from the APC, 100 nM Gst-UBA1-2 or 100 nM M*hHR23A was added
where indicated. For single binding assays, *°S-labeled substrates were
preincubated with APC in UBAB buffer in three replicates on ice for 45 min
and, after addition of UbcH10, for a further 15 min. Their ubiquitination
was started by addition of ATP and E1. In a replicate, 2 uM NcycB was
added simultaneously to ATP and E1 to inhibit rebinding. In another repli-
cate, 2 pM NeycB was added during preincubation as negative control.

Quantitation

Ubiquitination assays were resolved by SDS-PAGE. The intensities of the
autoradiograph were determined using Quantity One (Bio-Rad). The in-
tensities were plotted as a function of distance from the unmodified forms,
and from this data the weighed average length of ubiquitin chains was cal-
culated.

Substrate-Ordering Assay

To investigate substrate ordering by APC®®"" in vitro, we purified APCO!
and recombinant cyclin A, geminin, and securin. Two micromolar re-
combinant substrates were subjected to multiubiquitination alone or in
combination with each other. Ubiquitinations were analyzed by 8%-—
16% SDS-PAGE and Western blotting using specific antibodies.
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Deubiquitination Assay

353-labeled substrates were ubiquitinated with APCC" for 15 min at
room temperature in the presence of MG132. The rebinding of dissoci-
ated substrates to APCC"! was inhibited by addition of 2 pM NcycB.
The reactions were incubated for a further 30 min and analyzed by
SDS-PAGE and autoradiography. Where indicated, 2 mM NEM or ubig-
uitin aldehyde was added to inhibit deubiquitination.

Supplemental Data
Supplemental Data include four figures and can be found with this article
online at http://www.cell.com/cgi/content/full/124/1/89/DC1/.
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