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Supplementary Information for "Human F-box
protein hCdc4 targets cyclin E for proteolysis and
is mutated in a breast cancer cell line"
Nature, V413, 316
 
Methods

Plasmids and baculovirus constructions

A human EST encoding part of the hCdc4 gene was amplified from HeLa mRNA by RT-PCR using
two sequence-specific oligonucleotide primers, Pcr1 (5'-gcaagcttatgggtttctacggcacatt-3', forward),
and Pcr2 (5'-atgggccctgctcttcacttcatgtcc-3', reverse), and TA-cloned into pCR2.1 (Invitrogen). The
sequence of the cloned cDNA was verified in its entire length (1.7 Kb) by sequencing and found to
match the sequence published in the NCBI database (Genbank accession no: BAA91986.1). The
complete coding region corresponding to this cDNA was determined by 5’ RACE. Probing a
Northern blot with sequences corresponding to specific exons, it was found that this cDNA
corresponds to a 4 kb hCdc4 mRNA expressed at high levels in only some cell types. A second cDNA
was identified by scanning upstream genomic sequences for probable exons and using these exons to
probe a Northern blot. This cDNA was found to correspond to a ubiquitous 5.5 kb hCdc4 mRNA.
Human cDNAs encoding the two full-length isoforms of the hCdc4 protein were amplified from
HeLa mRNA by RT-PCR using sequence-specific oligonucleotide primers, Pcr4 (5'-
cttttggaaatgaatcaggaa-3', forward) and Pcr2 (5'-atgggccctgctcttcacttcatgtcc-3', reverse) for the cDNA
encoding the 110 kDa isoform, and Pcr5 (5'-catgtatgtatgtgtgtcccg-3', forward) and Pcr2 for the cDNA
encoding the 69 kDa isoform, and subsequently TA-cloned into pCR2.1 (Invitrogen). The sequences
of the cloned cDNAs were verified in their entire lengths (2.2 kb, and 1.9 kb, respectively) by
sequencing. The cDNA encoding the 110 kDa isoform was deposited in GenBank (accession number:
AY049984). A mammalian transfection plasmid expressing N-terminal Flag-tagged hCdc4 protein
was constructed by subcloning into pFLAG-CMV2 (Sigma). For expression in E. Coli, hCdc4 was
tagged at the N-terminus with a RGS.His epitope through subcloning into pQE-10 (Qiagen).
Complementary DNAs encoding hCdc4 and a DF-box-mutant that had been deleted for its F-box
using a two-step PCR protocol, as well as the cDNA coding for b-galactosidase were cloned into
pDV46. Recombinant adenoviruses were generated by co-transfecting the recombinant plasmids and
pBHG1022 into 293 cells using the calcium phosphate precipitation method. The b-TrCP and Skp2
clones were gifts from Dr. F. Mercurio (Signal Pharmaceuticals, San Diego), and Dr. M. Pagano
(Department of Pathology and Kaplan Comprehensive Cancer Center, New York University, New
York), respectively, and were cloned into pFLAG-CMV2 to obtain b-TrCP and Skp2 tagged at their
N-termini with the Flag-epitope. The mammalian transfection plasmid pCDNA3-Cul1-HA was a gift
from Dr. R. Klausner (NIH, Bethesda, Maryland), and pCDNA3-3MYCROC1 as well as pCDNA3-
hSkp1 were gifts from Dr. Y. Xiong (Lineberger Cancer Center, University of North Carolina at
Chapel Hill). Baculovirus expressing cyclin E with a GST-tag at its N-terminus was a gift from Dr. B.
Sarcevic (The Garvan Institute, Sydney, Australia). Recombinant baculoviruses expressing GST-
tagged versions of cyclin E phosphorylation site mutants (T62A, T380A, T62A/T380A) were
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generated using the pFastBac-system (Gibco BRL) according to the manufacturer's protocol.
Baculovirus encoded proteins were expressed in SF9 insect cells grown in Ex-Cell 401 media (JRH)
supplemented with 2% fetal bovine serum.

Analysis of cyclin E turnover in yeast

All yeast strains are isogenic to 15DaubD , a bar1D ura3D ns, a derivative of BF264-15D23. Several
temperature sensitive skp1 mutants with different cell cycle arrest phenotypes were constructed by a
combination of PCR mutagenesis and in vivo gap-repair similar to the procedure described by
Muhlrad et al.24. The mutant shown in Figure 1 (skp1-24) arrested with 1C DNA content and a multi-
budded phenotype. To analyze cyclin E turnover in various yeast mutants expressing cyclin E from
the inducible GAL1 promoter, cells were grown in YEP-raffinose at 25˚C to an OD600= 0.3. Cells
were then shifted to 35˚C and after 30 min galactose was added to a final concentration of 2% to
induce the GAL1 promoter. To terminate cyclin E expression after 60 min, cells were collected on
filters and transferred to YEPD media and incubation was continued at 35˚C. Extracts were prepared
from aliquots taken after the periods indicated and analyzed for cyclin E by Western blotting using
monoclonal anti-cyclin E antibodies (HE12). Cells were lysed in RIPA buffer (1% deoxycholic acid,
1% Triton-X-100, 0.1% SDS, 250 mM NaCl, 50 mM Tris-HCl pH 7.5). A similar protocol was used
to analyze the turnover of cyclin E phosphorylation site mutants in yeast except that a strain was used
where human CDK2 was substituted for the endogenous Cdk Cdc288.

Cell culture and immunological techniques

A panel of breast cancer-derived cell lines were obtained from ATCC and the University of Michigan
Breast Cell/Tissue Bank and Database and grown in media recommended by the suppliers. HeLa, Kb
(human epidermoid carcinoma), and 293T cells were grown in DMEM (Gibco BRL) supplemented
with 10% fetal bovine serum. All cells were maintained in a humidified 37˚C incubator with 5%
CO2. 293T cells were transfected with various combinations of plasmids in 10 cm-dishes using the
calcium phosphate precipitation method. Forty hours post-transfection, cells were lysed, as indicated,
into either mammalian cell lysis buffer 1, MCLB1 (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5%
NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM DTT) or mammalian cell lysis buffer 2, MCLB2 (20 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.25% NP-40, 10% glycerol, 1 mM EDTA, 1 mM DTT),
supplemented with 5 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethyl
sulfonylflouride, 2 mg/ml aprotinin, 2 mg/ml leupeptin, and 2 mg/ml pepstatin. After centrifugation
at 4° C (14.000 rpm, 15 min) lysates (1 mg/0.5 ml) were subjected to immunoprecipitation using 10
mg anti-Flag antibody immobilized on agarose beads (M2, Sigma) for 2 hours at 4° C. Immune
complexes were washed three times with lysis buffer and subsequently used for ubiquitination
reactions or analyzed by immunoblotting. Polyclonal antibodies against human Cdc4 were generated
in rabbits after injection of recombinant Cdc4 protein produced in bacteria. Antibodies were affinity-
purified using nitrocellulose-bound antigen. Commercially obtained antibodies used in this study:
Mouse monoclonal anti-Flag antibody (M2, Sigma), mouse monoclonal anti-HA antibody (HA.11,
Babco), rabbit polyclonal anti-Myc antibody (A-14, Santa Cruz), rabbit polyclonal anti-Cdk2
antibody (M2, Santa Cruz), and rabbit polyclonal antibodies against Cul1, Skp1, and ROC1
(Neomarkers).

Pulse-chase, Northern and Southern blot analysis

Pulse-chase experiments were performed on thymidine arrested cells as described25. Thymidine
arrested Kb cells were co-transduced with adenovirus encoding cyclin E (resulting in a 5-10 fold
elevation over endogenous levels) and virus encoding either wild-type hCdc4, an F-box deleted
hCdc4, or control b-galactosidase. Viral transductions were incubated for 24 hours prior to pulse-
chase. Immunoprecipitations were performed with a monoclonal anti-cyclin E antibody (HE172).
Quantitation of bands was performed using ImageQuant software (Molecular Dynamics). For



Northern blot analysis, 2 mg of poly[A]+ RNA was isolated from asynchronously growing cultures
according to the manufacturer's protocol (Qiagen) and run on a 1% formaldehyde agarose gel as
described26. The gel was blotted onto Zeta-Probe GT genomic membrane (Bio-Rad) and hybridized
with a radiolabeled hCdc4 probe followed by autoradiography. For Southern blot analysis, 10: g of
DNA was digested with SstI and EcoRV, run on 0.8% agarose gels, blotted and probed with a
genomic fragment corresponding to Exons 8 and 9.

In vitro binding

Complementary cDNAs encoding various hCdc4 isoforms and mutants, b-TrCP, and Skp2 were in
vitro translated into 35S methionine-labeled proteins using a T7 transcription/translation system
(Promega). GST-tagged cyclin E and various cyclin E phosphorylation site mutants were expressed in
baculovirus infected SF9 insect cells and adsorbed on glutathione beads for 1 hour at 4° C after
lysing the cells into GST-lysis buffer (50 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 0.5% Tween-20,
1 mM EDTA, 1 mM EGTA, 1 mM DTT) supplemented with 5 mM sodium flouride, 1 mM sodium
orthovanadate, 10 mM b-glycerophosphate, 1 mM phenylmethyl sulfonylflouride, 2 mg/ml aprotinin,
2 mg/ml leupeptin, and 2 mg/ml pepstatin. After washing the beads first with lysis buffer and then
with wash buffer (50 mM HEPES-NaOH pH 7.5, 0.01% Tween-20, 10% glycerol, 1 mM EDTA, 1
mM DTT) they were subjected to either phosphorylation reaction in kinase assay buffer (50 mM Tris-
HCl pH 7.5, 10 mM MgCl2) in the presence of 1 mM ATP or dephosphorylation reaction using l–
phosphatase (NEB) for 1 hour at 30° C. The beads were washed three times with binding buffer (20
mM Tris-HCl pH 7.6, 200 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT) prior to incubation
with in vitro translated [35S] methionine-labeled proteins in 200 ml binding buffer for 2 hours at 4°
C. Bound proteins were analyzed by SDS-PAGE followed by autoradiography.

In vitro ubiquitination assay

Recombinant SCF complexes containing different Flag-tagged F-box proteins were isolated from
transfected 293T cells lysed into mammalian cell lysis buffer 2 (20 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.25% NP-40, 10% glycerol, 1 mM EDTA, 1 mM DTT), supplemented with 5 mM sodium
fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethyl sulfonylflouride, 2 mg/ml aprotinin, 2
mg/ml leupeptin, and 2 mg/ml pepstatin) using anti-Flag antibodies immobilized on agarose beads.
Individual immune complexes were washed three times with lysis buffer and three times with
ubiquitination reaction buffer (20 mM Tris-HCl pH 7.4, 5 mM MgCl2, 1 mM DTT). GST-tagged
cyclin E and cyclin E phosphorylation site mutants purified from baculovirus infected SF9 insect
cells on glutathione beads were subjected to either phosphorylation or dephosphorylation followed by
elution of the bound proteins with elution buffer (50 mM HEPES-NaOH pH 7.5, 0.01% Tween-20,
10% glycerol, 1 mM EDTA, 1 mM DTT) containing 15 mM reduced glutathione. Eluates from
multiple elution steps were pooled and concentrated on Centricon-30 spin columns (Amicon) and
stored in aliquots at –80° C. Equal amounts of SCF immune complexes were mixed with different
eluted cyclin E proteins for 30 min on ice to allow binding. Subsequently, aliquots of this mixture
were added to ubiquitination reactions in a total volume of 30 ml containing 15 mg of bovine
ubiquitin (Sigma), 0.5 mg of yeast E1 enzyme (Boston Biochem), 1 mg of human 6xHis-Cdc34
purified from bacteria, and an ATP-regenerating system (1 mM ATP, 20 mM creatine phosphate, 0.1
mg/ml creatine kinase) in ubiquitination reaction buffer25 supplemented with 5 mM sodium fluoride,
1 mM sodium orthovanadate, 1 mM phenylmethyl sulfonylflouride, 2 mg/ml aprotinin, 2 mg/ml
leupeptin, and 2 mg/ml pepstatin. The CDK2-inhibitor roscovitine (Biomol; 100 mM final
concentration) was added to reactions containing dephosphorylated cyclin E as substrate. Reactions
were incubated at 30° C for 2 hours, terminated by boiling for 5 min with SDS-sample buffer, and
analyzed by SDS-PAGE followed by immunoblotting using anti-cyclin E antibodies. The
ubiquitination assay using p27 as a substrate was performed as described25.
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Phosphorylation-Dependent
Ubiquitination of Cyclin E by
the SCFFbw7 Ubiquitin Ligase
Deanna M. Koepp,1,2,3 Laura K. Schaefer,1,2,3* Xin Ye,1*
Khandan Keyomarsi,4 Claire Chu,1 J. Wade Harper,1

Stephen J. Elledge1,2,3†

Cyclin E binds and activates the cyclin-dependent kinase Cdk2 and catalyzes the
transition from the G1 phase to the S phase of the cell cycle. The amount of
cyclin E protein present in the cell is tightly controlled by ubiquitin-mediated
proteolysis. Here we identify the ubiquitin ligase responsible for cyclin E ubiq-
uitination as SCFFbw7 and demonstrate that it is functionally conserved in yeast,
flies, and mammals. Fbw7 associates specifically with phosphorylated cyclin E,
and SCFFbw7 catalyzes cyclin E ubiquitination in vitro. Depletion of Fbw7 leads
to accumulation and stabilization of cyclin E in vivo in human and Drosophila
melanogaster cells. Multiple F-box proteins contribute to cyclin E stability in
yeast, suggesting an overlap in SCF E3 ligase specificity that allows combina-
torial control of cyclin E degradation.

Passage through the cell cycle is controlled
by the activity of cyclin-dependent kinases
(CDKs) (1). Cyclin E is the regulatory sub-
unit of Cdk2 and controls the G1 to S phase
transition, which is rate-limiting for prolifer-
ation. Cyclin E is tightly regulated by ubiq-
uitin-mediated proteolysis, which requires
phosphorylation on Thr380 and Cdk2 activa-
tion (2–4). Failure to properly regulate cyclin
E accumulation can lead to accelerated S
phase entry (5), genetic instability (6), and
tumorigenesis (7). Elucidating the mecha-

nism controlling cyclin E destruction has im-
portant implications for understanding con-
trol of cell proliferation during development
and its subversion by tumorigenesis.

The formation of polyubiquitin-protein
conjugates, which are recognized and de-
stroyed by the 26S proteasome, involves
three components that participate in a cascade
of ubiquitin transfer reactions: a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugat-
ing enzyme (E2), and a specificity factor (E3)
called a ubiquitin ligase (8). E3s control the
specificity of target protein selection and
therefore are key to controlling individual
target protein abundance.

The SCF (Skp1/Cullin/F-box protein) com-
prises a large family of modular E3s that con-
trol ubiquitination of many substrates in a phos-
phorylation-dependent manner (9). SCF com-
plexes contain four subunits: Skp1, Cul1
(Cdc53), Rbx1, and an F-box–containing pro-
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tein. F-box proteins, over 50 of which have
been identified in mammals (10, 11), bind Skp1
through the F-box motif (12) and mediate sub-
strate specificity of SCF complexes by binding
substrates through protein-protein interaction
domains, often WD40 repeats or leucine-rich
repeats (LRRs) (13, 14).

Several observations suggest that accumu-
lation of cyclin E might be controlled through
the SCF pathway. Cyclin E, like many SCF
substrates, requires phosphorylation for de-
struction, and mice lacking Cul1 accumulate
cyclin E (15, 16). Because Cul3 mutant mice
also show increased amounts of cyclin E
(17), it is not clear if the effects of either
cullin are direct. Stability of cyclin E ex-
pressed in Saccharomyces cerevisiae depends
on phosphorylation of Thr380, suggesting a
conserved mechanism in yeast and mammals
(3). Therefore, we exploited the genetics of S.
cerevisiae to explore the contribution of SCF

to cyclin E ubiquitination. We used a stability
assay to perform a pulse-chase analysis of
cyclin E protein in wild-type and skp1-11,
cdc34-2, or cdc53-1 mutants. To prevent cell
cycle position effects, we arrested cells in S
phase by addition of 200 mM hydroxyurea
throughout the experiment. Cyclin E was un-
stable in wild-type cells but stabilized in SCF
mutant cells (Fig. 1A). We examined cyclin E
stability in yeast F-box protein mutant strains
cdc4-1, grr1, ydr219, yjl149, yml088/ufo1,
ynl230/ela1, ynl311, and yor080/dia2. Cyclin
E was stabilized in cdc4-1 strains to an extent
similar to that seen with core SCF mutants
and was also stabilized in yor080 mutants
(Fig. 1A). Cdc4 and Yor080 contain WD40
and LRR motifs, respectively. We incubated
recombinant SCFCdc4 and SCFYor080 com-
plexes with recombinant cyclin E–Cdk2, E1,
Cdc34 (E2), Ub, and adenosine triphosphate
(ATP) (Fig. 1B). Ubiquitination of cyclin E

was detected with both complexes in an F-
box– and ubiquitin-dependent manner (Fig.
1B). Ubiquitination was also stimulated by
phosphorylated cyclin E as it was largely
prevented when catalytically inactive cyclin
E–Cdk2KD complexes were used as substrate
(Fig. 1B).

To find the mammalian F-box protein
that recognizes cyclin E, we surveyed pre-
viously identified F-box proteins (11) for
those that bound cyclin E either after coex-
pression in insect cells or in vitro using
35S-methionine–labeled translation prod-
ucts and immobilized glutathione S-trans-
ferase (GST)–cyclin E–CDK2 complexes.
Seventeen F-box proteins were tested, in-
cluding 16 that contained either WD40 or
LRR motifs (18). Of these, only the WD40-
containing Fbw7 (19) bound specifically to
GST–cyclin E–Cdk2 but not to GST alone
(Fig. 1C) (20). This interaction was specific

Fig. 1. Interaction between cyclin E and SCF components in yeast and
mammalian cells. (A) Stabilization of cyclin E in skp1-11, cdc34-2, cdc53-1,
cdc4-1, and yor080 mutants (12, 30). Strains of the indicated genotypes
were grown in medium containing raffinose; cyclin E expression was induced
for 1 hour by galactose addition and at time( 0 was repressed by addition
of glucose. Cells were harvested at the indicated times, and the abundance
of cyclin E was determined by immunoblotting. Extracts from uninduced
cells are shown in lane 1. WT, wild type. (B) Cyclin E is ubiquitinated in vitro
by SCF complexes. SCF Cdc4 or SCFYor080 complexes were purified from
insect cells (13) and supplemented with ubiquitin (Ub), E1, Cdc34 (E2), and
ATP, as indicated, before addition of His6–cyclin E–Cdk2 purified from insect
cells (13). (C) GST–cyclin E–Cdk2 binds Fbw7. Immobilized GST–cyclin
E–Cdk2 (lane 3) or GST (lane 2) was incubated with in vitro–translated
F-box proteins (31, 32). Lane 1 contains in vitro translation (IVT ) product
(33% of input). The bottom panel shows GST–cyclin E–Cdk2 and GST as

detected by Coomassie staining. The positions of endogenous insect cell GST
protein (eGST ) and recombinant GST (rGST ) are indicated. (D) Fbw7
preferentially binds cyclin E–Cdk2. The indicated Cdk complexes (lanes 2 to
6) were purified from insect cells and used for in vitro binding with Fbw7
as above. Cyclins were fused to GST for affinity purification, except for
cyclin D1 where GST-Cdk4 is used. (E) Phosphorylation-dependent asso-
ciation of Fbw7 with cyclin E–Cdk2. Immobilized GST–cyclin E–Cdk2 was
treated with )-phosphatase in the presence (lane 1) or absence (lane 2)
of phosphatase inhibitors (PI) before in vitro binding to His6-Fbw7.
Untreated GST–cyclin E–Cdk2 (lane 3) and GST (lane 4) were used as
controls. Binding reactions were performed as in (C). (F) Immobilized
cyclin E– or cyclin D–derived peptides with or without phosphorylation
were incubated with Fbw7, Fbw1 (*-TRCP), Fbw2, and Fbw6 IVT products
as in (C). The peptide sequence and sites of phosphorylation (P) are
indicated (33).
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for cyclin E as Fbw7 did not interact tightly
with other cyclin-Cdk complexes (Fig. 1D).
The interaction between Fbw7 and cyclin E
was phosphorylation-dependent (Fig. 1E).
Furthermore, Fbw7 bound specifically to a
phosphopeptide containing the region of
cyclin E required genetically for ubiquiti-
nation (Fig. 1F). Thus, the properties of
Fbw7 are consistent with the predicted
properties of a cyclin E ubiquitin ligase.

The mouse and human Fbw7 cDNA en-
codes a protein of 627 amino acids containing
seven WD40 repeats (Fig. 2, A and B). The
presence of stop codons in all three reading
frames of the 5# untranslated region (UTR)
indicates that the encoded open reading frame

(ORF) is full-length. Database searches re-
vealed substantial sequence similarity with
Caenorhabditis elegans sel-10, which is in-
volved in the presenilin (sel-12) and Notch/
lin-12 pathways (21), and the predicted pro-
tein encoded by Drosophila melanogaster
CG15010 (DmFbw7). Among S. cerevisiae F-
box proteins, Fbw7 is 28% identical to Cdc4
(Fig. 2A). The relationship between sel-10 and
a partial cDNA containing two COOH-terminal
WD40 repeats from Fbw7 was noted previous-
ly (21). The extreme NH2-terminus of Fbw7
contains a 23-residue stretch (residues 7 to 29)
of highly hydrophobic amino acids recognized
by the SMART protein analysis program as a
transmembrane domain (22).

To examine the importance of the WD40
motifs in cyclin E recognition, we searched for
basic residues located on the surface of the
*-propeller structure that are conserved in Hs-
Fbw7, Cdc4, Sel-10, and DmFbw7 but not in
other Fbw proteins. Such residues would be
candidates for phosphorylation-dependent in-
teraction with ubiquitination targets. Arg417,
Arg457, and Arg495, located in WD40 repeats 3,
4, and 5, met these criteria (Fig. 2, A and D).
These residues were independently replaced
with alanine, and the resulting proteins were
tested for binding to GST–cyclin E in vitro.
Mutation of Arg417 or Arg457 abolished binding
to cyclin E, whereas mutation of Arg495 re-
duced binding (Fig. 2C).

Fig. 2. Characteriza-
tion of the WD40-re-
peat–containing F-box
protein, Fbw7. (A)
Conservation between
human (Hs) Fbw7 and
C. elegans (Ce) sel-10,
S. cerevisiae (Sc) Cdc4,
and D. melanogaster
(Dm) Fbw7 (33). Iden-
tical residues are
shaded black and sim-
ilarities are shaded
gray. Asterisks indi-
cate conserved argi-
nine residues required
for cyclin E binding.
(B) Domain structures
of Fbw7 homologs. F,
F-box; W, WD40 re-
peat. (C) Three surface
arginines on Fbw7 are
required for binding
cyclin E. Wild-type
(WT) and mutant
Fbw7 IVT products
were used for binding
with GST–cyclin
E–Cdk2 (lanes 6 to 9)
or GST (lane 5). One-
third of the input is
shown (lanes 1 to 4).
(D) Model of the
*-propeller structure of human Fbw7 displaying
Arg417, Arg457, and Arg495 in red. The model was
generated with Swissmodel with *-transducin as
template. (E) Expression of Fbw7 in adult human
tissues. Northern blots containing the indicated
mRNAs were probed with the Fbw7 cDNA. Pn,
pancreas; Ki, kidney; Sk, skeletal muscle; Li, liver;
Lu, lung; Pl, placenta; Br, brain; and He, heart. (F)
Fbw7 assembles into an SCF complex. Vectors
expressing Cul1HA and Skp1HA were transfected
into 293T cells in the presence of pCMV-
Fbw7Myc (lane 1) or empty vector (lane 2) (31).
After 48 hours, extracts were immunoprecipi-
tated with antibodies to Myc and immunoblot-
ted with antibodies to HA (top panel) or anti-
bodies to Myc (bottom panel). The asterisks
indicate the positions of immunoglobulin G
heavy and light chains.
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Fbw7 mRNA is abundant in adult brain,
heart, and skeletal muscle, tissues with a high
percentage of terminally differentiated cells
(Fig. 2E). Cotransfection of vectors encoding
Myc-tagged Fbw7 with hemagglutinin (HA)-
tagged Cul1 and HA-tagged Skp1 in 293T
cells allowed detection of Fbw7 in SCF com-
plexes, consistent with involvement of Fbw7
in ubiquitination (Fig. 2F).

We tested cyclin E ubiquitination in reticu-
locyte lysates in which either Fbw7 or Fbw2
had been translated. Ubiquitinated forms of cy-
clin E were observed in the presence of Fbw7
but not Fbw2 (Fig. 3A). Fbw7-dependent ubiq-
uitination of cyclin E was also achieved in more
purified systems. His6-Fbw7 was affinity-puri-
fied on immobilized GST–cyclin E–Cdk2 (Fig.
3, B and C) or antibodies to His6 (Fig. 3D) and
used in ubiquitination reactions. Cyclin E ubiq-
uitination was dependent on Fbw7 (Fig. 3, B
and C) and was stimulated by Cul1-Rbx1 (Fig.
3, B to D). A small fraction of Fbw7 was
associated with endogenous Cul1 in reticulo-
cyte lysates (20). The pattern of conjugates was
distinctly different when a form of ubiquitin
that cannot undergo polyubiquitination (GST-
UbRA) was included in the reaction mixture
(Fig. 3C), indicating that the larger forms of
cyclin E are ubiquitin conjugates. The ubiquiti-
nation reaction was also stimulated by phospho-
rylation of cyclin E (Fig. 3D) and was reduced
when the cyclin E Thr380 3 Ala (T380A)
mutant was used as substrate (Fig. 3E).

If Fbw7 is rate-limiting for controlling
cyclin E abundance, overexpression of Fbw7
should lead to decreased amounts of cyclin E.
To test this, we transfected 293T cells with
vectors encoding cytomegalovirus (CMV)
promoter–driven cyclin E, Cdk2, and either
Fbw7 or empty vector and assayed cyclin E
amounts by immunoblotting. Cells cotrans-
fected with Fbw7 reproducibly had smaller
amounts of cyclin E but constant amounts of
Cdk2 (Fig. 4A).

Conversely, inhibition of Fbw7 should lead
to increased accumulation of cyclin E. To test
this, we used the small interfering RNA
(siRNA) technique to reduce expression of
Fbw7 in HeLa cells (23). Cells transfected with
a double-stranded RNA (dsRNA) oligo corre-
sponding to Fbw7 showed increased accumu-
lation of cyclin E when compared with cells
transfected with a control dsRNA oligo (Fig.
4B). Amounts of Cdk2 and bulk Cdk2 activity
remained unaffected (Fig. 4B) (20). The
amount of p27 was similar in both Fbw7- and
green fluorescent protein (GFP)–inhibited cells
at the 48-hour time point, indicating that the
accumulation of cyclin E in Fbw7-inhibited
cells was not substantially influenced by p27
(20). To assess the effect of Fbw7 on cyclin E
stability, we used the siRNA-inhibited cells for
a pulse-chase analysis of cyclin E (2). Cells
were labeled in vivo with 35S-methionine, sam-
ples were taken at the indicated times after

replacement with medium containing unlabeled
methionine, and cyclin E was immunoprecipi-
tated (Fig. 4C). In the GFP siRNA cells, cyclin
E was unstable, whereas in Fbw7-inhibited
cells, cyclin E remains stable for the course of
the experiment. Immunoblotting of the immu-
noprecipitates indicated that cyclin E amounts
remained constant throughout the experiment.

We also used the RNA interference
(RNAi) technique to ablate Fbw7 in D.
melanogaster (S2) cells (24 ). Transfection
of S2 cells with dsRNAs corresponding to
various portions of the DmFbw7 gene re-
duced amounts of DmFbw7 mRNA (Fig.
4D) and increased accumulation of cyclin E
protein but not that of a control protein,
Mle1 (Fig. 4D). In contrast, amounts of
cyclin E mRNA were unaltered or slightly
reduced, indicating that DmFbw7 regulates

cyclin E through a posttranscriptional
mechanism. Control dsRNAs had no effect
on DmFbw7 or cyclin E (Fig. 4E). RNAi
with the COOH-terminal fragment of Fbw7
was less efficient in destabilizing Fbw7
mRNA; thus, smaller increases in cyclin E
accumulation were observed.

In this report, we show that SCFFbw7-related
ligases control the stability of cyclin E in a
manner conserved through evolution. The find-
ing that different E3s can control cyclin E levels
in yeast may have implications for control of
cell proliferation in mammals. Such a role
would allow multiple signals to be indepen-
dently integrated through different E3s to con-
trol cyclin E levels and cell proliferation. This
could allow tissues to exert combinatorial con-
trol of proliferation and differentiation, consis-
tent with the tissue-specific expression of

Fig. 3. Fbw7-dependent ubiquitination of cyclin E in vitro. (A)
Fbw7-dependent ubiquitination of cyclin E. His6–cyclin E–
Cdk2 was added to different amounts of reticulocyte lysates,
in which either Fbw7 or Fbw2 had been translated (32).
Lysates were supplemented with ATP, E1, Cdc34 (E2), and Ub
in the presence of the proteasome inhibitor LLnL, ubiquitin
aldehyde, and an ATP-regenerating system for 60 min at 30°C.
Reaction mixtures were immunoblotted with antibodies to
cyclin E. No lysate was added to lanes 1 or 4. (B and C)

Ubiquitination of GST–cyclin E by prebound His6-Fbw7. (B) Immobilized GST–cyclin E–Cdk2 was
incubated with reticulocyte extracts in the presence or absence of Fbw7. Beads were supplemented
with E1, Cdc34 (E2), ATP, and either ubiquitin (Ub; 100 $g/ml) or GST-UbRA (100 $g/ml). Where
indicated, 50 ng of a purified Cul1-Rbx1 complex was added. The asterisks indicate the positions
of three proteins that cross react with the monoclonal antibodies to cyclin E. (C) As in (B), but
GST-UbRA was used in place of ubiquitin. (D) Cyclin E phosphorylation enhances ubiquitination of
cyclin E by SCFFbw7. Reticulocyte lysates with or without His6-Fbw7 were immunoprecipitated with
antibodies to His tag, supplemented with cyclin E–Cdk2 (or cyclin E–Cdk2KD), E1, Cdc34 (E2),
ubiquitin, and ATP and incubated at room temperature for the indicated time. Samples were
treated as in (B). (E) Phophorylation of Thr380 enhances ubiquitination of cyclin E. Reactions were
performed as in (A), but cyclin E T380A was also used as substrate.
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Fbw7. Cells lacking the F-box protein Skp2
also accumulate cyclin E (25). However, this
effect may be an indirect result of the accumu-
lation of the Skp2 substrate, p27 (26, 27). In-
dividual E3s often control the ubiquitination of
multiple substrates (9); therefore, controlling
accumulation of cyclin E through expression of
a particular E3 may limit the function of other
signaling pathways as a consequence. Thus,
using different E3s to control cyclin E might
lead to regulation of different constellations of
signaling pathways in a tissue-specific manner.
It is likely that Fbw7 controls the ubiquitination
of other proteins in addition to cyclin E. Puta-
tive substrates include Notch and Presenilin
proteins, as the C. elegans homolog sel-10 has
been implicated in the control of both Notch
and Presenilin signaling (21, 28).

As a negative regulator of cyclin E, Fbw7 is
a potential tumor suppressor. Consistent with
this, we have observed that amounts of Fbw7
mRNA are decreased in breast tumor lines that
have increased amounts of cyclin E (see sup-
plemental Web figure 1 on Science Online at
www.sciencemag.org/cgi/content/full/294/
5540/173/DC1). Thus far, we have not identi-
fied mutations in the Fbw7 gene in these or
other tumors. However, Fbw7 maps to 4q32, a

site of loss of heterozygosity in a number of
cancers (29). Additional studies will be required
to resolve Fbw7’s role in tumorigenesis.
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Fig. 4. Fbw7 controls cyclin E abundance in vivo.
(A) Reduced amounts of cyclin E in cells overpro-
ducing human Fbw7. 293T cells were cotrans-
fected with pCMV–cyclin E and pCMV-Cdk2 to-
gether with either pCMV-Fbw7Myc (lane 1) or
empty vector (lane 2) (31). After 48 hours, ex-
tracts were prepared and immunoblotted with antibodies to Cdk2, cyclin E, or Myc. (B) Accumu-
lation of cyclin E in HeLa cells transfected with Fbw7 siRNA but not GFP siRNA. Cells were
transfected as described (23, 34). At the indicated times, cells were harvested and cell lysates were
generated. Samples were immunoblotted with antibodies to cyclin E or Cdk2. (C) Cyclin E is stable
in Fbw7-inhibited cells. Cells were transfected as in (B), and pulse-chase analysis was performed as
described (2). Medium containing unlabeled methionine was added at time( 0. Samples were also
immunoblotted with monoclonal antibodies to cyclin E (bottom panel). Arrows indicate the two
major forms of cyclin E. (D and E) Accumulation of DmCycE in response to ablation of DmFbw7 by
RNA interference. S2 cells were transfected with dsRNA corresponding to the NH2-terminal
(N-term), COOH-terminal (C-term), or F-box region of DmFbw7 or against *-galactosidase (*-gal)
as a control (34). At the indicated times, cells were harvested and used to generate protein extracts
and total RNA. (D) Cell extracts were immunoblotted with polyclonal antibodies against DmCycE
or maleless (Mle). (E) Messenger RNA was subjected to Northern blotting with probes directed
toward DmFbw7, DmCycE, or a ribosomal RNA (RP49).
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