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Background:The Skp1-Cul1-Fbxl3 (SCFFbxl3) complex regulates oscillation of the circadian clock by targeting Cry proteins
for degradation.
Results: Fbxl3 interacts with Skp1 and Cul1 only in the presence of its substrate Cry1 in vivo.
Conclusion: Association of Cry1 with Fbxl3 is essential for SCFFbxl3 complex formation in vivo.
Significance: Our findings provide important insight into the regulation of SCF ubiquitin ligase activity and circadian
rhythmicity.

The Skp1–Cul1–F-box protein (SCF) complex is one of the
most well characterized types of ubiquitin ligase (E3), with the
E3 activity of the complex being regulated in part at the level of
complex formation. Fbxl3 is an F-box protein that is responsible
for the ubiquitylation and consequent degradation of crypto-
chromes (Crys) and thus regulates oscillation of the circadian
clock. Here we show that formation of the SCFFbxl3 complex is
regulated by substrate binding in vivo. Fbxl3 did not associate
with Skp1 and Cul1 to a substantial extent in transfected mam-
malian cells. Unexpectedly, however, formation of the SCFFbxl3

complex was markedly promoted by forced expression of its
substrate Cry1 in these cells. A mutant form of Fbxl3 that does
not bind toCry1was unable to forman SCF complex, suggesting
that interaction of Cry1 with Fbxl3 is essential for formation of
SCFFbxl3. In contrast, recombinant Fbxl3 associatedwith recom-
binant Skp1 and Cul1 in vitro even in the absence of recombi-
nant Cry1. Domain-swap analysis revealed that the COOH-ter-
minal leucine-rich repeat domain of Fbxl3 attenuates the
interaction of Skp1, suggesting that a yet unknownprotein asso-
ciated with the COOH-terminal domain of Fbxl3 and inhibited
SCF complex formation. Our results thus provide important
insight into the regulation of both SCF ubiquitin ligase activity
and circadian rhythmicity.

The ubiquitin-proteasome system for protein degradation
plays an essential role in various key biological processes,
including cell cycle progression, gene transcription, and signal
transduction. The ubiquitylation of specific substrates is medi-
ated by three enzymes that act in concert: a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiq-
uitin ligase (E3) (1, 2). E3 ubiquitin ligases confer specificity to
ubiquitylation by recognizing target substrates and mediating

transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme
to the substrate. The largest known class of E3s is the cullin-
based subfamily of enzymes, which includes the Skp1–Cul1–F-
box protein (SCF)2 complex (3–5). Each SCF complex consists
of four subunits: Skp1, Cul1, Rbx1 (also known as Roc1 or
Hrt1), and an F-box protein. Cul1 serves as a scaffold that inter-
acts via its COOH terminus with the RING finger protein Rbx1
to recruit an E2 and via its NH2 terminus with Skp1. F-box
proteins, which interact through the F-boxmotif with Skp1 and
Cul1, are responsible for substrate recognition, with each such
protein recognizing a different group of substrates. Approxi-
mately 70 F-box proteins have been identified in humans (6),
and they fall into three categories based on the structure of the
substrate-associated region: those with WD40 repeats (Fbxw),
those with leucine-rich repeats (LRRs) (Fbxl), and those with
other domains (Fbxo).
The activity of SCF-type ubiquitin ligases is controlled at the

level of complex formation (7–9). CAND1, a cullin-binding
protein, sequesters Cul1 by preventing the binding of Skp1 and
F-box proteins, resulting in inactivation of E3 activity in vitro
(10, 11). CAND1was recently found to stimulate SCF activity in
vivo, however, by enabling an F-box protein–Skp1 complex to
access Cul1 that was previously occupied by a different F-box
protein–Skp1 complex (12). Covalent attachment of the ubiq-
uitin-like protein Nedd8 to a lysine residue in the COOH-ter-
minal domain of Cul1 prevents the binding of CAND1 and
thereby stimulates ubiquitylation activity (10, 11, 13, 14). Some
F-box proteins form a homodimer through interaction of the
conserved D-domain, which is required for the SCF complex to
exert E3 ubiquitin ligase activity toward substrate (15–17). In
addition, autoubiquitylation of F-box proteins by the corre-
sponding SCF complex might serve as a homeostatic mecha-
nism whereby bound substrate prevents an F-box protein from
undergoing ubiquitylation, resulting in accumulation of the
F-box protein only when its substrate is present (18, 19).
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Several F-box proteins regulate E3 activity in response to
changes in the intracellular environment. For example, Fbxl5
senses the levels of cellular iron and oxygen through direct
binding to these cellular components via its NH2-terminal
hemerythrin-like domain. Fbxl5 becomes labile when the sup-
ply of iron or oxygen is limited, whereas it is stabilized under
iron-replete conditions that induce degradation of the iron-
regulatory protein IRP2 by SCFFbxl5 (20, 21). Fbxo31 is also
stabilized as a result of phosphorylation by the kinase ATM in
response to DNA damage. Stabilized Fbxo31 targets cyclin D1
for degradation by the proteasome, resulting in arrest of the cell
cycle in G1 phase (22). In plants, the F-box proteins TIR1 and
COI1 are receptors of auxin and jasmonate, respectively (23, 24).
These plant hormones fill a cavity in the substrate binding site of
the corresponding F-box protein, thereby creating additional
molecular surfaces that stabilize the binding of substrates.
The circadian clock of cells is tightly regulated by an internal

transcription-translation-degradation cycle that is tuned to
generate a circadian rhythm of�24 h. Period (Per1, Per2, Per3)
and cryptochrome (Cry1, Cry2) are core transcriptional factors
of the mammalian clock that repress transcription of their own
genes by interacting with the CLOCK-BMAL1 heterodimer,
which constitutes the centralmachinery of circadian oscillation
(25, 26). The levels of Per and Cry are also controlled by prote-
olysis mediated by the ubiquitin-proteasome system. �-TrCP
(also known as Fbxw1 or Fbxw11) targets Per for degradation in
a manner dependent on Per phosphorylation by casein kinase
(27). Fbxl3 is thought to be responsible for the ubiquitin-depen-
dent degradation ofCry (28–30). Forward-geneticmutagenesis
screens revealed that mutant mice designated overtime and
afterhoursmaintained a circadian period of �26 and �27 h in
the dark, respectively (29, 30). Both mutations were mapped to
the LRR region of Fbxl3 and were found to disrupt the interac-
tion of Fbxl3 with Cry. Cry proteins are stabilized, and the
repression of CLOCK-BMAL1 activity is enhanced in these
mutants. These observations thus suggested that Fbxl3 is essen-
tial for directing Cry degradation during the circadian cycle.
Here we show that formation of an SCF complex by Fbxl3 is

regulated by a novel mechanism. Fbxl3 was thus found to inter-
act with Skp1 and Cul1 in a manner dependent on its associa-
tion with substrate. A yet unknown protein associated with the
COOH-terminal domain of Fbxl3 and inhibited SCF complex for-
mation.Thismechanism is unique to Fbxl3 amongF-boxproteins
examined.Ourdata thusprovidenew insight into the regulationof
SCF ubiquitin ligase activity and circadian rhythmicity.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa, HEK293T, and Neuro2A cells were cul-
tured under an atmosphere of 5% CO2 at 37 °C in DMEM
(Invitrogen) supplemented with FBS (10%), sodium pyruvate (1
mM), L-glutamine (2 mM), 2-mercaptoethanol (50 �M), nones-
sential amino acids (10 ml/liter; Invitrogen), penicillin (100
units/ml), and streptomycin (100 mg/ml). Where indicated, the
cells were treated with a Nedd8-activating enzyme (NAE) inhibi-
tor (1 �M, Lifesensors) or the proteasome inhibitor MG132 (10
mM, Peptide Institute).
Construction of Expression Plasmids and Cell Transfection—

Complementary DNAs encoding WT or mutant forms of

FLAG epitope-tagged human Fbxl3, mouse Skp2, mouse
Fbxw7�, or mouse Fbxo31; HA epitope-tagged human Cry1,
human Cry2, mouse p27, or the intracellular domain of mouse
Notch1; and Myc epitope-tagged mouse cyclin D1 were sub-
cloned into the pcDNA3 vector (Invitrogen). Those encoding
WT forms of mouse Fbxl3 or mouse Fbxl21 were subcloned
into p3�FLAG (Sigma), whereas cDNAs encoding WT or
mutant forms of HA-tagged mouse Cul1 were subcloned into
pS-neo (31). The various vectors were introduced into HeLa
cells with the use of the FuGENE HD transfection reagent
(Roche Applied Science).
Antibodies—Antibodies to Skp1, to GAPDH (loading con-

trol), and to Hsp90 (loading control) were obtained from BD
Biosciences. Those to Cul1 were from Invitrogen. Those to the
HAepitope (HA11)were fromBabco.Those to theMyc epitope
(9E10) were from Roche Applied Science. Those to the FLAG
epitope (M2) were from Sigma.
Immunoprecipitation and Immunoblot Analysis—Cells were

lysed in a lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 0.5% Triton X-100, 10 �M NaF, 10 �M Na4P2O7, 0.4
�MNa3VO4, 0.4�M EDTA, leupeptin (20�g/ml), aprotinin (10
�g/ml), and 1 mM PMSF. The lysates were centrifuged at
20,400� g for 20min at 4 °C to remove debris, and the resulting
supernatants were incubated for 1 h at 4 °C with beads conju-
gated with M2 antibodies to FLAG (Sigma). The beads were
isolated by centrifugation and washed three times with a wash
buffer containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and
0.1% Triton X-100, after which the bead-bound proteins were
eluted with the FLAG peptide (500 �g/ml), fractionated by
SDS-PAGE, transferred to a Hybond P membrane (Amersham
Biosciences), and subjected to immunoblot analysis. Immune
complexes were detected with Supersignal West Pico or West
Dura chemiluminescence reagents (Pierce) andwere quantified
with the use of ImageJ software (National Institutes of Health).
Gel Filtration Chromatography—FLAG-Fbxl3 immunopre-

cipitates prepared from HeLa cells as described above were
fractionated on a Superose-6 HR 10/300 column (Amersham
Biosciences) that had been equilibrated with the wash buffer
described above. Fractions of 500 �l were collected for a total
column volume and were subjected to immunoblot analysis.
The column was routinely calibrated with thyroglobulin (669
kDa), ferritin (440 kDa), aldolase (158 kDa), and ovalbumin (43
kDa) as standards.
In Vitro Pulldown Assay—Recombinant His6-Myc-tagged

mouseCul1 andmouse Skp1, His6-FLAG-tagged human Fbxl3,
and His6-HA-tagged human Cry1 were expressed in and puri-
fied from Sf21 insect cells with the use of the Bac-to-Bac system
(Invitrogen). Sf21 cells were infected with the recombinant
viruses for 72 h, and each expressed protein was purified from
the soluble fraction of cell lysates with nickel-nitrilotriacetic
acid-agarose and subsequently eluted with 200 mM imidazole.
His6-FLAG-Fbxl3 (3�g)was incubated for 1 h at 4 °Cwith 10�l
of bead-conjugatedM2 antibodies to FLAG (Sigma) in the lysis
buffer described above. Test proteins (1 �g) were then added,
and the binding mixtures were incubated for 1 h at 4 °C. The
beads were then isolated, washed three times with 1 ml of ice-
cold wash buffer, resuspended in 20 �l of SDS sample buffer,
and boiled before SDS-PAGE and immunoblot analysis.
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Cycloheximide Chase Analysis—Cycloheximide (100 �g/ml)
was added to culture medium, and cells were harvested at the
indicated times thereafter. The cells were lysed and subjected to
immunoblot analysis as described above.

RESULTS

Fbxl3 Does Not Form an SCF Complex in the Absence of
Substrate—Fbxl3 was not present in the list of proteins previ-
ously determined to interact with Cul1, whereas many other
F-box proteinswere included (32). Alignment of the amino acid
sequences of the F-box domains of several F-box proteins

revealed that certain key amino acids are not conserved in Fbxl3
(33) (Fig. 1A). In particular, a proline in the first helix thatmedi-
ates the association with Cul1 and is conserved in Skp2, Fbxw7,
and Fbxo31 is not conserved in Fbxl3. The overall similarity to
the consensus sequence of the F-box domain is also lower for
Fbxl3 (60% similarity) than for these other F-box proteins (76–
84%). We therefore examined whether Fbxl3 is able to form a
complexwith Skp1 andCul1.We transfectedHeLa cellswith an
expression vector for FLAG-tagged Fbxl3 or FLAG-Skp2 and
then subjected cell lysates to immunoprecipitation with anti-
bodies to (anti-) FLAG followed by immunoblot analysis (Fig.
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FIGURE 1. Formation of the SCFFbxl3 complex is dependent on the expression level of Cry1. A, amino acid sequences of the F-box domains of human Fbxl3,
Skp2, Fbxw7, and Fbxo31 are aligned. Gray shading highlights residues similar or identical to those of the consensus sequence. The general locations of helices
(H1–H3) are also indicated. B, lysates of HeLa cells expressing FLAG-tagged forms of Fbxl3 or Skp2 as well as HA-tagged Cry1 were subjected to immunopre-
cipitation (IP) with anti-FLAG, and the resulting precipitates, as well as the original cell lysates (Input), were subjected to immunoblot analysis with antibodies
to (�-) the indicated proteins. The relative intensities of Skp1 bands are indicated. C, lysates of HeLa cells expressing FLAG-tagged Fbxl3 in the absence or
presence of various amounts (1�, 2�, 3�, 4�) of HA-tagged Cry1 were subjected to immunoprecipitation with anti-FLAG, and the resulting precipitates, as
well as the original cell lysates, were subjected to immunoblot analysis with antibodies to the indicated proteins. D and E, lysates of HEK293T (D) or Neuro2A
(E) cells expressing FLAG-tagged Fbxl3 as well as HA-tagged Cry1 were subjected to immunoprecipitation followed by immunoblot analysis as in B.
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1B). Whereas FLAG-Skp2 bound to endogenous Skp1 and
Cul1, FLAG-Fbxl3 showed little, if any, association with these
proteins. These results suggested that Fbxl3 contains an atypi-
cal F-box domain and has low affinity for Skp1 and Cul1. Con-
sistent with previous observations (28), HA-tagged Cry1 inter-
acted with FLAG-Fbxl3, whereas it did not associate with
FLAG-Skp2, in transfected HeLa cells. Unexpectedly, however,
the interaction of Fbxl3 with Skp1 and Cul1 was markedly
enhanced in the presence of Cry1. A major proportion of Cul1
associated with Fbxl3 appeared to be neddylated.
To examine whether the extent of SCF complex formation

was dependent on the expression level of substrate, we trans-
fected cells with various amounts of the vector for HA-tagged
Cry1 (Fig. 1C). The amounts of Skp1 and Cul1 (mostly neddy-
lated) associated with Fbxl3 increased as the expression level of
Cry1 increased, suggesting that formation of the SCFFbxl3 com-
plex is indeed dependent on the concentration of the substrate
Cry1.We also examined the association of Fbxl3 with Cul1 and
Skp1 in the absence or presence of Cry1 in HEK293T (Fig. 1D)
and Neuro2A (Fig. 1E) cells. As observed in HeLa cells, Fbxl3
interactedwith Skp1 andCul1 onlywhenCry1was expressed in

HEK293T and Neuro2A cells, suggesting that SCFFbxl3 com-
plex formation dependent on the binding of substrates to Fbxl3
is not specific toHeLa cells but rather observed generally in any
mammalian cell types tested.
Substrate Binding to Fbxl3 Is Essential for Formation of an

SCF Complex—To investigate whether the binding of Fbxl3 to
Cry1 is required for formation of an SCF complex, we tested the
mutant Fbxl3(405), which lacks the 23 COOH-terminal amino
acids of the full-length protein, for association with Cry1 and
SCF complex formation (Fig. 2A). The mutant protein did not
interact with Cry1 or with Skp1 or Cul1 even in the presence of
exogenous Cry1 in transfected HeLa cells, suggesting that the
association of Fbxl3 with Cry1 is essential for formation of the
SCFFbxl3 complex. To exclude the possibility that Fbxl3 associ-
ates indirectly with Skp1 andCul1 via interactionwith Cry1, we
examined whether a mutant of Fbxl3 (�F) that lacks the F-box
domain associates with Skp1 and Cul1 in HeLa cells (Fig. 2B).
The Fbxl3(�F) mutant did not bind to endogenous Skp1 or
Cul1 even when it was associated with exogenous Cry1.
We also performed gel filtration chromatography of FLAG-
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cells (Fig. 2C). Co-expression ofHA-Cry1 in the cells resulted in
a decrease in the amount of FLAG-Fbxl3 in the monomer frac-
tion (fraction 34) and an increase in the amount in a fraction of
higher molecular weight (fraction 31) in which both HA-Cry1
and endogenous Skp1were associatedwith FLAG-Fbxl3. These
results suggested that expression of HA-Cry1 facilitated the
assembly of Fbxl3 with the core components of the SCF com-
plex. Although a portion of FLAG-Fbxl3 was detected in frac-
tions of even highermolecular weight (fractions 27–30), we did
not detect a substantial difference in the intensity of the FLAG-
Fbxl3 bands in these fractions between cells expressing or
not expressing HA-Cry1. The expression of HA-Cry1 thus
appeared to promote the incorporation of monomeric Fbxl3
into the SCF complex rather than to affect potential protein
aggregation.
To examine further whether the direct interaction between

Fbxl3 and Cry1 is necessary for formation of an SCF complex,
we performed an in vitro pulldown assay. Recombinant His6-

FLAG-Fbxl3, His6-Myc-Cul1, His6-Myc-Skp1, and His6-HA-
Cry1were separately expressed in and purified from Sf21 insect
cells for the assay. In contrast to the in vivo results obtained
with HeLa cells, recombinant Fbxl3 was found to interact with
recombinant Skp1 and Cul1 in vitro even in the absence of
recombinant Cry1 (Fig. 2D). This finding thus suggested that
Fbxl3 might associate with an as yet unknown protein that
interferes with the interaction of Fbxl3 with Skp1 and Cul1 in
HeLa cells. Together, our data thus suggested that the associa-
tion with Cry1 via the LRR domain is required for Fbxl3 to be
able to interact with Skp1 and Cul1 via the F-box domain.
Substrate-dependent Formation of an SCF Complex Is Spe-

cific to Fbxl3—We examined whether F-box proteins with a
more typical F-box domain also associate with Skp1 and Cul1
only in the presence of substrate. Ectopic expression of p27, a
well characterized substrate of Skp2, had no effect on the inter-
action of Skp2 with Cul1 and Skp1 (Fig. 3A). Likewise, the effi-
ciency of SCF complex formation by Fbxw7� or Fbxo31was not
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affected by forced expression of their corresponding substrates
Notch1 and cyclin D1 (Fig. 3, B and C).
Fbxl21 is themost closely related paralog of Fbxl3, and it also

interacts with Cry1 and controls the circadian pacemaker (34).
Ubiquitylation of Cry proteins by SCFFbxl21 was recently shown
to increase their stability (35, 36). We found that Fbxl21 bound
to Cry1 and Cry2 more efficiently than did Fbxl3 in transfected
HeLa cells (Fig. 3D). In the absence of exogenous Cry1 and
Cry2, the efficiency of Fbxl21 binding to Skp1 and Cul1 was
higher than that for Fbxl3 binding to these proteins. Of note,
Fbxl21 interacted with the nonneddylated form of Cul1,
whereas Fbxl3 preferentially bound to the neddylated form. In
the presence of exogenous Cry1, the efficiency of association of

Fbxl21 with Skp1 was increased, whereas the interaction with
Cul1 was not affected, suggesting that formation of an SCF
complex by Fbxl21 occurs via a distinctmechanism. Interaction
of Cry2 with Fbxl3 was less effective than was that of Cry1 in
promoting formation of the SCF complex, suggesting that the
E3 activity of Fbxl3 toward Cry1 is higher than that toward
Cry2. Collectively, our results suggested that the substrate-de-
pendent regulation of SCF complex formation by Fbxl3 is spe-
cific to this F-box protein.
The COOH-terminal LRR Domain of Fbxl3 Inhibits the Inter-

action of Fbxl3 with Cul1 and Skp1 through Its F-box Domain—
Given that the association with substrate via its COOH-termi-
nal LRR domain affects the interaction of Fbxl3 with Skp1 and
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Cul1 via its NH2-terminal F-box domain, we hypothesized that
the LRR domain interferes with formation of the SCF complex.
To test this hypothesis, we constructed the Fbxl3(100) mutant,
which contains the F-box domain of Fbxl3 but lacks the LRR
domain (Fig. 4A). This mutant associated with Skp1 in trans-
fected HeLa cells to an extent similar to that observed for Skp2
(Fig. 4, B and C), suggesting that the LRR domain of Fbxl3 pre-
vents association with Skp1. However, Cul1 did not interact
with the Fbxl3(100) mutant. To confirm the inhibitory effect of
the LRR domain of Fbxl3 on formation of the SCF complex, we
constructed both an Fbxl3 mutant (Fbxl3-Skp2) in which the
LRR domain is replaced with the corresponding domain of
Skp2 as well as a reciprocal Skp2mutant (Skp2-Fbxl3) in which
the LRR domain is replaced with that of Fbxl3 (Fig. 4D). The
Fbxl3-Skp2mutant interacted with Skp1 but not Cul1 (Fig. 4E),
consistent with our results obtained with the Fbxl3(100)
mutant (Fig. 4, B andC). Although a Skp2mutant that lacks the
LRR domain retained the ability to associate with both Skp1
and Cul1 (data not shown), the Skp2-Fbxl3 mutant did not
interact with either Skp1 or Cul1 (Fig. 4E), suggesting that the
LRR domain of Fbxl3 actively interferes with binding to Skp1
and Cul1 and thereby blocks formation of the SCF complex.
Neddylation of Cul1 Is Not Required for Interaction with

Fbxl3—Nedd8 is a posttranslational modifier that increases the
ubiquitin ligase activity of the SCF complex (37–39) by promot-
ing E2 recruitment (40, 41). Given that Fbxl3 appeared to inter-
act preferentially with the neddylated form of Cul1, we exam-
inedwhether neddylation of Cul1 is required for the interaction
with Fbxl3. Fbxl3 interacted with both neddylated and nonned-
dylated forms of Cul1 in HeLa cells expressing exogenous Cul1
and Cry1 (Fig. 5A). A Cul1 mutant (K720R) that is not neddy-
lated also interacted with Fbxl3 in the presence of Cry1, sug-
gesting that the neddylation of Cul1 is dispensable for forma-
tion of the SCFFbxl3 complex triggered by the association of
Cry1 with Fbxl3. To confirm this observation, we treated cells
with an inhibitor ofNAE. Interaction of Fbxl3with the nonned-
dylated form of endogenous Cul1 was detected in cells express-
ing exogenous Cry1 and treated with the NAE inhibitor (Fig.
5B). Together, our data thus indicated that neddylation of Cul1
is not essential for formation of the SCFFbxl3 complex.
Fbxl3 Is More Stable Than Other F-box Proteins—We

expected that Fbxl3 might be more stable than typical F-box
proteins, given that Fbxl3 might not undergo autoubiquityla-
tion in the absence of its substrate Cry1. To test this hypothesis,
we examined the stability of four F-box proteins, Fbxl3, Skp2,
Fbxw7�, and Fbxo31, in transfectedHeLa cells with a cyclohex-
imide chase assay. Fbxl3 was relatively stable with a half-life
(t1/2) of 8.0 h (Fig. 6A) compared with Skp2 (t1/2 � 2.3 h) (Fig.
6B), Fbxw7� (t1/2 � 4.3 h) (Fig. 6C), and Fbxo31 (t1/2 � 0.85 h)
(Fig. 6D). The stability of all four F-box proteins was greatly
increased by treatment of the cells with the proteasome inhib-
itor MG132, suggesting that all four proteins undergo protea-
somal degradation. However, only Fbxl3 was insensitive to the
NAE inhibitor (which blocks the neddylation of Cul1), with the
other three F-box proteins being stabilized by treatment of cells
with this agent. These results suggested that the stability of
Skp2, Fbxw7�, and Fbxo31 is regulated by the SCF complex
(likely by self-ubiquitylation), whereas that of Fbxl3 is regulated

by amechanism that is independent of the SCF complex. Given
that formation of SCFFbxl3 is also not dependent on Cul1 ned-
dylation (Fig. 5B), regulation of the stability of and complex
formation by Fbxl3 appears unique to this F-box protein.

DISCUSSION

The catalytic activity of SCF-type ubiquitin ligases is regu-
lated by several mechanisms (7–9). The SCF complex is acti-
vated by conjugation of the ubiquitin-like protein Nedd8 to the
Cul1 subunit, and neddylated Cul1 is resistant to CAND1-
induced dissociation that inhibits ubiquitin transfer from an
associated E2 to substrate (40, 41). Several F-box proteins
control the assembly and activity of the SCF complex in
response to changes in the intracellular environment. We have
now revealed a newmode of regulation of SCF complex forma-
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tion mediated at the level of substrate binding. Fbxl3 does not
form an SCF complex in the absence of its substrate Cry1, likely
because it associates with an as yet unknown protein that inter-
feres with its interactionwith Skp1-Cul1.We speculate that the
binding of Cry proteins to the LRR domain of Fbxl3 induces
dissociation of this unknownprotein and thereby promotes for-
mation of the SCFFbxl3 complex (Fig. 7).
Many F-box proteins are unstable, with autoubiquitylation of

these proteins within the corresponding SCF complex underly-
ing their turnover (42, 43). However, we have now found that
Fbxl3 is more stable than more typical F-box proteins, likely
because autoubiquitylation of Fbxl3 does not occur in the
absence of its substrate Cry1. In most instances, binding of an
F-box protein to its substrate is dependent on posttranslational

modification such as phosphorylation of the substrate, and the
binding is usually irreversible (44). Recent determination of the
three-dimensional structures of mouse Cry1 and Cry2 has sug-
gested that Per proteins and FAD mask the binding domain of
Cry proteins for Fbxl3 (45). Dissociation of Per and FAD from
Cry1 and Cry2 thus appears to be a prerequisite for the associ-
ation of these Cry proteins with Fbxl3. The liberated Cry pro-
teins may need to be immediately captured by Fbxl3 for degra-
dation before they can reassociate with Per and FAD. The
relatively high stability of Fbxl3 compared with other F-box
proteinsmight be required for such immediate interactionwith
the free form of Cry1 or Cry2 (Fig. 7).
We have also found that Skp1 and Cul1 interact in different

manners with the F-box domain of Fbxl3. Immunoprecipita-
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tion analysis with the Fbxl3(100) and Fbxl3-Skp2mutants indi-
cated that Skp1 was able to associate with only the F-box
domain of Fbxl3, whereas Cul1 was not. The linker region
between the F-box domain and the substrate recognition (LRR)
domain may thus also be required for the interaction of Fbxl3
with Cul1. A deletion mutant of Fbxw8 that lacks the corre-
sponding linker region also did not interact with Cul1 (46).
Several groups have shown that neddylated SCF complexes

are more active than their nonneddylated counterparts regard-
less of the nature of the substrate (37–39, 41, 47, 48). Crystal
structure data indicate that neddylation induces a pronounced
conformational change in theCOOH-terminal region of cullins
that prevents interaction with the RING domain of Rbx1 (13).
Cullin neddylation results in positioning of Rbx1 and its bound
activated E2 in close proximity to the acceptor lysine of the
substrate and thereby promotes the transfer of ubiquitin. Ned-
dylation and the associated conformational change in the
COOH-terminal domain of Cul1 are thought not to affect the
binding interface of the NH2-terminal domain and interaction
with Skp1 and the F-box protein, consistent with our present
observation that neddylation of Cul1 is not required for inter-
action with Fbxl3. A model was recently proposed in which
substrate induces displacement of COP9-signalosome and
thereby promotes formation of a neddylated, active SCF com-
plex (49). In agreement with this model, we found that most
SCFFbxl3 complexes are neddylated in transfected HeLa cells in
the presence of HA-Cry1, suggesting that deneddylation of
Cul1 is strongly inhibited in SCFFbxl3 compared with other SCF
complexes for which F-box proteins are able to form such a
complex independently of substrate binding. In addition, Fbxl3
itself might suppress the deneddylation activity mediated by
COP9-signalosome.
Large scale proteomic analyses have recently provided

insight into the network of Cul1-interacting proteins and the
cellular composition of SCF complexes (32, 50). These studies

identified 42 and 26 different F-box proteins, respectively, that
interact with Cul1 inHEK293(T) cells, suggesting that�40% of
F-box proteins might not be expressed or might be unable to
form an SCF complex under the chosen experimental condi-
tions. We propose two other possibilities for the absence of
certain F-box proteins in Cul1 complexes: (i) a subset of F-box
proteins such as Fbxl3 might associate with Cul1 only in the
presence of their substrates; and (ii) another subset of F-box
proteins might not interact with Cul1 at all. With regard to this
second possibility, we previously showed that Fbxo45 is unable
to form an SCF complex as a result of an amino acid substitu-
tion in the consensus sequence of the F-box domain for Cul1
binding (51). Instead, Fbxo45 interacts with the RING finger-
type ubiquitin ligase PAM through its SPRY domain.
Mammals possess two homologous Cry genes, Cry1 and

Cry2. Whereas mice lacking both Cry1 and Cry2 exhibit
arrhythmic running activity in constant darkness (52), those
deficient in one of the twoCry genes show distinct phenotypes.
Mice lacking Cry1 or Cry2 thus manifest a free-running period
�1 h shorter or longer than that of WT mice, respectively (52,
53). At the cellular level, whereas dissociated Cry1-deficient
neurons of the suprachiasmatic nucleus or fibroblasts are
largely arrhythmic, the corresponding Cry2-deficient neurons
and fibroblasts exhibit robust rhythmicity (54). These observa-
tions suggest that Cry1 andCry2make distinct contributions to
the clock, even though their amino acid sequences are highly
similar. Although Fbxl3 mediates proteasomal degradation of
both Cry1 and Cry2, we found that Cry2 had only a small effect
on formation of the SCFFbxl3 complex in vivo. Consistent with
our data, the half-life of Cry2 is prolonged to a lesser extent
compared with that of Cry1 in the Fbxl3 mutant mouse after-
hours (30). The Cry2-specific degradation pathway was shown
to depend on phosphorylation by glycogen synthase kinase-3�
andDYRK1A at serine residues that are unique toCry2 (55, 56).
Collectively, these observations suggest that the degradation of
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Cry1 and that of Cry2 might be controlled by distinct mecha-
nisms, possibly accounting for the opposite phenotypes of
Cry1- and Cry2-deficient mice.
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