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Periodic activity of the anaphase-promoting complex (APC) ubiquitin ligase determines progression through
multiple cell cycle transitions by targeting cell cycle regulators for destruction. At the G,/S transition,
phosphorylation-dependent dissociation of the Cdhl-activating subunit inhibits the APC, allowing stabiliza-
tion of proteins required for subsequent cell cycle progression. Cyclin-dependent kinases (CDKs) that initiate
and maintain Cdhl phosphorylation have been identified. However, the issue of which cyclin-CDK complexes
are involved has been a matter of debate, and the mechanism of how cyclin-CDKs interact with APC subunits
remains unresolved. Here we substantiate the evidence that mammalian cyclin A-Cdk2 prevents unscheduled
APC reactivation during S phase by demonstrating its periodic interaction with Cdh1 at the level of endoge-
nous proteins. Moreover, we identified a conserved cyclin-binding motif within the Cdhl WD-40 domain and
show that its disruption abolished the Cdhl-cyclin A-Cdk2 interaction, eliminated Cdhl-associated histone H1
kinase activity, and impaired Cdhl phosphorylation by cyclin A-Cdk2 in vitro and in vivo. Overexpression of
cyclin binding-deficient Cdh1 stabilized the APC-Cdh1 interaction and induced prolonged cell cycle arrest at
the G,/S transition. Conversely, cyclin binding-deficient Cdhl lost its capability to support APC-dependent
proteolysis of cyclin A but not that of other APC substrates such as cyclin B and securin Pds1. Collectively,
these data provide a mechanistic explanation for the mutual functional interplay between cyclin A-Cdk2 and

APC-Cdh1 and the first evidence that Cdhl may activate the APC by binding specific substrates.

Proteins are marked for rapid destruction in the 26S pro-
teasome by covalent attachment of polyubiquitin chains, a re-
action catalyzed by an enzymatic cascade culminating on E3
ubiquitin ligases (10, 18). The anaphase-promoting complex
(APC) ubiquitin ligase had been originally isolated as a com-
ponent required for ubiquitination and degradation of B-type
cyclins and later was identified as an essential factor promoting
separation of the replicated chromosomes to daughter cells
during anaphase (20, 22, 56). More-recent data from diverse
experimental models provide compelling evidence for another
important role for APC-regulated proteolysis besides its cru-
cial functions in mitosis, namely, its involvement in imposing
and maintaining the physiological length of the G, phase (19,
27, 51, 55, 59). As such, APC represents a crucial cellular
activity operating at multiple cell cycle transitions, which en-
sures error-free distribution of the genetic material between
successive generations of eukaryotic cells.

To achieve its essential goals, APC activity during the cell
cycle is highly periodic and subjected to a tight control by a
combination of regulatory events such as phosphorylation,
functional sequestration by kinetochore-associated checkpoint
proteins, and recruitment of activating subunits to the APC
core (39, 43, 66). The last regulatory mode has recently at-
tracted much attention thanks to the isolation of Cdc20 (Slp1;
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Fizzy) and Cdhl (Srw1/Ste9; Fizzy-related), two related but
functionally distinct APC-activating subunits (14, 23, 37, 51, 54,
59, 64). Essential mitotic functions, such as initiation of sister
chromatid separation and timing of exit from mitosis, are ex-
ecuted by the APC coupled to Cdc20 (11, 12, 53). The molec-
ular mechanism which restricts formation of active APC-Cdc20
to mitosis reflects the requirement for phosphorylation of the
APC structural subunits by mitotic kinases, in order to recruit
Cdc20 and form an active ubiquitin ligase (24, 52). Although
Cdc20 is quantitatively degraded at the end of mitosis, APC
remains highly active throughout most of the G, phase (7, 14,
47, 61). This is enabled by its assembly with another activating
subunit, Cdh1, which unlike Cdc20 binds and activates both
mitotic and interphase APC (14, 21, 23, 24, 67). APC activity is
cancelled only at the G,/S transition due to Cdhl phosphory-
lation and its abrupt dissociation from the APC core (5, 21, 23,
24, 31, 65, 67).

Inactivation of APC in early S phase represents an impor-
tant switch in coordinating the subsequent cell cycle progres-
sion. Stabilization of proteins sensitive to APC-mediated pro-
teolysis such as Cdc6 and Dbf4 contributes to the control of the
formation of licensed origins of DNA replication and their
subsequent firing, respectively (9, 15, 42, 45, 60). At the same
time, it has been suggested that stabilization of geminin, an-
other APC substrate, restricts initiation of the origins of DNA
replication to only once within the same cell division cycle (38).
Moreover, absence of APC activity during S and G, phases
allows accumulation of Polo-like kinase, B-type cyclins, se-
curins, CENP-F/mitosin and Kid microtubule motors, and au-
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rora-like kinases, proteins vital for productive cell division as
well as establishment of a functional mitotic spindle checkpoint
(3, 16, 39, 40, 55, 66). Finally, a period of inactive APC in
interphase allows accumulation of Cdc20, a key prerequisite
for APC reactivation in the subsequent mitosis (46, 47, 55). For
all these reasons, mechanisms which inhibit APC at the G,/S
transition and guard against its unscheduled reassociation with
Cdh1 during S and G, phases appear to be critically important
to coordinate DNA replication with cell division. Indeed,
forced reactivation of APC-Cdh1 in post-G; mammalian cells
and the resulting lack of APC periodicity induce endoreplica-
tion and nuclear abnormalities and ultimately result in cell
death (55).

Evidence from yeast (Saccharomyces cerervisiae and Schi-
zosaccharomyces pombe), Drosophila melanogaster, and ver-
tebrate models indicates that cyclin-dependent kinase
(CDK)-dependent phosphorylation of Cdhl is important for
regulation of APC-Cdh1 assembly and its periodic activity dur-
ing the cell cycle (7, 21, 23, 24, 29, 31, 66). Thus, the binding of
Cdhl to the APC core upon exit from mitosis requires inhibi-
tion of mitotic CDKs and, at least in budding yeast, activation
of the Cdc14 phosphatase (21, 58). Recent data obtained in the
mammalian cell-free system suggest that in higher eukaryotes
CDK-mediated regulation of APC-dependent proteolysis also
operates in concert with a phosphatase activity specifically
present in G, cells (4). Cdh1 becomes phosphorylated on CDK
consensus S/T-P sites during S phase, and this phosphorylation
tightly correlates with a period of inactive APC (5, 21, 23, 24,
31, 65, 67). Importantly, replacement of the CDK phospho-
acceptor residues of Cdhl by alanines, but not by potentially
phospho-mimicking aspartic acid residues, supports high APC
activity and enables productive APC-Cdhl assembly even in
the presence of high CDK activity (24, 31). Finally, recent data
suggest that CDK-mediated phosphorylation of Cdh1 acceler-
ates its protein turnover, a mechanism that would further lower
the risk of unscheduled reactivation of the APC (5, 65). De-
spite all this progress, several important issues, such as which
cyclin-CDK complexes are involved in APC-Cdhl1 inactivation
and what the mechanistic requirements for Cdhl recognition
by cyclin-CDK complexes are remain unresolved. Thus, while
there is strong genetic evidence from Drosophila for cyclin E
being the major Cdhl kinase (54), data from mammalian cells
repeatedly indicated little or no effect of cyclin E-Cdk2 activity
on the modulation of APC-Cdh1 assembly or the kinetics of
stabilization of the APC substrates (7, 31). Instead, ectopically
expressed human Cdhl physically interacted with cyclin A but
not cyclin E, suggesting that during S phase Cdhl might be
negatively regulated primarily by cyclin A and its associated
CDKs (31). However, whether cyclin A-Cdk2 forms stable
complexes also with endogenous Cdhl and which compo-
nent(s) of the cyclin A holoenzyme mediates such an interaction
remain unclear. Moreover, whether the reported Cdhl-cyclin
A interaction serves solely to regulate Cdhl by phosphoryla-
tion or whether it also mediates substrate recognition of the
APC-Cdh1 ubiquitin ligase has not been clarified. Stimulated
by these open questions, we studied the mechanistic require-
ments for physical and functional interaction between Cdhl
and cyclin-CDK complexes. Our new data obtained by analysis
of endogenous proteins in untransformed fibroblasts strength-
en the evidence for mammalian cyclin A-Cdk2 playing an im-
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portant role in preventing APC-Cdhl reactivation in post-G,
cells. Moreover, we provide evidence for a cyclin A binding
motif within the WD repeat domain of Cdhl and demonstrate
its requirement for both dissociation of Cdhl from the APC
core and for ubiquitination of cyclin A by the APC-Cdhl ho-
loenzyme.

MATERIALS AND METHODS

Plasmids, mutagenesis, and gene transfer. Human Cdhl ¢cDNA (GenBank
accession no. AF080397) and the phosphorylation-deficient Cdhl 4xA mutant
(31) were tagged on the amino terminus with a myc epitope and subcloned either
into the pX expression plasmid or into the pBI tetracycline-responsive plasmid
(Clontech). Truncated versions of the human Cdhl were produced by a PCR-
based strategy; intragenic deletion of the RVL amino acids within the cyclin-
binding domain (Cdhl ARVL) and/or their replacement with alanines (Cdhl
RVL-AAA) were generated using the Quick Change method (Stratagene) ac-
cording to the manufacturer’s instructions. The pCMV-CD20 expression plasmid
was described elsewhere (35). Calcium phosphate transfection and electropora-
tion were performed as reported previously (33, 35).

Cell culture. R12, a derivative of Rat-1 diploid fibroblasts, U-2-OS, a human
osteosarcoma cell line, U-2-OS-TA, containing the tetracycline-responsive tran-
scriptional activator, and U-2-OS/Cdhl, conditionally expressing myc-tagged
wild-type Cdhl in a tetracycline-dependent manner were characterized in detail
elsewhere (55). Cells capable of conditional expression of the Cdhl RVL-AAA
mutant were generated by transient transfection of the U-2-OS-TA cells with the
pBI plasmid encoding this Cdhl mutant while culturing in the presence of
tetracycline. Induction of myc-Cdhl, either the wild type or its cyclin binding-
deficient derivative, by removal of tetracycline was performed according to pro-
cedures previously published (36). Synchronization of cells in metaphase was
achieved by incubating the cells in the presence of nocodazole (40 ng/ml).
Productively transfected cells expressing the CD20 surface were isolated using
the anti-CD20-coated Dynabeads and a DYNAL magnetic particle concentrator
according to the protocol of the manufacturer (Dynal A.S.). Proteasome inhib-
itor N-acetyl-Leu-Leu-norleucinal (LLnL; 25 wM) was in some cases added to
the culture medium for the times specified in figure legends.

Immunochemical techniques. Rabbit polyclonal antibodies used in this study
were SC-751 (Santa Cruz Biotechnology) to human cyclin A and SC-163 (Santa
Cruz Biotechnology) to human Cdk2. Rabbit sera for Cdc27 and Cdh1 (Sat-105)
and Pds1 were described (17, 23, 55). Mouse monoclonal antibodies were as
follows: SC-245 (Santa Cruz Biotechnology) to cyclin B1, CD20 and CD20FITC
(Becton Dickinson) to the CD20 cell surface marker, 9E10 to the myc epitope
(gift from G. Evan), DCS-141 to Mcm?7 (55), MO-1 to Cdk7 (57), and SC-9972
(Santa Cruz Biotechnology) and C40920 (Transduction Laboratories) to Cdc27.
DCS-266 against the full-length human Cdh1 was raised and characterized in our
laboratory (Fig. 1A) (Sgrensen et al., unpublished data) according to the estab-
lished hybridoma technology (34). Immunoprecipitation, immunoblotting, and
immunocytochemical techniques including detection of bromodeoxyuridine
(BrdU) incorporation into newly synthesized DNA were described earlier (32,
35). Immunodepletion of cyclin A and Cdk2 from the cell lysates was achieved by
three consecutive rounds of immunoprecipitation with Sepharose beads coated
with the respective antibodies. The amount of protein in the resulting lysates was
adjusted to that of the control sample depleted with a nonimmune antibody. In
vitro kinase assays were performed essentially as described previously (32) with
the exception that histone H1 (2 pg per reaction) or purified glutathione S-
transferase (GST)-Cdh1 fusion proteins (6 ug per reaction) were used as sub-
strates.

Flow cytometry. DNA distribution of the productively transfected cells was
analyzed essentially as described previously (35). Briefly, cells were harvested
with phosphate-buffered saline (PBS) containing EDTA (0.1%), immunostained
with CD20FITC antibody, and fixed in 70% ice-cold methanol for 20 min.
Subsequently, DNA was labeled by incubating the cells for 30 min at 37°C in a
propidium iodide (PT) buffer (10 mM Tris-HCI [pH 7.5], 5 mM MgCl,, 50 pg of
PI/ml, 10 g of RNase A/ml). The stained cells were acquired and sorted by the
FACSCalibur flow cytometer (Becton Dickinson), and the DNA content was
analyzed using CellQuest software.

Expression and purification of the GST fusion proteins. For expression in
bacteria, wild-type Cdh1 and Cdhl ARVL cDNAs were cloned in frame with the
gene for GST using the GST-2TK plasmid (Pharmacia Upjohn). The fusion
proteins were expressed in Escherichia coli, bound to glutathione-Sepharose, and
eluted with reduced glutathione according to standard procedures (Pharmacia
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FIG. 1. Endogenous Cdhl redistributes from the APC to active cyclin A-Cdk2 complexes during the cell cycle. (A) Characterization of the
DCS-266 mouse monoclonal antibody to Cdhl. Whole-cell extracts (WCE) prepared from R12 cells were either directly immunoblotted with
DCS-266 (left) or immunoprecipitated (IP) with DCS-266 (right). DCS-266 immunoprecipitates were subjected to Western blotting analysis by
Sat-105, an affinity-purified rabbit polyclonal antibody to Cdhl. IgG, immunoglobulin G. (B) R12 cells were starved for 48 h by incubating them
in a mitogen-free medium and then induced to reenter the cell cycle by addition of FCS. At the indicated time points, the kinetics of cell cycle
progression were measured by scoring BrdU-positive cells as an indication of productive entry into S phase (S) and by counting cells with
condensed chromosomes as an indication of entry into mitosis (M). Expression profiles of Cdc27, Cdhl, cyclin A, cyclin B1, and Cdk7 (loading
control) were assessed by Western blotting analysis of the WCE. (C) R12 cells were synchronized as for panel B. The APC was immunoprecipitated
by an antibody to its Cdc27 structural subunit and analyzed for the presence of the Cdh1-activating subunit by Western blotting with Cdh1-specific
antibody DCS-266. (D) R12 cells were synchronized as for panel B. Cdh1 complexes immunopurified by the DCS-266 antibody were analyzed for
the presence of cyclin A and Cdk2 by Western blotting and for the associated kinase activity by an in vitro kinase assay using histone H1 as a
substrate. (E) R12 cells were synchronized in early S phase by mitogen depletion for 48 h and subsequent restimulation by addition of FCS for
16 h. Cell extracts were immunodepleted with antibodies to cyclin A, Cdk2, or control IgG as indicated, and Cdhl immunoprecipitates were
subjected to an in vitro kinase reaction as for panel D. (F) R12 cells were starved as for panel B and stimulated for either 8 or 16 h by FCS to
allow progression into G, and early S phases, respectively. For the last 2 h, at each time point, the culture medium was supplied with LLnL. The
cell extracts were analyzed for the abundance of cyclin A and Cdk2 (here serves as a loading control) by Western blotting.

Upjohn). The purity of the eluted proteins was evaluated by the Coomassie
staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels.

Metabolic labeling and two-dimensional phosphopeptide mapping. Exponen-
tially growing U-2-OS cells were transfected with expression plasmids containing

myc-tagged wild-type or cyclin binding-deficient versions of Cdh1 as specified in
the figure legends and subsequently labeled for 3 h in phosphate-free medium
supplemented with 20 mM HEPES, pH 7.2-10% dialyzed phosphate-free fetal
calf serum (FCS)-2 mCi of [*?Plorthophosphate (PBS43; Amersham)/ml. Ec-
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topically expressed Cdhl was immunoprecipitated with the antimyc 9E10 anti-
body followed by SDS-gel electrophoresis and protein transfer to a nitrocellulose
membrane. The bands corresponding to Cdhl were cut out and processed for
tryptic digestion and two-dimensional phosphopeptide mapping as described by
Boyle at al. (6).

In vitro ubiquitination assay. A cyclin B fragment (amino acids 13 to 110)
from sea urchins and full-length human cyclin A were radiolabeled as described
previously (23). To obtain highly pure Cdhl-activated APC, the inactive APC
core from interphase Xenopus laevis egg extracts was purified. Under such con-
ditions, APC is not phosphorylated and thus not bound to Cdc20. Because
Xenopus eggs do not contain any endogenous Cdhl, such APCs could be spe-
cifically activated by human Cdh1 prepared by coupled transcription-translation
reactions in rabbit reticulocyte lysate (Promega). The in vitro ubiquitination
reaction was performed essentially as described previously (23, 24). Samples
were analyzed by SDS-5 to 15% polyacrylamide gel electrophoresis (PAGE) and
phosphorimaging.

RESULTS

Endogenous Cdhl periodically interacts with active cyclin
A-CdKk2 in rat diploid fibroblasts. We have previously demon-
strated that human Cdh1 efficiently binds cyclin A when over-
expressed in a human osteosarcoma cell line and proposed that
this interaction represents an important part of the cellular
mechanism(s) preventing APC-Cdhl reassembly during S
phase (31). To validate this prediction in an experimental sys-
tem unbiased by potential side effects associated with protein
overexpression, we studied whether Cdhl-cyclin A complexes
could also be detected on the level of endogenous proteins and
whether such an interaction is modulated during the cell cycle.
We chose to perform this analysis with untransformed rat
diploid fibroblasts (R12) synchronized by mitogen depletion,
which allowed us to exclude the possibility that the previously
observed Cdhl-cyclin A interaction was either specific for hu-
man tumor cells or influenced by drug-mediated synchroniza-
tion protocols used in earlier studies. To minimize adverse
consequences of antibody cross-reactions, we also generated a
series of mouse monoclonal antibodies to Cdhl. One of these
new reagents, DCS-266, recognized only one band when total
cell lysates from human, mouse, and rat cells were analyzed by
immunoblotting (Fig. 1A) (Sgrensen et al., unpublished data),
corresponding precisely to the predicted size of the Cdh1 pro-
tein (56 kDa). A single band of the same size was also detected
when DCS-266 immunoprecipitates were probed by Sat-105,
an independent and extensively characterized rabbit polyclonal
antibody to Cdh1 (23). Together with the ability of DCS-266 to
detect in vitro-translated and/or recombinant Cdhl proteins
(Sgrensen et al., unpublished data), these data confirm that
DCS-266 recognizes authentic Cdhl.

Upon stimulation by FCS, R12 cells reentered the cell cycle,
as measured by increasing incorporation of BrdU into newly
synthesized DNA and the gradual appearance of mitotic cells
at later time points (Fig. 1B). Consistent with synchronous cell
cycle progression, the cyclin A protein sharply increased at the
G,/S transition, and cyclin B began to accumulate later during
S phase (Fig. 1B). Both Cdc27, a structural component of the
APC, and Cdhl proteins were easily detectable already in
starved R12 cells, and their levels did not change during the
subsequent cell cycle progression, consistent with our earlier
reports on cell cycle regulation of Cdc27 (24, 31) but different
from the partial reduction of Cdh1 level during S phase that we
previously observed. This discrepancy may be attributable to
different synchronization methods, as the drug-based synchro-
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nization protocols used in all previous studies inevitably induce
cell cycle checkpoints, thereby possibly affecting the protein
stability of the APC-activating subunits. Importantly, in rat
diploid cells synchronized by mitogen depletion and unbiased
by any drug treatment, the ability of Cdhl to interact with
other proteins underwent dramatic changes. Thus, as the cells
traversed from G, to S phase, Cdh1 was progressively lost from
Cdc27 immunocomplexes, indicating its dissociation from the
APC (Fig. 1C). Cdhl detachment from the APC coincided
with Cdh1 appearance within the cyclin A-Cdk2 complexes and
increased Cdhl-associated histone H1 kinase activity (Fig. 1D).
To test directly whether the latter effect was indeed generated
due to Cdhl interaction with cyclin A-Cdk2, we immunode-
pleted cyclin A or Cdk2 from the cell lysates and reexamined
the Cdhl-associated H1 kinase activity. Indeed, quantitative de-
pletion of either cyclin A or Cdk2 removed the bulk of the
kinase activity associated with Cdhl and reduced the phos-
phate incorporation into the H1 substrate to very similar ex-
tents (Fig. 1E). Apart from cyclin A, we were unable to detect
cyclins (D1, E, or B1) within the endogenous Cdhl complexes
immunopurified from different cell types (31; Sgrensen et al.,
unpublished data). Likewise, affinity chromatography experi-
ments revealed that in vitro-translated Cdh1 could be retained
on columns with immobilized cyclin A but not cyclin E (Sg-
rensen et al., unpublished data). Collectively, these data indi-
cate that, in diploid mammalian cells, endogenous Cdhl pro-
tein binds active cyclin A-Cdk2 and that the appearance of this
association during unperturbed cell cycle progression coincides
with dissociation of Cdhl from the APC. Such a redistribution
of Cdhl may reflect an important switch between G, phase,
when a low rate of cyclin A synthesis allows its productive
degradation by the APC, and S phase, when an abundant cyclin
A inhibits APC reactivation, an issue explored in detail by
subsequent experiments. The fact that a basal synthesis of
cyclin A in early G, phase is indeed actively counterbalanced
by an ongoing proteolysis is documented by our observation
that inhibition of the proteasome substantially increased the
cyclin A protein level in early G, cells but had no effect once
the cells progressed beyond the G,/S transition (Fig. 1F).
Cyclin A interaction domain resides in the C-terminal part
of Cdhl. To gain a deeper insight into the requirements for the
Cdhl-cyclin A interaction, we produced a series of truncation
mutants in which the major Cdhl structural domains were
systematically disrupted (Fig. 2A). As illustrated, the WD-40
repeat-containing domain (amino acids 225 to 480) is localized
in the C-terminal part of the molecule and was proposed to be
involved in mediating the interaction of the APC-activating
subunits with their regulatory proteins and/or APC substrates
(66). The intramolecular Fizzy domain (amino acids 174 to
223) is highly conserved in both Cdh1 and Cdc20 and could be
involved in docking these activating subunits to the APC core.
Finally, the less-conserved N-terminal part of Cdhl (amino
acids 1 to 173) contains the majority of the conserved CDK
phosphorylation sites and as such likely represents a Cdhl
regulatory domain. While all the truncated forms of Cdhl were
expressed upon transient transfection in human U-2-OS cells,
only those containing the intact C terminus were able to co-
immunoprecipitate with endogenous cyclin A and a significant
histone H1 kinase activity (Fig. 2B). We concluded that both
the N-terminal and the Fizzy domains are dispensable for
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FIG. 2. Cdhl interaction with cyclin A is mediated by the C-termi-
nal WD-40 repeat domain containing a conserved cyclin-binding motif.
(A) Schematic representation of the myc-tagged Cdhl truncation mu-
tants. WT, wild type; N, N terminus; F, Fizzy domain; WD-40, the
C-terminal domain containing multiple WD-40 repeats (the numbers
in parentheses indicate the ranges of amino acids). (B) U-2-OS cells
were transiently transfected with expression plasmids coding for the
indicated myc-tagged deletion mutants. Control cells (—) were trans-
fected with the empty pXmyc plasmid. Expression of the deletion
mutants was verified by Western blotting the whole-cell extracts
(WCE) prepared from the transfected cells (asterisks, nonspecific
bands). Thirty-six hours after transfection, the cell lysates were sub-
jected to immunoprecipitation (IP) with an antimyc antibody, and the
purified immunocomplexes were either analyzed by Western blotting
to detect associated cyclin A or subjected to an in vitro kinase assay
with histone H1 as a substrate. (C) Identification of the cyclin-binding
domain within the Cdhl WD-40 repeat domain in diverse organisms.
The degree of amino acid conservancy within the selected region is
indicated; the core RVL sequence is boxed and in boldface. Identical
(asterisks), conserved (colons), and semiconserved (dots) amino acids
are indicated.

Cdhl1 association with active cyclin A-Cdk2 and that this po-
tentially important interaction site localizes to the C-terminal
part of the protein. Inspection of the C-terminal WD-rich
domain revealed a putative cyclin-binding motif containing a
core RxL amino acid sequence (x stands for any amino acid [V
for Cdhl]) previously identified in other cell cycle regulators as
an essential element to mediate their phosphorylation by cy-
clin-CDK complexes (1, 2, 8, 49, 68). The amino acid sequence
including and surrounding the identified “RVL” motif is highly
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evolutionarily conserved in all known Cdhl orthologs (Fig.
20).

Disruption of the cyclin-binding motif prevents recognition
and phosphorylation of Cdhl by cyclin A-Cdk2. When tran-
siently expressed in U-2-OS cells, a Cdhl mutant where the
RVL amino acids were converted to alanines (RVL-AAA)
completely lost the ability to interact with endogenous cyclin A
and Cdk2 (Fig. 3A). Likewise, the RVL-deficient Cdhl was
largely impaired in association with histone H1 kinase activity
despite a protein level comparable to that of the wild-type
Cdhl generated by the same expression plasmid (Fig. 3A).
Immunopurified cyclin A-Cdk2 phosphorylated in vitro-trans-
lated wild-type Cdhl, causing its shift on the SDS-PAGE gel,
but was much less efficient in modification of the RVL-defi-
cient Cdhl mutant assayed under identical conditions (Fig.
3B). Likewise, the ability of cyclin A-Cdk2 to phosphorylate
the bacterially purified cyclin-binding-deficient GST-Cdhl1 fu-
sion protein (ARVL) was reproducibly three- to fivefold lower
than that of the wild-type GST-Cdh1 (Fig. 3C). However, the
two forms of GST-Cdhl were equally well phosphorylated by
immunopurified cyclin B1-Cdc2, consistent with our conclu-
sions that the Cdhl cyclin-binding motif interacts specifically
with cyclin A-Cdk2.

To assess the importance of the cyclin-binding motif for
Cdhl phosphorylation in vivo, we labeled transiently trans-
fected U-2-OS cells with [*?PJorthophosphate and analyzed
the pattern of phosphorylated peptides obtained by tryptic
digestion of immunopurified wild-type and RVL-deficient
Cdhl proteins, respectively. Two-dimensional mapping of
wild-type Cdhl resolved four major phosphopeptides and sev-
eral additional weakly labeled spots (Fig. 3D). Analysis of the
RVL-AAA mutant revealed that, while phosphopeptide 2 as
well as the majority of the weakly labeled spots remained
unchanged, phosphate incorporation into peptides 1, 3, and 4
was reduced compared to that for the wild-type protein (Fig.
3D). Thus, disruption of the cyclin-binding motif impaired
Cdhl phosphorylation to an extent which could not be com-
pensated for by other cellular kinases. Persisting phosphoryla-
tion of peptide 2 and all the weakly labeled spots found in the
maps of the mutant protein could be mediated by cyclin B-
Cdc2, consistent with our observation demonstrating that mu-
tation of the Cdhl cyclin-binding domain does not impair its
phosphorylation by this mitosis-specific kinase complex (Fig.
3C). Additional experiments revealed that peptides 3 and 4
could be efficiently phosphorylated by purified cyclin A-Cdk2
in vitro (Sgrensen et al., unpublished data), consistent with the
interpretation that these phosphopeptides, both sensitive to
the disruption of the cyclin-binding motif (Fig. 3D), contain
authentic CDK recognition sites. These findings, taken to-
gether, indicate that the cyclin-binding motif within the WD-40
region of Cdhl appeared necessary to mediate its productive
interaction with and phosphorylation by cyclin A-Cdk2 both in
vitro and in vivo.

Uncoupling of Cdhl from binding to cyclin A-Cdk2 stabi-
lizes its interaction with APC and induces prolonged delay at
the G,/S transition. Next we asked whether disruption of the
Cdhl-cyclin A interaction would influence the transition be-
tween G, and S phases, when Cdh1 normally dissociates from
the APC and enters cyclin A-Cdk2 complexes (Fig. 1). First, we
tested whether the integrity of the cyclin-binding motif has any
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FIG. 3. Integrity of the cyclin-binding domain is required for Cdh1 recognition and phosphorylation by cyclin A-Cdk2. (A) U-2-OS cells were
transfected with the pXmyc expression plasmids containing either no insert (—) or the wild-type (wt) and the cyclin binding-deficient (RVL-AAA)
forms of Cdhl. After 36 h cells were lysed and the myc immunocomplexes were analyzed for the presence of myc-Cdhl, cyclin A, and Cdk2 with
the indicated antibodies and for associated histone H1l-kinase activity as described for Fig. 2B. IP, immunoprecipitation. (B) Wild-type or
RVL-AAA forms of Cdhl1 translated in vitro were used as substrates in an in vitro kinase reaction mixture supplemented by Sepharose beads with
active cyclin A-Cdk2 complexes immunopurified from U-2-OS cell extract (+). Beads coated with nonimmune rabbit immunoglobulin were
preincubated in lysates from U-2-OS cells and added into the control reactions as indicated (—). Productive phosphorylation of wild-type (but not
RVL-AAA) Cdhl is manifested as a smear and retarded mobility after the kinase reaction was resolved by SDS-PAGE. (C) An in vitro kinase
reaction with immunoprecipitated cyclin A-Cdk2 and cyclin B1-Cdc2 was performed essentially as for panel C except that the bacterially purified
GST-tagged wild-type and ARVL forms of Cdh1 were used as substrates and the reaction mixture was supplemented with [y->*P]JATP (ARVL
indicates that the RVL amino acids representing the core of the Cdh1 cyclin-binding domain were deleted). (D) Tryptic phosphopeptide maps of
32P-labeled wild-type (wt) and cyclin binding-deficient (RVL-AAA) myc-tagged Cdhl proteins transiently expressed in U-2-OS cells and immu-
noprecipitated with 9E10 antibody. 1 to 4, prominent, strongly labeled phosphopeptides; asterisks, weakly labeled spots; arrows, phosphopeptides
most sensitive to cyclin-binding motif disruption.

influence on APC-Cdhl assembly in order to verify that any
potential effect of the cyclin binding-deficient Cdhl on cell
cycle progression could be, in principle, explained by modulat-
ing the function of the active APC ubiquitin ligase. Unlike its
profound effect on the cyclin A interaction, disruption of the
cyclin-binding motif did not interfere with the capability of

Cdhl1 to assemble with the endogenous APC and to be readily
recruited into Cdc27 immunocomplexes indistinguishable from
those with the wild-type protein (Fig. 4A). To measure the
impact of the cyclin-binding-deficient Cdhl on the kinetics of
G,/S transition, we designed an assay based on our previous
finding that conditional elevation of wild-type Cdhl delayed
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FIG. 4. Disruption of the cyclin-binding motif of Cdh1 delays its dissociation from the APC and induces prolonged G,/S block. (A) U-2-OS cells
were transfected as for Fig. 3B. After 36 h, cell lysates were prepared and analyzed either for the total levels of both wild-type (wt) and RVL-AAA
Cdh1 proteins in whole-cell extracts (WCE) or for their presence within the Cdc27 immunocomplexes by Western blotting using the antimyc
antibody. IP, immunoprecipitation. (B) U-2-OS cells were transiently transfected with the pXmyc expression plasmid containing either no insert
(—) or the wild-type, cyclin binding-deficient (RVL-AAA) and phosphorylation-deficient (4xA) versions of Cdhl. In each case, the expression
plasmid for the CD20 surface marker was also included. After 36 h, the culture medium was supplemented with nocodazole (40 ng/ml) for another
12 h in order to trap cells in mitosis. Productively transfected cells were sorted and analyzed for their DNA content by flow cytometry. Positions
of the peaks corresponding to G, and G,/M cells are indicated, as well as the percentages of cells in distinct cell cycle phases at the end of the assay
period. (C) U-2-OS cells containing tetracycline (Tet)-regulated myc-tagged versions of the wild-type and the cyclin binding-deficient (RVL-AAA)
forms of Cdh1 were induced to express the transgenes for 12 h by culturing in a Tet-free medium. When indicated, transcription of the transgenes
was inhibited by readdition of Tet for another 3 h. The cell extracts were subsequently analyzed for total levels of the ectopically expressed Cdhl
proteins (WCE) and for their presence in the Cdc27 immunocomplexes by Western blotting with the antimyc antibody.

S-phase entry in mammalian cells (55), an observation consis-
tent with the role of APC in modulating initiation of DNA
replication (see the introduction). We therefore transiently
transfected U-2-OS cells with expression plasmids encoding
either the wild-type protein or selected Cdhl mutants and
supplemented the culture medium with nocodazole in order to
inhibit cell division. Such treatment allowed us to assess the
impact of the transiently expressed Cdhl proteins on the ki-
netics of G,/S transition within one cell cycle. While more than

50% of the control-transfected cells effectively exited G, phase
and accumulated in mitosis, expression of wild-type Cdhl1 sig-
nificantly, albeit not completely, delayed the G,/S transition,
reducing the percentage of cells reaching mitosis to about 35%
in several independent experiments (Fig. 4B) (Sgrensen et al.,
unpublished data). Expression of the 4xA mutant, where the
four conserved CDK consensus serine/threonine residues
within the Cdhl N terminus were changed to alanines (31),
further reduced the accumulation of cells in M phase (Fig. 4B),
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consistent with our recent report showing that an indepen-
dently constructed phosphorylation-deficient Cdhl allele
gained the ability to arrest human cells in G, (24). Importantly,
cells expressing the RVL-AAA version of Cdhl responded
very similarly to those expressing the 4xA mutant in that both
were impaired in progression through the cell cycle due to a
robust arrest at the G,/S transition (Fig. 4B). A Cdhl allele
where the 4xA and RVL-AAA mutations were combined did
not further increase the G,-arresting potential (Sgrensen et al.,
unpublished data). Thus, the functional impact of interfering
with Cdh1’s ability to bind cyclin A-Cdk2 was virtually indis-
tinguishable from that obtained by mutating its major phos-
phorylation sites.

Next we tested whether the quantitative difference between
the wild-type and the RVL-AAA Cdhl alleles in modulating
exit from G, phase could be explained by their differential
abilities to undergo normal redistribution at the G,/S transi-
tion. To this end we employed the U-2-OS-derived cell lines,
allowing conditional expression of the wild-type Cdhl and the
RVL-AAA mutant, respectively, in a tetracycline-dependent
manner (see Materials and Methods). This system allowed us
to limit the time of exposure of cells to the excess of Cdhl
proteins and thus minimize saturation of cellular factors that
regulate APC-Cdh1 assembly. Derepression of the Cdh1 trans-
genes for 12 h was sufficient to induce formation of easily
detectable complexes of endogenous APC with the wild-type
and the cyclin binding-deficient Cdhl proteins, respectively
(Fig. 4C). Three hours after readdition of tetracycline into the
culture media, which abruptly cancelled de novo synthesis of
the transgenes, a substantial amount (60 to 70%) of wild-type
Cdhl1 dissociated from the APC, while the RVL-AAA mutant
remained assembled and readily detectable within the Cdc27
immunocomplexes (Fig. 4C). The residual amount of APC-
associated wild-type Cdhl, seen also at later time points after
switching off transgene expression, could possibly be explained
as a consequence of the prolonged G, arrest in a fraction of
cells expressing large amounts of the ectopic Cdhl protein.
Importantly, although the extension of the time course did
reveal that the RVL-AAA protein was somewhat more stable
than the wild-type Cdhl (Sgrensen et al., unpublished data),
during the first 3 h after tetracycline addition the total levels of
the Cdhl forms remained essentially identical (Fig. 4C). Taken
together, these data indicate that the wild-type Cdhl could be
effectively processed by the cellular enzymes and eventually
released from the APC, explaining its significant but only tran-
sient ability to delay exit from G,. However, disruption of the
cyclin-binding motif and the resulting inability of Cdhl to bind
cyclin A-Cdk2 appeared sufficient to stabilize the APC-Cdhl
interaction, consistent with the prolonged cell cycle delay at
the G,/S transition.

Disruption of the cyclin-binding motif impairs APC-Cdh1-
mediated ubiquitination and destruction of cyclin A but not
other APC substrates. Having established the importance of
the cyclin-binding motif for APC-Cdhl1 dissociation at the G,/S
transition, we asked whether the integrity of this Cdhl cyclin-
binding motif also determines recognition and productive
ubiquitination of cyclins by APC-Cdhl, a key function exe-
cuted by the APC during G, phase (39, 66). Previous experi-
ments already showed that cyclin binding-deficient Cdh1 could
productively assemble with the APC (Fig. 4A and C). How-
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ever, in a reconstituted in vitro ubiquitination assay, the cyclin
binding-deficient RVL-AAA mutant completely lost its capa-
bility to promote ubiquitination of cyclin A, while its capability
to modify cyclin B was indistinguishable from that of the wild-
type Cdhl protein (Fig. 5A). Consistent with the in vitro ubig-
uitination experiments, transient overexpression of wild-type
Cdhl triggered destruction of several established APC sub-
strates such as cyclin B1 and securin Pdsl, and to a somewhat
lesser but still significant extent cyclin A (Fig. 5B). Under the
same experimental conditions, the capability of the cyclin bind-
ing-deficient Cdhl to degrade cyclin A was reproducibly re-
duced (Fig. 5B). This could not be a consequence of the gen-
eral inability of the RVL-AAA mutant to activate the APC in
vivo because its potential to induce quantitative and protea-
some-dependent degradation of cyclin B1 and Pds1 was indis-
tinguishable from that of wild-type Cdh1 (Fig. 5B). In essence,
these data suggest that disruption of the cyclin-binding motif
located within the WD repeat part of Cdhl selectively under-
mined its ability to activate the APC toward cyclin A, while it
did not impair ubiquitination and subsequent degradation of
several other APC substrates, exemplified here by cyclin B and
Pdsl.

DISCUSSION

Our finding of a periodic interaction of endogenous Cdhl
with active cyclin A-Cdk2, which coincides with APC-Cdhl
disassembly during unperturbed cell cycle progression, pro-
vides an important and so far missing piece of evidence for
Cdh1 being specifically recognized and regulated by this essen-
tial S- and G,-specific kinase complex. Identification of phys-
iological CDK substrates and elucidating how distinct cyclin-
CDK complexes recognize their targets have long been a
central issue in cell cycle research. Cyclins are not only re-
quired for activation of CDKs per se but also play an essential
role in mediating physical contact with the target proteins and
thus determine the substrate specificity of a given cyclin-CDK
complex (48). The RxL sequence has been identified as a core
element of one essential motif that mediates interactions of
cyclin-CDK complexes with important cell cycle regulators
such as p27 and p21 CDK inhibitors (2, 8, 49), p107, p130, and
pRb transcriptional repressors (1, 28, 62, 67), E2F-1 transcrip-
tion factor (2), p5S3 tumor suppressor (30), and Cdc6 origin-
binding protein (44). It has been postulated that the RxL-
mediated recruitment of cyclin-CDKs can have a dual function.
First, it can increase the local concentration of a substrate
relative to the CDK catalytic site (50). Second, the cyclin-
binding sequence provides a recognition signal allowing cyclin-
CDK complexes to be themselves regulated by recruiting CDK
inhibitors such as p21 and p27 (2, 8). The latter interaction can
lead either to inhibition of Cdk2 bound to cyclin E and A or
activation of Cdk4 and Cdk6 by promoting their assembly with
the D-type cyclins. Which of these regulatory modes applies to
the cyclin A—Cdk2-Cdhl1 interaction reported in this study?

We report that the integrity of the cyclin-binding motif is
required for timely dissociation of Cdhl from the APC and
suggest that Cdh1 belongs to the category of proteins, such as
the E2F-1/DP-1 transcription factor, where the cyclin-binding
motif evolved to facilitate their own specific phosphorylation
required for coordinated progression through important cell
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FIG. 5. Integrity of the cyclin-binding motif of Cdh1 determines its ability to selectively activate productive ubiquitination and destruction of
cyclin A. (A) Xenopus APC was activated with in vitro-translated wild-type or RVL-AAA versions of Cdhl. Radioactively labeled cyclin A and
cyclin B were added as substrates to the ubiquitination reaction mixture as indicated. In the control reaction (—), APC was activated by wild-type
Cdhl1 but the reaction proceeded without addition of E2 enzymes. Samples from the ubiquitination reaction were taken at 0, 5, 10, 20, and 30 min.
Asterisks, positions of unmodified radiolabeled substrates. (B) U-2-OS cells were transiently transfected with the pXmyc expression plasmid
containing either no insert (—), wild-type Cdh1l (wt), or cyclin binding-deficient Cdhl (RVL-AAA) together with the expression plasmid for a
CD20 cell surface marker. After 36 h, transfected cells were sorted with anti-CD20-coated magnetic beads and analyzed for the levels of ectopically
expressed Cdhl proteins (antimyc antibody) and the indicated endogenous proteins by Western blotting. WCE, whole-cell extracts.

cycle transitions (13, 25, 26, 63). Recruitment of Cdhl into
cyclin A-Cdk2 complexes appears to abolish its capability to
bind and activate the APC and thus ensures that the APC-
sensitive proteins required for cell cycle progression beyond
the G,/S transition accumulate to a critical mass. Our obser-
vation that disruption of the RVL sequence impaired Cdhl
phosphorylation both in vitro and in vivo and that ectopic
expression of the cyclin-binding- and/or CDK phosphorylation-
deficient versions of Cdhl had very similar impacts on cell
cycle progression further supports the model that the integrity
of the Cdhl cyclin-binding motif has a vital role in phospho-
rylation-dependent regulation of the APC periodicity during
the cell cycle.

In addition to the role of the cyclin binding motif in the
timely inactivation of APC, we could demonstrate that the
same interaction motif is also necessary for the APC-depen-
dent ubiquitination of cyclin A in vitro and contributes to
productive cyclin A degradation in vivo. To our knowledge,
this is the first evidence that Cdhl may activate the APC
holoenzyme by binding specific substrates. The fact that the
cyclin binding-deficient Cdh1l mutant retained its capability to
bind the APC and promote destruction of well-established
APC substrates such as cyclin Bl and Pdsl strongly argues that

cyclin-binding motif-mediated substrate recognition by APC-
Cdhl is specific for cyclin A. Either other APC substrates must
be recognized by a distinct region of Cdhl or Cdhl is not
involved in their recognition at all but activates the APC
through a different, yet-unknown mechanism. Although im-
paired in promoting cyclin A degradation, the cyclin binding-
deficient Cdhl1 still induced a potent G, arrest. This observa-
tion supports the emerging view that, in addition to cyclin A,
other cellular factors required for DNA replication are also
regulated by APC-dependent proteolysis. Indeed, the recent
report of APC-dependent destruction of Cdc6 provides the
first evidence for the APC-sensitive origin-binding factor in
mammalian cells (45). Lack of cyclin A ubiquitination and the
reduced rate of its destruction in cells exposed to prolonged (3
to 4 days) exposure to the cyclin binding-deficient Cdhl could,
in principle, explain also the fact that these cells did not un-
dergo substantial rereplication of the genomic DNA (Sgrensen
et al., unpublished data). The latter phenomenon was previ-
ously found to be a consequence of a nonperiodic expression of
wild-type Cdhl, a situation where unscheduled cyclin A deg-
radation could have impaired cellular mechanisms which nor-
mally prevent reinitiation of DNA replication within the same
cell cycle (reference 55 and references therein). However, as
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FIG. 6. Schematic model for the functional interplay between APC-Cdhl and cyclin A-Cdk2 during distinct stages of the cell cycle. (A)
Derepression of E2F-dependent transcription at the G,/S transition generates an excess of cyclin A-Cdk2 over APC-Cdh1 and favors phospho-
rylation-dependent dissociation of the Cdhl-activating subunit from the APC and its redistribution into cyclin A-Cdk2 complexes. During
subsequent S and G, phases, the abundant and stabilized cyclin A-Cdk2 complexes guard against unscheduled APC reactivation by binding and
phosphorylating the existing as well as the newly synthesized Cdhl1. (B) During G, basal transcription of the cyclin A gene and limited synthesis
of the cyclin A protein do not allow the threshold needed to initiate Cdhl phosphorylation to be reached. Such conditions result in an excess of
APC-Cdh1 and create conditions permissive for ubiquitination of cyclin A and its subsequent destruction in the proteasome. The interaction of
cyclin A and Cdhl in panels A and B is dependent on the cyclin-binding motif within the Cdh1 C terminus. (C) In contrast, ubiquitination and
destruction of other APC targets such as cyclin B and securin Pdsl during late M and G, phases are independent of the RVL-containing

cyclin-binding motif.

the APC appears to regulate turnover of a larger spectrum of
proteins involved in replication control (9, 15, 42, 45, 60), the
differences between wild-type and cyclin binding-deficient
Cdhl in long-term impact on the cell cycle could be more
complex. At this stage we cannot exclude the possibility that
the propensity to endoreplicate could also reflect the differ-
ence in strength and duration of the G, arrest elicited by the
two Cdhl forms.

The facts that the APC could be a major source of cyclin A
instability throughout most of the G, phase on one hand and
that, during S and G, phases, cyclin A-Cdk2 prevents unsched-
uled reassembly with the Cdhl-activating subunit on the other
hand raises an important conceptual question. How could the
cyclin A protein accumulate to sufficiently high levels to com-
pete with the APC for binding to Cdh1? In other words, what
determines the switch between the upstream and downstream
directions for cyclin A-Cdk2 and APC-Cdhl enzymes at the
G,/S transition? Based on the results presented in this study
and our previous findings demonstrating the involvement of

E2F-mediated cyclin A transcription in regulating APC-Cdhl
assembly (31) and the potential of deregulated Cdhl expres-
sion to uncouple S-phase progression from cell division (55),
we propose the following model (Fig. 6). The molecular basis
for the switch between the APC and cyclin A functional inter-
action could be based on the burst of E2F-dependent expres-
sion of cyclin A at the G,/S transition, which overpowers the
APC ubiquitin ligase potential as the rapidly emerging cyclin
A-Cdk2 complexes shift the balance from being degraded by
the APC toward Cdhl phosphorylation and APC-Cdh1 disas-
sembly. Once in molar excess (Fig. 6A), cyclin A-Cdk2 com-
plexes may efficiently guard against precocious APC reactiva-
tion by the existing and/or newly synthesized Cdhl until early
stages of mitosis, when cyclin A becomes degraded presumably
by the other form of the APC, specifically activated by the
Cdc20 subunit. A conceptually similar scenario involving a
positive-feedback loop between the fission yeast Cdc13/Cdc2
kinase and the APC/Srwl ubiquitin ligase has been recently
proposed as a mechanistic explanation of a point of no return
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at the G,/S transition when the fission yeast becomes commit-
ted to further cell cycle progression (65). During G, phase, in
contrast, basal transcription or the cyclin A mRNA persisting
from the previous cycles or both support only limited synthesis
of cyclin A, insufficient to reach the threshold of activity re-
quired for initiation of Cdhl phosphorylation and its dissoci-
ation from the APC (Fig. 6B). Such conditions would support
cyclin A ubiquitination and destruction, preventing its preco-
cious accumulation and, consequently, unscheduled S-phase
entry. In either case, the mutual interplay between APC-Cdh1
and cyclin A-Cdk2 would require the cyclin binding-dependent
interaction between cyclin A and Cdhl subunits. In contrast,
APC-Cdh1-mediated destruction of other APC substrates such
as cyclin B and Pds1 relies on a yet-unidentified motif within
Cdhl1 or perhaps other APC subunits (Fig. 6C). In conclusion,
although our results support the central role of cyclin A in
regulation of APC-Cdhl assembly, a complete understanding
of this complex and important process requires further exper-
iments, which will have to involve highly accurate assays such
as single-cell live imaging to precisely dissect the temporal
relationship between accumulation of cyclins, phosphorylation
of Cdhl, and stabilization of APC targets at the G,/S transi-
tion.

Finally, the striking conservancy of the WD-40 region con-
taining the identified cyclin-binding motif in virtually all known
Cdh1 orthologs suggests that Cdhl phosphorylation and regu-
lation of its assembly with the APC require a tight physical
interaction with cyclins in other species as well. We noticed
that a similar RVL-containing domain is also present at the C
terminus of Cdc20, the mitotic activator of the APC. Indeed, it
has been recently reported that cyclin A and Cdc20 interact in
a yeast two-hybrid screen or when both proteins are overex-
pressed in mammalian cells and that this association appears to
be mediated by the C-terminal Cdc20 WD-40 region (41).
Although evidence for the in vivo association of the endoge-
nous Cdc20 and cyclin A proteins is currently missing, these
data are intriguing and suggest that, in addition to regulating
APC-Cdh1 assembly, cyclin A can also influence the activity of
APC-Cdc20 during early stages of mitosis. In addition to the
APC-Cdc20 interaction, the recruitment of cyclin A-Cdk2
and/or cyclin A-Cdkl complexes may control other regulatory
steps required for precise and timely regulation of the mitotic
APC such as phosphorylation of the APC structural subunits
and/or interaction of APC-Cdc20 with the kinetochore check-
point apparatus. Experiments along these lines are in progress
in our laboratory.
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