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REVIEWS

Multisubunit UBIQUITIN LIGASES (E3s) that are assembled on
a CULLIN scaffold were first reported seven years ago1,2.
The discovery of the archetypical cullin–RING ubiqui-
tin ligase — SCFCdc4 — benefited from a strong founda-
tion of genetic studies on cell division in Saccharomyces
cerevisiae and Caenorhabditis elegans. The model estab-
lished by SCF can now be extended to a superfamily of
CULLIN–RING LIGASES (CRLS) that are found throughout
eukaryotes. Together, these enzymes regulate a dazzling
array of cellular and organismal processes — from glu-
cose sensing and DNA replication to limb patterning
and circadian rhythms.

Although there is a great diversity of CRLs in terms
of their composition and function, we propose that
these enzymes can be characterized by a set of general
principles that will apply to most members of the super-
family. In this review, we summarize what has been
learned about SCF and other CRLs over the past seven
years and, from this, we extract the key features that typ-
ify these enzymes. We also highlight the murky areas in
which our understanding remains far from clear.

Cullin–RING ligases are modular
The cullin family. Human cells express seven different
cullins (CUL1, 2, 3, 4A, 4B, 5 and 7) that each nucleate
a multisubunit ubiquitin ligase (FIG. 1). In addition, at
least two other proteins (the APC2 subunit of the
ANAPHASE-PROMOTING COMPLEX/CYCLOSOME (APC/C) and
the p53 cytoplasmic anchor protein PARC) contain a
‘cullin-homology domain’3–5. Although APC2 and

PARC have ubiquitin-ligase activity, they are clearly
distinct from the other cullins and are not considered
here. The archetypal CRLs, which contain CUL1, are
named SCF ubiquitin ligases, whereas the other CRLs
have distinct subunit compositions and have been
referred to by various names (TABLE 1).

Cullin–RING ligases have an extended, rigid architecture.
Much of what is known and inferred about the archi-
tecture of CRLs comes from protein–protein interac-
tion studies and sequence comparisons that have been
interpreted in light of three-dimensional (3D) X-ray
crystal structures (for a summary of the solved struc-
tures for CRL complexes and related proteins, see
online supplementary information S1 (table)). CUL1
and presumably all other cullins have a curved, yet
rigid, N-terminal stalk that is comprised of three
repeats of a five-helix bundle (cullin repeat (CR)1–3)
and is linked to a C-terminal globular domain6 (FIG. 2).
The SKP1 adaptor binds to the N-terminal CR1 region,
whereas the zinc-binding RING-H2-DOMAIN protein —
which is known as either ROC1, RBX1 or HRT1
(REFS 7–10; and is referred to here as the ‘RING’ subunit)
— binds 100 Å away from SKP1 and interdigitates itself
with the C-terminal globular domain. SKP1 recruits
substrate receptors and the RING subunit recruits the
ubiquitin-conjugating enzyme (E2) to form the active
ligase complex. The rigidity of the N-terminal stalk of
CUL1 might juxtapose the E2 and the substrate to
favour ubiquitin transfer, because a mutation that
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UBIQUITIN LIGASE (E3)

A protein or protein complex
that facilitates the transfer of
ubiquitin from the active-site
cysteine of a ubiquitin-
conjugating enzyme (E2) to a
Lys residue of a substrate. Two
main classes have been
identified on the basis of the
presence of either a HECT
domain or a RING-like motif.

CULLIN

A family of proteins that is
characterized by the presence of
a distinct globular 
C-terminal domain (cullin-
homology domain) and a series
of N-terminal repeats of a five-
helix bundle (cullin repeats).
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SCF

A multisubunit ubiquitin ligase
(E3). It consists of SKP1, CUL1
and an F-box protein that
confers substrate specificity, as
well as a RING protein that is
also known as HRT1, RBX1 or
ROC1.

CULLIN–RING LIGASES

(CRLs). A superfamily of
ubiquitin ligases that is
characterized by an enzymatic
core that contains a cullin-family
member and a RING protein.
The core is linked to specific
substrates by adaptor proteins
(or domains) and various
receptor subunits.
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Substrate receptors for cullin–RING ligases
Substrates are recruited to the N-terminal domains of
cullins by a receptor module that comprises cullin- and
substrate-binding domains. These domains can reside
in the same or distinct polypeptide chains. Large fami-
lies of these receptor modules greatly diversify the range
of substrates that can be ubiquitylated by each CRL.

Substrate receptors are recruited by an adaptor. In the
canonical example of CUL1, substrate receptors are
recruited by the adaptor protein SKP1. SKP1 is divided
into two domains: an N-terminal segment that binds
CUL1 and a C-terminal region that binds the F-BOX MOTIF

of substrate receptors6,11 (FIG. 1a). The N-terminal seg-
ment of CUL1 that contacts SKP1 is highly conserved
among CUL1 orthologues from different species, but
not among other cullins, which reveals a structural basis
for how each cullin specifically recruits a different set of
substrates6.

SKP1 interacts selectively with CUL1 and CUL7
(REFS 12,13). However, the adaptor proteins that are used
by other cullins show considerable structural homology
to SKP1. The cullin-binding region of elongin C, which
binds CUL2 and CUL5 (REF. 14) (FIG. 1b), shares with
SKP1 a fold that was first observed for the BTB
domain11. This indicated that BTB-domain proteins
might be adaptors for a CRL, and this has now been
shown to be the case for several BTB-domain proteins,
which bind specifically to CUL3 (REFS 15–18) (FIG. 1c).

The most poorly understood adaptor protein, DNA-
damage-binding protein-1 (DDB1), is not related to
SKP1, elongin C or BTB domains, so it is unclear how it
links substrate receptors to CUL4A (REFS 19–21).As DDB1
is a much larger protein than SKP1 and elongin C, it
might somehow compensate for the shorter length of
the N-terminal stalk region of CUL4A (FIG. 1d).

Cullin–RING ligases assemble with numerous receptors.
A key feature of CRLs is that each cullin can assemble
with numerous substrate receptors to form ubiquitin
ligases that share a common catalytic core yet recruit
different substrates. These receptors typically contain an
N-terminal domain that binds an adaptor and a C-ter-
minal region that binds substrate. Two distinct adap-
tor-binding domains are known: F-boxes22 bind SKP1,
which, in turn, binds CUL1 and CUL7 (although only
one F-box protein, FBW8/FBX29, has been shown to
assemble with CUL7); whereas suppressor of cytokine
signalling/elongin-BC (SOCS/BC) boxes23 bind elon-
gin BC, which, in turn, binds CUL2 and CUL5 (FIG. 1a,b).
For CUL3-based ligases, the adaptor and substrate-
receptor functions are merged into a single polypeptide
that binds CUL3 directly through an N-terminal BTB
domain and the substrate through a C-terminal
domain15–18 (FIG. 1c). Substrate receptors that are
recruited to DDB1–CUL4A do not share an obvious
motif21 (FIG. 1d).

The number of F-box, BTB and SOCS/BC-box pro-
teins, and therefore the potential number of CRLs, is
staggering (TABLE 2). Whereas S. cerevisiae might have a
minimum of 11 different complexes, humans might

increases the flexibility of the stalk destroyed SCFSKP2

activity in vitro6.
A large body of evidence indicates that CRLs proba-

bly share a similar modular architecture (FIG. 1). Whereas
the N-terminal domain of CUL1 docks substrates to
SCF by binding the SKP1 adaptor, the N termini of
CUL2 and CUL3 recruit substrates by binding to struc-
turally similar elongin C and ‘Broad complex,
Tramtrack, Bric-a-brac’ (BTB) DOMAINS, respectively. The
more highly conserved C-terminal domains of cullins
bind to the RING subunit ROC1, except for CUL5,
which seems to prefer ROC2 (REF. 8). However, despite
the overall similarities, there are variations on the
theme. For example, CUL4A lacks most of the first
cullin repeat6, which indicates that its interaction with
adaptor proteins and the relative spacing between the
bound substrate and E2 might differ.

Figure 1 | The modularity of cullin–RING ligases. The common catalytic core of cullin–RING
ligases (CRLs), which consists of a RING protein and a cullin-family member, defines this modular
class of ubiquitin ligase. Structural analysis of cullin-1 (CUL1) showed that it has an elongated shape,
with the RING protein bound to the C-terminal cullin-homology domain, near to a conserved Lys
residue that is conjugated to NEDD8. By analogy to the structure of the RING-H2 ubiquitin ligase
CBL, the RING subunit of CRL enzymes is thought to function as the docking site for ubiquitin-
conjugating enzymes (E2s). Although the N-terminal region is thought to be similar in structure
between family members, a segment of it is variable in sequence (red), and cullins use this region to
interact with their own specific adaptor proteins. The motifs that link substrate receptors to their
cognate adaptors are shown in yellow, although for CUL3 ligases, the adaptor and substrate-
receptor functions are merged in a single ‘Broad complex, Tramtrack, Bric-a-brac’ (BTB)-domain-
containing polypeptide. In addition to an adaptor-binding motif, substrate receptors contain a
second protein–protein interaction motif that binds to the targeted substrate (substrate interaction
motif (SIM), which is shown in brown). a | CUL1 CRLs, which are known commonly as SKP1, CUL1,
F-box (SCF) proteins, recruit substrates through the adaptor protein SKP1 and an F-box-protein
substrate receptor. b | CUL2 and CUL5 CRLs recruit substrates through an elongin-BC adaptor and
a suppressor of cytokine signalling/elongin BC (SOCS/BC)-box-protein substrate receptor (labelled
SOCS in the figure). c | CUL3 CRLs recruit substrates through BTB-domain-containing substrate-
receptor proteins. d | CUL4A CRLs might recruit substrates through the adaptor protein DNA-
damage-binding protein-1 (DDB1), which interacts with CUL4A using an unknown motif (highlighted
by ‘?’), and through putative substrate-receptor complexes such as DET1–COP1. 
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Is there any simple rule that will allow us to predict
whether F-box, SOCS/BC-box and BTB proteins assem-
ble into a CRL? These proteins can be segregated into
two categories — those that contain a second known
protein–protein interaction domain and those that do
not (TABLE 2). These domains include WD40 repeats,
leucine-rich repeats, Kelch domains, CASH domains
and zinc fingers. Of the four S. cerevisiae F-box proteins
for which there is good evidence that they assemble into
ligase complexes, all have conventional protein–protein
interaction motifs that are situated C-terminal of the
F-box. By contrast, both Ctf13 and Rcy1 — which do
not form SCF complexes — lack such domains29,32.

Receptors can form oligomers and are often unstable.
Although we have described CRLs as comprising a sub-
strate-binding polypeptide that is linked to the cullin
through an adaptor protein, there are variations on this
theme. Some receptor proteins, including the BTB-
domain protein MEL-26 (REF. 16) and the F-box-proteins
β-TrCP1/β-TrCP2 and Pop1/Pop2, can homo- or het-
ero-oligomerize, and this might expand the repertoire
of substrates through a combinatorial mechanism16,33,34.
The ability of some F-box proteins to oligomerize might
be exploited to create dominant-negative mutants35.
However, SCFβ-TrCP that consists of a single monomer of
β-TrCP can efficiently ubiquitylate a peptide substrate
in vitro36, so oligomerization is not required for E3
activity. The structure of receptor oligomers is not
known because regions that are N terminal to the F-box
that might mediate assembly were deleted from the
F-box proteins for which structures have been
solved11,36,37. Although the relevance of oligomerization
remains unclear, there is excellent evidence that the func-
tion of F-box proteins can be promoted by unrelated
binding partners. For example, the substrate-binding
activity of the F-box-protein SKP2 is stimulated on
assembly with CKS1 (REFS 38,39).A second example is the
heterodimeric substrate-receptor complex DET1–COP1
that recruits the substrate Jun to DDB1–CUL4A (REF. 21).

The substrate receptors of CRLs are sometimes
unstable. This is most evident in S. cerevisiae, in which
F-box proteins are degraded with a half-life of 5–30
minutes after assembly with Skp1 (REFS 40,41), but has
also been reported for MEL-26 in C. elegans16. By con-
trast, some mammalian substrate receptors are stable. A
particularly striking example of this is the SOCS/BC-
box protein SOCS1 (REFS 23,42), which is stabilized by
assembly with elongin B and C (REF. 23). Although the
destabilization of substrate receptors in S. cerevisiae was
proposed to occur primarily by ‘AUTOUBIQUITYLATION’, this
simple idea might not apply to mammalian counter-
parts. For example, the F-box-proteins TOME-1, SKP2
and EMI1 are turned over by regulated pathways
that require APC/C (for TOME-1 and SKP2) or the
F-box-protein β-TrCP (for EMI1)43–47. Nevertheless,
autoubiquitylation — which is possibly regulated by
the binding of substrate48 — might be important in
setting the steady-state level of some receptors49.

Yet another variation on the theme of F-box-protein
instability is provided by S. cerevisiae Ctf13. The F-box

have hundreds. In the face of this rather startling num-
ber, a key question is whether all (or most) of these pro-
teins indeed function as receptor subunits for cullins. In
truth, the answer is not known. Most of the F-box pro-
teins that are encoded in the S. cerevisiae genome bind
Skp1 in vitro24 and there is strong evidence that at least
four of them comprise ubiquitin ligases that specify the
ubiquitylation of physiological substrates1,2,10,25–27.
However, at least two S. cerevisiae F-box proteins28,29 do
not assemble into SCF complexes30. The 3D structure of
SCFSKP2 (FIG. 2) revealed specific contacts between CUL1
and the F-box of SKP2, so the sequence of the F-box can
influence the assembly of F-box–SKP1–CUL1 com-
plexes6. It seems reasonable to anticipate that the same
caveat might apply to SOCS/BC-box and BTB proteins,
especially given that the BTB domain seems to have
other functions (for a review, see REF. 31).

Table 1 | The cullin–RING-ligase family

Cullin Subunit organization Names

CUL1 F-box protein/SKP1/CUL1/RING SCF, CDL1

CUL2 SOCS/BC-box protein/elongin BC/CUL2/RING VBC, CBC, ECS, SCF2, CDL2

CUL3 BTB-domain protein/CUL3/RING BCR3, SCF3, CDL3

CUL4A Receptor/DDB1/CUL4A/RING VDC, DCX, SCF4, CDL4

CUL4B ?/CUL4B/RING None

CUL5 SOCS/BC-box protein/elongin BC/CUL5/RING SCF5, CDL5

CUL7 FBX29/SKP1/CUL7/RING SCF7, CDL7

BCR, ‘BTB protein, CUL3, RING’; BTB, ‘Broad complex, Tramtrack, Bric-a-brac’; CBC, ‘cullin,
elongin BC’; CDL, cullin-dependent ligase; CUL, cullin; DDB1, DNA-damage-binding protein-1;
DCX, ‘DDB1, CUL4A, X (for unknown) box’; ECS, ‘elongin BC, CUL2, SOCS/BC box’; FBX29, 
F-box protein-29; SCF, ‘SKP1, CUL1, F-box protein’; SCF2–5 and SCF7, SCF-like complexes-2–5
and -7; SOCS/BC, suppressor of cytokine signalling/elongin BC; VBC, ‘von Hippel–Lindau (VHL),
elongin BC’; VDC, V-dependent complex or virus-degradation complex or ‘V–DDB1–CUL4A’.

Figure 2 | The structure of SCFSKP2. The crystal structure of SCFSKP2 highlights the extended
modular nature of cullin–RING ligases6 (Protein Data Bank file 1LDK). The F-box portion and the
substrate-binding region of the substrate receptor SKP2 are shown — the former binds to the
adaptor protein SKP1 and the latter extends towards the ubiquitin-conjugating enzyme (E2), which
is bound to the E2-docking site on the RING protein. The substrate-specificity module of SCF is
separated from the E2-docking site by a series of three cullin repeats that form the curved 
N-terminal stalk of cullin-1 (CUL1). The distance between a bound substrate and the active-site
cysteine of an E2 that is docked on the RING protein has been estimated by computational
methods to be ~50 Å. Yellow spheres represent zinc molecules, and the NEDD8 attachment site is
highlighted. SCF, SKP1, CUL1, F-box protein.
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SCFMet30 assembles a LYS48-LINKED POLYUBIQUITIN CHAIN on
Lys163 of Met4 (REF. 51). Although ubiquitylated Met4 is
not degraded, it no longer transactivates the expression
of methionine-biosynthesis genes, but instead promotes
the expression of genes that are involved in S-adenosyl-
methionine biosynthesis52. So, a stable Lys48-linked
polyubiquitin chain reprogrammes the activity of Met4
by a mechanism that does not involve proteolysis.

Other atypical functions of CRLs include the pro-
cessing of the Drosophila melanogaster Cubitus inter-
ruptus (Ci) protein and the human nuclear factor
(NF)-κB precursor p100. Ci is processed from a 155-
kDa transcriptional activator (Ci

155
) to a 75-kDa tran-

scriptional repressor (Ci
75

). Genetic analysis indicates
that sequential phosphorylation of Ci

155
by three dis-

tinct protein kinases activates its ubiquitylation by
SCFSlimb, which leads to the PROTEASOME-mediated for-
mation of Ci

75
(REF. 53). Similarly, phosphorylation of

p100 by inhibitor of NF-κB (IκB) kinase (IKK) acti-
vates SCFβ-TrCP-dependent ubiquitylation, which results
in its proteasome-dependent cleavage to form the
mature p52 subunit of NF-κB54.

Most recently, it has been claimed that SCFSKP2 pro-
motes the activation of genes that are regulated by the
transcription factor Myc55,56. It was proposed that in
the brief interval of time between its ubiquitylation and
its destruction, Myc has an enhanced ability to promote
transcription. Evidence that is consistent with this
hypothesis is available for the synthetic transcription
factor GAL4–VP16. SCFMet30 promotes both the ubiqui-
tylation and transactivation ability of this transcription
factor in S. cerevisiae57. Furthermore, the role of SCFMet30

in transactivation can be bypassed by expressing
GAL4–VP16 that is fused to ubiquitin.

Substrate receptors have many targets and functions.
Although it remains unclear how many of the human F-
box, SOCS/BC-box and BTB-domain proteins assemble
with cullins to form ubiquitin ligases, a survey of the
available literature indicates that more than 50 different
CRLs assemble in human cells (TABLE 2; see also online
supplementary information S2 (table)). In addition, it is
clear that these ligases help to regulate an awe-inspiring
range of biological processes (FIG. 3). As a further testa-
ment to the physiological importance of the CRL path-
ways, receptors for these ligases are exploited by viral
and bacterial pathogens to subvert normal cellular
processes (see online supplementary information S3
(table)). For further reading on the physiological func-
tions of CRLs and how their dysfunction contributes to
disease, see REFS 58–61.

Post-translational substrate targeting
In almost every case that has been examined, substrates
are targeted to CRLs by covalent modifications.
Phosphorylation targets numerous substrates to SCF
ligases, including the cyclin-dependent kinase (CDK)
inhibitor Sic1 to SCFCdc4 in S. cerevisiae, cyclin E to
SCFCDC4 in humans, the CDK inhibitor p27 to SCFSKP2 in
humans, and the G1-cyclin Cln2 to SCFGrr1 in S. cere-
visiae (REFS 62–66). However, although phosphorylation

of Ctf13 confers rapid turnover when it is fused to a
normally stable protein32, which indicates that the F-box
itself might function as an internal DEGRON, similar to the
destruction box in cyclin B. It is an open question
whether Ctf13 or a ‘canonical’ receptor like Cdc4 is a
more representative model for thinking about the large
number of ‘orphan’ F-box proteins in Arabidopsis
thaliana and C. elegans.

Regulating function without promoting degradation.
Although most target proteins that bind to CRL sub-
strate receptors are ubiquitylated as a prelude to degrada-
tion, proteolysis is not the only outcome. For example,
ubiquitylation of the transcription factor Met4 by
SCFMet30 inhibits its ability to activate transcription50. In
a rich medium that contains high levels of methionine,

ANAPHASE-PROMOTING

COMPLEX/CYCLOSOME

(APC/C).A multisubunit
ubiquitin ligase that contains a
RING subunit (APC11) and a
distant cullin homologue (APC2).
It has a key role in regulating the
eukaryotic cell cycle.

Table 2 | CRL substrate-receptor subunits in various model organisms*

Protein–protein Budding Fission Worm Fly Plant Mouse Human
interaction motifs yeast yeast

F box 8 9 203 23 469 103 109

WD40 5 5 3 1 3 15 22

LRR 2 2 66 15 347 65 61

Kelch 1 41 2 2

Cyclin C 6 3

CASH 1 2

Zinc finger 1 2 2 2

None/other 1 2 133 4 78 12 17

BTB 3 4 213 250 104 375 439

Ankyrin 1 2 1 6 7 12 9

MATH 51 2 12 16 2

Kelch 10 21 85 125

Armadillo 1 5

GTPase 2 11 6

Zinc finger 37 9 15 15

None/other 2 2 151 181 71 236 282

SOCS/BC box 2 9 45 51

Ankyrin 2 19 13

SH2 5 14 20

WD40 6 8

GTPase 3 2 6

None/other 1 4 4

Total 11 13 418 282 573 523 599

*This table shows the estimated number of putative substrate-receptor subunits for the various
known cullin–RING ligases (CRLs) on the basis of data from the Pfam and SMART databases (see
the online links box). Receptor subunits are first categorized by the motif that they use to interact with
the CRL core, and are then further categorized by known secondary protein–protein interaction
motifs. It should be noted that these numbers are estimates only and actual numbers might be
considerably different. For example, there is a minimum of 19 different F-box proteins in yeast30, at
least 13 of which have been shown to bind Skp1 (REF. 24), but due to high variance in the F-box
motif, not all are identified by the algorithms used by the Pfam and SMART databases. By contrast,
an analysis of F-box proteins in human cells indicates that only ~70 exist and that the 109 predicted
by Pfam and/or SMART is an overestimate that results from counting the same protein more than
once140 (see also ‘HGNC Gene Family Nomenclature: F-Box gene family’ in the online links box). The
model organisms mentioned here are: budding yeast, Saccharomyces cerevisiae; fission yeast,
Schizosaccharomyces pombe; worm, Caenorhabditis elegans; fly, Drosophila melanogaster; plant,
Arabidopsis thaliana; mouse, Mus musculus; and human, Homo sapiens. BTB, ‘Broad complex,
Tramtrack, Bric-a-brac’; CASH, carbohydrate binding and sugar hydrolysis; LRR, leucine-rich
repeat; MATH, meprin and TRAF-homology domain; SH2, Src-homology domain-2; SOCS/BC,
suppressor of cytokine signalling/elongin BC; WD40, tryptophan and aspartate repeats.
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(von-Hippel–Lindau) complex68,69. There is also at least
one case in which a post-translational modification does
not seem to be involved16–18. However, the general
requirement that substrates must be modified before they
can bind CRLs has at least four consequences, which are
described in detail in the following paragraphs.

Covalent modifications expand the substrate repertoire.
In S. cerevisiae, SCFCdc4 regulates the cell cycle by pro-
moting Sic1 turnover70. Sic1 binds and inhibits S-phase
cyclin–CDK complexes, thereby blocking DNA replica-
tion. Late in G1, Sic1 is phosphorylated by G1
cyclin–CDK62, which allows it to bind SCFCdc4 and be
ubiquitylated1,2. Ubiquitylated Sic1 is subsequently
degraded by the proteasome, which yields active S-phase
cyclin–CDK and results in entry into S phase62,71.
Remarkably, SCFCdc4 also regulates the expression of
genes that are promoted by the transcription factor
Gcn4 (a yeast activator that is involved in amino-acid
and purine biosynthesis; REF. 72). Ubiquitylation of
Gcn4 by SCFCdc4 and its subsequent degradation
requires the phosphorylation of Gcn4 by either the
Pcl1/2–Pho85 or Srb11–Srb10 cyclin–CDK com-
plexes72,73. Pcl1/2–Pho85 activity is reduced on amino-
acid starvation, which enables Gcn4 to accumulate74. So,
a single ubiquitin-ligase complex regulates distinct
processes in response to distinct signals (FIG. 4a). The
same is true for SCFβ-TrCP in humans, which ubiquity-
lates β-catenin in response to glycogen synthase kinase-3
(GSK3) activity, and IκB in response to IKK activity48.

Selective ubiquitylation of a specific substrate pool.
CRLs often do not target the entire pool of a particular
substrate (FIG. 4b). For example, ubiquitylation of the
CDK inhibitor Xic1 by SCF in Xenopus laevis egg
extracts depends on the replication-origin-licensing fac-
tor Cdc6, the origin-recognition complex and active
cyclin-E–Cdk2. This indicates that the turnover of Xic1
is spatially constrained to sites at which DNA replica-
tion is initiated75. Another example is p27. Whereas the
ubiquitylation of p27 by SCFSKP2 requires both the
phosphorylation of p27 and its assembly into a trimeric
complex with cyclin–CDK76, not all cyclin–CDK–p27
complexes are substrates for SCFSKP2 (REF. 77). The
remarkable specificity of CRLs for specific subsets of
substrate molecules has enormous implications for the
study of regulated protein turnover.

Generation of ‘AND’/‘OR’ logic gates. The degradation
of CRL substrates can be linked to signalling pathways
by logic gates that are reminiscent of those used in
computation (FIG. 4c). An example of an ‘AND’ gate is
provided by cyclin E in humans. Cyclin E must be
phosphorylated on both GSK3 ‘AND’ CDK sites to
be targeted efficiently to SCFCDC4 (REF. 78). A similar
principle controls the ubiquitylation of Ci by SCFSlimb

in D. melanogaster (REF. 53). Conversely, S. cerevisiae
Gcn4 provides an example of an ‘OR’ gate, in that
Gcn4 can be targeted for SCFCdc4-mediated ubiquityla-
tion and degradation by either the Srb11–Srb10 ‘OR’
the Pcl1/2–Pho85 cyclin–CDK complex72,73.

seems to be the predominant signal, core oligosaccha-
rides that have a high mannose content are recognized
by SCFFBX2/FBS1 in humans (REF. 67), and a hydroxypro-
line epitope on hypoxia-inducible factor-1α (HIF1α)
is recognized by the CUL2–elongin-BC–VHL

Figure 3 | Role of cullin–RING ligases in diverse cellular processes. Cullin–RING ligases
(CRLs) have been implicated in a multitude of processes in numerous model organisms. Through
the assembly of their enzymatic core with different substrate-recognition components, CRLs can
promote the ubiquitylation of a wide array of targets. The diversity of proteins that can be targeted
is further increased by post-translational modification, which is often required for substrates to be
recognized by CRLs. This figure shows the cellular processes that are known to be regulated by
CRLs, as well as some of the known substrates in various model organisms. For further
information on the known CRL substrates, the receptors implicated in their targeting and the
relevant references, see the online supplementary information S2 (table). 
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complex potently activates CDC34 to polymerize free
ubiquitin chains7,8, as well as chains that are attached to
S. cerevisiae Cdc34 itself 10,26. Unlike the HECT-DOMAIN

ubiquitin ligases, CRLs promote ubiquitylation without
forming a covalent intermediate with ubiquitin10. The
ability of CUL1–RING to activate CDC34 argues that
the catalytic core must do other things besides simply
bringing CDC34 and substrate into proximity10.

E2s used by cullin–RING ligases. CRLs can activate
isopeptide-bond formation by at least four different
E2 enzymes. S. cerevisiae Cul1–RING is thought to
function exclusively with the E2 Cdc34 in vivo,
although it can operate with other E2s in vitro24.
Mammalian SCF and other CRLs can work with either
CDC34 (UBC3) or E2s of the UBC4/5 FAMILY in vitro82, but
it remains uncertain whether this is also true in vivo.
In addition to CDC34 and UBC4/5, the cullin–RING
catalytic core also recruits UBC12, which conjugates
the ubiquitin-like protein NEDD8 to cullins83. Two
aspects of this apparent flexibility in choosing an E2
partner are perplexing. First, CDC34 and UBC4/5
belong to distinct E2 subfamilies84, which calls into
question whether they work and are regulated by
identical mechanisms. Second, even though UBC12 is
closely related to ubiquitin E2s, it does not transfer
NEDD8 to a substrate, but instead it modifies only a
single Lys in the cullin subunit, which is only poorly
modified (if at all) by the ubiquitin E2s. Perhaps
UBC12 docks onto the cullin–RING differently from
the ubiquitin E2s.

The mechanism of ubiquitin transfer is unknown. Little
is known about how CDC34 or UBC4/5 assemble ubiq-
uitin chains on substrates or how they are switched on

Generation of ‘nanoswitches’. Phosphorylation of Sic1
on CDK sites promotes its binding to SCFCdc4 followed
by its ubiquitylation and degradation. Remarkably,
though, even though Cdc4 seems to contain one high-
affinity phosphopeptide-binding site, Sic1 must be
phosphorylated on any six of its nine CDK sites to bind
efficiently to Cdc4 (REF. 37). This non-intuitive finding
has been rationalized by a mathematical model that
shows that the probability of dissociated Sic1 re-binding
to Cdc4 before it diffuses away increases exponentially
with the number of sites that are phosphorylated79. The
term ‘ALLOVALENCY’ has been coined to describe this
effect. Provided that Sic1 is phosphorylated distribu-
tively in vivo, the rate of Sic1 degradation should be
proportional to CDK concentration taken to the sixth
power (although this remains to be shown). This would
result in a ‘switch-like’ elimination of Sic1 as CDK activ-
ity builds during G1 phase (FIG. 4d).

Cullin–RING ligases activate ubiquitin transfer 
Despite the importance of CRLs in cell regulation, we
know frustratingly little about how they work. In this
section, we review what is known about their mecha-
nism of action and highlight the remaining mysteries.

Ubiquitin transfer does not involve a ligase interme-
diate. The discovery of the RING subunit of SCF
sparked a key advance towards understanding how
CRLs and the numerous RING-based ligases pro-
mote ubiquitylation7,8,10,26. Studies on the RING sub-
unit of SCF revealed that it directly binds to and
activates the E2 CDC34. Although, by itself, the
RING subunit has little effect on CDC34 activity
(although see REFS 80,81 for evidence that the RING is
sufficient to activate some E2s), the CUL1–RING

SKP1

(S-phase-kinase-associated
protein-1). A 23-kDa protein
that functions as an adaptor
between CUL1 and F-box
proteins. SKP1 was identified as
a protein that, together with
SKP2, associates with 
cyclin-A–CDK complexes. It
might have other functions, such
as binding to centromeres and
regulating the assembly of
vacuolar ATPases.

RING-H2 DOMAIN

A protein motif that consists of a
defined pattern of cysteine and
histidine residues (Cys-X

(2)
-Cys-

X
(9–39)

-Cys-X
(1–3)

-His-X
(2–3)

-His-
X

(2)
-Cys-X

(4–48)
-Cys-X

(2)
-Cys;

where X is any amino acid) and
that coordinates two zinc
molecules. This motif interacts
directly with E2 enzymes.
Proteins such as MDM2, which
have variations of the basic
RING motif, can nonetheless
sustain ubiquitylation. In CRL
RING proteins, the final Cys is
an Asp.

BTB DOMAIN

A domain that was identified in
‘Broad-complex, Tramtrack and
Bric-a-brac’ proteins in 
D. melanogaster and that is
usually located in the 
N-terminal region of proteins.
Originally known as the POZ
domain, this motif is found in
several virus proteins. Numerous
BTB-domain proteins contain a
second protein–protein
interaction motif, such as zinc-
finger and Kelch motifs.

Figure 4 | Substrate targeting by cullin–RING ligases. The post-translational modification of substrates that are recognized by
cullin–RING ligases (CRLs) influences the timing of their ubiquitylation and subsequent degradation by the 26S proteasome. Several
generalized principles are shown. a | CRLs might regulate the stability of several substrate proteins in response to similar or distinct
signals. b | A subpopulation of a CRL substrate (such as a DNA-bound transcription factor) might be ubiquitylated while the bulk
pool is unaffected. c | The recognition of a substrate by a CRL might require convergent, post-translational-modification signals
(‘AND’ logic gates), or might be sustained by parallel, alternative post-translational-modification pathways (‘OR’ logic gates). 
d | The ubiquitylation of a substrate might be regulated by the requirement for a threshold level of modification before CRL
recognition occurs. P, phosphate; Ub, ubiquitin.
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efficiently on so many different Lys residues that are dis-
tributed over a span of ~50 amino acids. The analysis of
other SCF substrates (for example, Gcn4, Far1 and p27)
in reconstituted systems indicates that these proteins
might also be modified on several Lys residues38,73,91.

Unlike Sic1, studies on IκB revealed that its ubiquity-
lation is largely confined to two adjacent Lys residues
(Lys21 and Lys22) that are situated nine residues
upstream of the first phosphoserine that tethers phos-
phorylated IκB to β-TrCP. By systematically varying the
position of the ubiquitin-acceptor site in a phosphopep-
tide substrate, Wu et al.36 showed that SCFβ-TrCP can effi-
ciently modify a Lys residue that is 10, 14, 18 or 22
residues from a phosphoserine that tethers the peptide
to β-TrCP, although a peptide with the Lys situated 10
residues away was ubiquitylated ~1.3–2.5-fold faster
than the others. Paradoxically, if this phosphopeptide is
a flexible random coil, polymer theory predicts that, on
average, the optimal Lys residue would be ~10 Å from
the tether point (~40 Å to the thioester bond on the E2)
and, at most, the Lys that is situated 10 residues away
could only be projected 32 Å towards its target if the
peptide and Lys side chain were in a fully extended con-
formation36. The only peptide for which ubiquitylation
was strongly compromised (that is, it was more than
fivefold slower) had the Lys positioned six amino acids
away from the degron — a distance that is far too short
to bridge the gap between the E2 and peptide-binding
sites. (Parenthetically, this observation provides a fur-
ther challenge to the hit-and-run model, because it is
difficult to explain how moving the Lys acceptor from
ten to six residues upstream of the phosphoserine tether
would decrease the rate of ubiquitylation by approxi-
mately eightfold36, if, in fact, the transfer of ubiquitin is
accomplished by a diffusing E2 molecule that has been
released from SCF.) Taken together, the data on SCFCdc4

and SCFβ-TrCP indicate that the number of ubiquitylation
sites is influenced by the architecture of the ligase com-
plex, the number of independent degrons that tether
the substrate to the ligase, and the number and relative
position of Lys residues in the vicinity of these ligands.
These same factors probably apply to all CRLs.

Regulation of cullin–RING ligases
Whereas post-translational modifications and the
diversity of the receptor subunits of CRLs specify
which substrates are targeted for ubiquitylation and
when ubiquitylation occurs, the activity of the catalytic
core is further modulated by several regulatory controls.

Reversible cycles of NEDD8 attachment and removal.
All of the cullins evaluated so far92 can be modified by
the covalent attachment of the ubiquitin-like protein
NEDD8 to a conserved Lys residue in the cullin-homol-
ogy domain93. NEDDYLATION of CUL1 by UBC12 is not
known to require a NEDD8 ligase, but requires the
RING subunit83. Neddylation enhances CUL1-depen-
dent ubiquitin-ligase activity in vitro94–96, potentially by
facilitating the recruitment of ubiquitin-loaded E2s97.
Genetic studies93,98–100 indicate that neddylation is
important for the functions of CUL1, CUL2 and

by SCF. The following discussion focuses on the function
and regulation of S. cerevisiae Cdc34, which has been
more intensively investigated. Several lines of evidence
point to a role for oligomerization in Cdc34 function.
Intragenic complementation data and physical studies
indicate that Cdc34 oligomerizes from and that
oligomerization involves the unique C-terminal tail85 and
the formation of Cdc34–ubiquitin thioesters, as well as a
pair of residues and an acidic loop that are not found in
UBC4/5 homologues86. Importantly, Cdc34 mutants that
cannot oligomerize are inactive in vivo86. However, it is
unclear how Cdc34 oligomers would be accommodated
within the 3D architecture of the SCF complex.

A unique feature of CDC34 that has drawn consid-
erable attention, is its long C-terminal tail. This C-ter-
minal domain mediates stable binding to SCF (REF. 87).
However, a single substitution in the catalytic domain of
the E2 Rad6 enables it to restore growth in an S. cere-
visiae cdc34∆ mutant88. So, although it is clearly impor-
tant, the function that is provided by the unique tail of
Cdc4 can be bypassed.

The lack of knowledge regarding how SCF activates
the transfer of ubiquitin to a substrate is cast in sharp
relief by the detailed 3D structural data that are available
for SCF (FIG. 2). The substrate-binding platforms of
SCFβ-TrCP and SCFCdc4 are situated ~50–60 Å from the
predicted location of the E2–ubiquitin-thioester
linkage36,37. Clearly, a piece of the puzzle about how SCF
works is missing. A potential solution to this vexing
problem is provided by the ‘HIT AND RUN’ HYPOTHESIS, which
proposes that the activated Cdc34–ubiquitin thioester
dissociates from SCF and diffuses until it collides with
the Lys residue of a substrate to which it transfers ubiq-
uitin89. In support of this proposition, a mutation in
S. cerevisiae Cdc34 (Phe72Val) that stabilizes its binding
to SCFCdc4 greatly diminishes ubiquitylation of the sub-
strate Sic1. However, there are significant challenges fac-
ing this hypothesis. For example, once it has been
released from SCF, the freely diffusing Cdc34–ubiquitin
complex should, on most occasions, diffuse away before
it can collide with the substrate. The net effect would be
twofold: the nonspecific transfer of ubiquitin to inno-
cent bystander proteins; and the slow, distributive (non-
processive) ubiquitylation of substrates that are bound
to SCF. By contrast, SCF is exquisitely specific and highly
processive.

Flexibility in the selection of substrate lysine residues.
Studies with purified components indicate that there
can be considerable plasticity in the selection of sub-
strate Lys residues by SCF ubiquitin ligases. This princi-
ple is highlighted by Sic1, which has three pairs of
closely spaced Lys residues in its N-terminal domain.
Any one of these Lys residues is sufficient to sustain the
rapid ubiquitylation of Sic1 in vitro and the degradation
of Sic1 in vivo90. However, the degradation rates for Sic1
molecules bearing ubiquitin chains at different locations
vary by fivefold in vitro, which indicates that the context
of the ubiquitin chain contributes to the efficacy of sub-
strate degradation by the proteasome. It remains
unclear how SCFCdc4-tethered Sic1 is ubiquitylated

F-BOX MOTIF

Originally identified in cyclin F,
this structural motif adopts a
fold that is similar to the BTB
domain, binds to SKP1 and is
found in receptors that assemble
into CUL1-containing
cullin–RING ligases. Proteins
that contain the F-box motif are
found in all eukaryotes.

AUTOUBIQUITYLATION
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to the covalent transfer of
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conjugating machinery. This
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2
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the number of phosphate groups
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Cdc4 seems to contain only one
key phosphopeptide-binding
site.
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Pseudosubstrates can regulate cullin–RING function.
The identification of heterogeneous nuclear ribonu-
clear protein U (hnRNP U) as a key binding partner of
β-TrCP in mammalian cells pointed to another mecha-
nism of CRL regulation121. hnRNP U binds nuclear
SCFβ-TrCP in competition with phosphorylated IκB
(which is a bona fide substrate of SCFβ-TrCP), albeit with
lower affinity. However, unlike phosphorylated IκB, the
hnRNP U that is bound to β-TrCP does not become
ubiquitylated. hnRNP U might therefore function as an
‘affinity gate’ that does not interfere with the binding of
high affinity substrates such as IκB, but blocks irrele-
vant proteins from binding nonspecifically to β-TrCP.
Alternatively, hnRNP U might function as a shield
that blocks the ubiquitylation of β-TrCP in SCFβ-TrCP

complexes.

RING subunits can contribute to substrate specificity.
Metazoans typically express more than one RING pro-
tein that can assemble with cullins. In D. melanogaster,
which expresses three, the SCFSlimb-dependent process-
ing of Ci is blocked in a mutant that lacks the RING
subunit Roc1a, whereas the SCFSlimb-dependent
turnover of β-catenin (which is known as Armadillo in
D. melanogaster) proceeds normally80. Different RING
proteins might therefore specify Armadillo and Ci ubiq-
uitylation even though both substrates use the same
receptor subunit. The structure of SCF makes it unlikely
that the RING subunit contacts the substrate directly, so
the mechanism that underlies this effect remains
unclear.

New frontiers in cullin–RING-ligase research
Are there further regulators? A number of factors have
been reported that interact with or regulate CRLs, but
their functions remain unknown. Among these factors
are the mammalian and S. cerevisiae Sgt1, D. melanogaster
Encore and S. cerevisiae Cic1 and Cdc48 proteins. Sgt1
binds directly to Skp1, and its activity is required to sus-
tain SCF activity in vivo and in S. cerevisiae cell lysates122.
As Sgt1 binds Hsp90 (heat-shock protein of 90 kDa), it
might promote the assembly of Skp1-based protein
complexes123,124. Cdc48 (REF. 125), Cic1 (REF. 126) and
Encore127, on the other hand, bind an SCF component
and the proteasome, and are therefore required for the
optimal degradation — but not ubiquitylation — of spe-
cific SCF substrates.

Formation of ubiqutin-ligase supercomplexes. Some
CRLs seem to mix-and-match domains and compo-
nents from other ubiquitin-ligase pathways. For exam-
ple, an SCF-like complex identified in neuronal cells of
C. elegans can use RPM-1 — a large protein with
numerous RING domains128 — instead of ROC-
1/RBX-1/HRT-1. This complex, which contains SKP-1,
CUL-1 and the F-box-protein FSN-1, might regulate the
stability of proteins that are involved in presynaptic dif-
ferentiation, such as the receptor tyrosine kinase ALK.
Further examples of potential combinatorial complexity
in the assembly of CRLs are provided by the CUL4-
based DCXDET1–COP1 ubiquitin ligase21 and a putative

CUL3 in vivo, and NEDD8 and its conjugating
enzymes are essential in numerous organisms from
Schizosaccharomyces pombe to mice93,101, with the
notable exception of S. cerevisiae102,103. In vivo, typically
only a fraction of the total pool of a cullin protein is
neddylated, which indicates that perhaps only a subset
of cullin molecules are fully active.

NEDD8 that is conjugated to cullins is detached (a
process known as deneddylation) by the COP9 SIGNALOSOME

(CSN)104, and this cleavage is mediated by a ‘JAMM’ MOTIF

in the CSN5 subunit105 that specifies a metalloprotease-
like active site106,107. CSN also regulates CRLs by other
mechanisms (for a detailed review, see REF. 108) — for
example, by recruiting the deubiquitylating enzyme
UBP12, which counteracts the intrinsic ubiquitin-
polymerizing activity of the catalytic core109. In addi-
tion, the CSN subunits Csn1 and Csn2 bind to and
regulate the activity of S. pombe Cul4 by an unknown
mechanism110.

The NEDD8 and ubiquitin isopeptidase activities
that are associated with CSN indicate a two-pronged
attack on CRL function — deneddylating the cullin
decreases the recruitment/activation of E2s96,97, whereas
UBP12 metabolizes ubiquitin chains that are assembled
by a bound E2109. Paradoxically, genetic studies indicate
that CSN is a positive regulator of CRLs, in that loss-of-
function mutations in CSN subunits mimic or enhance
the detrimental effects of mutations in CRL sub-
units99,105,111,112. So, the dynamic cycling of NEDD8 that
is mediated by the opposing activities of UBC12 and the
CSN might be required to sustain CRL function (FIG. 5).

Deneddylated cullins are sequestered. CAND1 (also
known as TIP120A) was recently identified as a
CUL1-interacting protein113,114. Although it was origi-
nally found in mammalian cells, putative CAND1
orthologues are encoded in the S. pombe, C. elegans,
A. thaliana and D. melanogaster genomes113, and a
closely-related homologue (TIP120B/CAND2) is
found in the human genome. S. cerevisiae does not
express a CAND1-like protein, which underscores the
idea that there are important differences in the regula-
tion of CRLs across species. There is some disagree-
ment about the specificity of CAND1, but it has been
reported to bind all cullins except for CUL7, which has
not been tested113–117.

CAND1 competes with SKP1 for binding to CUL1,
and only binds to CUL1 molecules that are not conju-
gated to NEDD8. Moreover, either the conjugation of
NEDD8 (REF. 113; although, for a different perspective,
see REF. 115), or the simultaneous presence of SKP1
plus high concentrations of ATP114, can dissociate
CAND1 from CUL1. We have therefore proposed
that CAND1, the NEDD8-conjugating enzyme UBC12
and NEDD8-isopeptidase CSN sustain SCF activity by
promoting cycles of SCF assembly and disassembly108.
Consistent with this idea, recent data indicate that
CAND1 loss-of-function mutants in A. thaliana have
phenotypes that are reminiscent of SCF mutants118–120.
Many key questions about the CAND1 cycle remain,
including how it operates and how it is regulated.

HECT DOMAIN

(‘homologous to E6-AP 
C terminus’domain). HECT-
and RING-domain-containing
proteins represent the two main
classes of E3 ubiquitin ligases. In
contrast to RING ligases, HECT-
domain ligases form an essential
thioester intermediate with
ubiquitin as it is being transferred
from the E2 enzyme to the
substrate.

UBC4/5 FAMILY

Two related E2-enzyme families
that are structurally distinct
from UBC3, the E2 that has been
shown, using genetics, to
interact with SCF. Although
UBC4 and UBC5 ubiquitylate
SCF substrates in vitro, it is
unclear if they do so in vivo.

NEDD8

A small protein that is greater
than 50% identical to ubiquitin
and is conjugated as a single
molecule to a specific Lys residue
in all cullin-family members.
ATP, a heterodimeric E1
(ULA1–UBA3) and the E2
UBC12 are required for the
covalent attachment of NEDD8.

‘HIT AND RUN’ HYPOTHESIS

A mechanistic model for
ubiquitin transfer by SCF
ubiquitin ligases, which
proposes that the dissociation of
the E2 enzyme Cdc34 from SCF
is required for ubiquitin transfer
to the substrate.

NEDDYLATION/DENEDDYLATION

The attachment/removal of
NEDD8, in this case, to/from
cullin-family members. This
cyclical process might regulate
the assembly and activity of
cullin–RING ligases. It has
recently been reported that the
RING ligase MDM2 is also
regulated by neddylation.

COP9 SIGNALOSOME

(CSN).An eight-subunit
complex that was originally
identified in plants. It cleaves
NEDD8 from cullins and also
associates with the
deubiquitylating enzyme UBP12.

‘JAMM’ MOTIF

A metalloprotease motif (His-X-
His-X

(10)
-Asp) that was

originally identified in the CSN5
subunit of the COP9
signalosome and the RPN11
subunit of 26S proteasome. The
JAMM motif is thought to be
directly involved in the cleavage
of NEDD8 from cullins.
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modification state, among other things. For example,
the turnover of p27 (REF. 76), cyclin E (REF. 64) and Xic1
(REF. 75) is regulated by their binding to other molecules.
More examples of ubiquitylation events that are linked
to specific processes such as gene expression and
nucleic-acid metabolism are likely to emerge given that
many BTB proteins have zinc fingers, and there is even
an F-box protein (FBH1) with DNA-helicase activity131.
Yet another complexity is that different pools of a given
protein can be targeted selectively by distinct CRLs.
Phosphorylated cyclin E that is bound to CDK2 is tar-
geted by SCFCDC4 (REFS 132,133), whereas cyclin E that is
not bound to CDK is targeted by SCFSKP2 (REF. 134) and a
CUL3-based ligase135. Likewise, phosphorylated Jun is
targeted by SCFCDC4 (REF. 136), whereas DCXDET1–COP1 can
apparently ubiquitylate unphosphorylated Jun21. An
implication of these findings is that it will be tricky to
identify substrates and unravel the role of proteolysis
using conventional methods that monitor the entire
pool of a protein in a cell or tissue.

Exploiting cullin–RING ligases for research and therapy.
CRLs exert enormous control over cellular and organis-
mal physiology, and two general strategies for harness-
ing this power have been reported. In the first example,
an F-box is fused to an interaction partner for a desired
target137,138. The engineered F-box protein assembles to
form an SCF complex that recruits the target protein for
ubiquitylation. In an elegant application, a β-TrCP–E-
cadherin chimaera recruited cytoplasmic β-catenin (but
not the membrane-bound pool) for ubiquitylation and
degradation137. Unlike conventional genetic methods,
this ‘protein-knockdown’ approach allows the inducible
elimination of a specific subset of protein molecules. A
second strategy is to construct a bivalent molecule
(referred to as a ‘protac’) that links a desired target pro-
tein to a CRL. A protac that comprises the VHL-binding
hydroxyproline peptide from HIF1α linked to the
androgen dihydroxytestosterone sustains the rapid and
efficient turnover of the androgen receptor in cells139. It
will be interesting to see whether protein-knockdown
and protac approaches can be exploited as general tools
to modulate protein function.

Concluding remarks
Since the discovery of SCFCdc4 in 1997, ubiquitin lig-
ases that are based on a cullin–RING catalytic core
have moved to centre stage in regulatory biology. This
superfamily of enzymes controls a broad spectrum of
cellular processes by coupling the destruction of regu-
latory proteins to intracellular and extracellular sig-
nals. The specificity of CRLs, which share a modular
organization, can be reprogrammed by exchangeable
receptor subunits that recruit substrates to the
cullin–RING catalytic core. This enables the assembly
of potentially hundreds of different ligase complexes.
The structural biology of CRLs is providing key
insights into the conserved architecture of this super-
family of enzymes and the chemical basis for their
specificity, but has also served to highlight how little
we know about how these enzymes work. Recent

SCF/Parkin ubiquitin-ligase supercomplex129. In the for-
mer case, as mentioned above, DET1 and COP1 func-
tion as a heterodimeric substrate receptor that links the
substrate protein Jun to the adaptor protein DDB1,
which, in turn, binds CUL4A–RING. Maximal
turnover of Jun by this pathway requires the RING
subunit of the DCXDET1–COP1 complex, but not the
RING domain of COP1, even though the RING motif
of COP1 has ubiquitin-ligase activity130.

How is ubiquitylation linked to function? It has recently
become clear that the turnover of a given substrate
molecule is influenced by its location, assembly and

CAND1/TIP120A

(cullin-associated and
neddylation-dissociated 
protein-1/TATA-binding-
protein interacting protein-
120A). A protein that specifically
associates with deneddylated
cullins to sequester them in an
unassembled and inactive state.
Putative CAND1 homologues
have been identified in most
eukaryotic model organisms,
except for Saccharomyces
cerevisiae.

Figure 5 | The regulation of cullin–RING-ligase activity through the CAND1/NEDD8 cycle.
Cycles of NEDD8 attachment and removal might be important in the regulation of cullin–RING
ligase (CRL) activity. a | When the enzymatic core of SKP1, CUL1, F-box protein (SCF) is
assembled with CAND1, it is held in an inactive state. b | The NEDD8 conjugation pathway, which
possibly works together with unknown factors, results in CAND1 dissociation. c | This might, in
turn, enable the assembly of a SKP1–F-box substrate-recognition module on the enzymatic core
of SCF. The resulting active complex can ubiquitylate bound substrates. d | The interplay between
the COP9 signalosome (CSN)-bound deubiquitylating enzyme UBP12 and the ubiquitylation
machinery might modulate substrate abundance by regulating F-box-protein stability. Once an 
F-box protein is ubiquitylated and degraded, a new F-box protein might re-associate with SCF. 
e | Alternatively, NEDD8 might be detached from cullin-1 (CUL1) through the isopeptidase activity
of the CSN5 subunit of CSN, which, in turn, might lead to the dissociation of SKP1 and the
sequestration of CUL1 by CAND1. 
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power and specificity of these enzymes to effect cellu-
lar regulation are also beginning to emerge. Although
progress over the past seven years has been truly
impressive, our understanding of the CRL superfamily
of enzymes remains in its infancy.

research has emphasized the importance of a post-
translational-modification cycle — neddylation —
that might control the dynamic equilibrium of CRL
assembly and disassembly. As the field matures, prac-
tical applications for harnessing the extraordinary

1. Feldman, R. M., Correll, C. C., Kaplan, K. B. & 
Deshaies, R. J. A complex of Cdc4p, Skp1p, and
Cdc53p/cullin catalyzes ubiquitination of the phosphorylated
CDK inhibitor Sic1p. Cell 91, 221–230 (1997).

2. Skowyra, D., Craig, K. L., Tyers, M., Elledge, S. J. & 
Harper, J. W. F-box proteins are receptors that recruit
phosphorylated substrates to the SCF ubiquitin-ligase
complex. Cell 91, 209–219 (1997).
References 1 and 2 report the discovery of the
prototypical SCF ubiquitin ligase.

3. Zachariae, W. et al. Mass spectrometric analysis of the
anaphase-promoting complex from yeast: identification
of a subunit related to cullins. Science 279, 1216–1219
(1998).

4. Yu, H. et al. Identification of a cullin homology region in a
subunit of the anaphase-promoting complex. Science
279, 1219–1222 (1998).

5. Nikolaev, A. Y., Li, M., Puskas, N., Qin, J. & Gu, W. Parc:
a cytoplasmic anchor for p53. Cell 112, 29–40 (2003).

6. Zheng, N. et al. Structure of the Cul1–Rbx1–Skp1–
F-boxSkp2 SCF ubiquitin ligase complex. Nature 416,
703–709 (2002).
Describes the structure of an SCF ubiquitin ligase.

7. Tan, P. et al. Recruitment of a ROC1–CUL1 ubiquitin
ligase by Skp1 and HOS to catalyze the ubiquitination of
IκBα. Mol. Cell 3, 527–533 (1999).

8. Ohta, T., Michel, J. J., Schottelius, A. J. & Xiong, Y.
ROC1, a homolog of APC11, represents a family of cullin
partners with an associated ubiquitin ligase activity. Mol.
Cell 3, 535–541 (1999).

9. Kamura, T. et al. Rbx1, a component of the VHL tumor
suppressor complex and SCF ubiquitin ligase. Science
284, 657–661 (1999).

10. Seol, J. H. et al. Cdc53/cullin and the essential Hrt1 
RING-H2 subunit of SCF define a ubiquitin ligase module
that activates the E2 enzyme Cdc34. Genes Dev. 13,
1614–1626 (1999).
References 7–10 discuss the discovery of the 
RING-H2 subunit of cullin ligases.

11. Schulman, B. A. et al. Insights into SCF ubiquitin ligases
from the structure of the Skp1–Skp2 complex. Nature
408, 381–386 (2000).

12. Michel, J. J. & Xiong, Y. Human CUL-1, but not other
cullin family members, selectively interacts with SKP1 to
form a complex with SKP2 and cyclin A. Cell Growth
Differ. 9, 435–449 (1998).

13. Dias, D. C., Dolios, G., Wang, R. & Pan, Z. Q. CUL7: 
a DOC domain-containing cullin selectively binds
Skp1–Fbx29 to form an SCF-like complex. Proc. Natl
Acad. Sci. USA 99, 16601–16606 (2002).

14. Stebbins, C. E., Kaelin, W. G. Jr. & Pavletich, N. P.
Structure of the VHL–ElonginC–ElonginB complex:
implications for VHL tumor suppressor function. Science
284, 455–461 (1999).

15. Geyer, R., Wee, S., Anderson, S., Yates, J. & Wolf, D. A.
BTB/POZ domain proteins are putative substrate
adaptors for cullin 3 ubiquitin ligases. Mol. Cell 12,
783–790 (2003).

16. Pintard, L. et al. The BTB protein MEL-26 is a substrate-
specific adaptor of the CUL-3 ubiquitin-ligase. Nature
425, 311–316 (2003).

17. Xu, L. et al. BTB proteins are substrate-specific adaptors
in an SCF-like modular ubiquitin ligase containing CUL-3.
Nature 425, 316–321 (2003).

18. Furukawa, M., He, Y. J., Borchers, C. & Xiong, Y.
Targeting of protein ubiquitination by BTB–Cullin 3–Roc1
ubiquitin ligases. Nature Cell Biol. 5, 1001–1007 (2003).
References 15–18 describe the identification of BTB
domains as adaptors for CUL3-containing ubiquitin
ligases.

19. Shiyanov, P., Nag, A. & Raychaudhuri, P. Cullin 4A
associates with the UV-damaged DNA-binding protein
DDB. J. Biol. Chem. 274, 35309–35312 (1999).

20. Ulane, C. M. & Horvath, C. M. Paramyxoviruses SV5 and
HPIV2 assemble STAT protein ubiquitin ligase complexes
from cellular components. Virology 304, 160–166 
(2002).

21. Wertz, I. E. et al. Human De-etiolated-1 regulates c-Jun
by assembling a CUL4A ubiquitin ligase. Science 303,
1371–1374 (2004).

22. Bai, C. et al. SKP1 connects cell cycle regulators to the
ubiquitin proteolysis machinery through a novel motif, the 
F-box. Cell 86, 263–274 (1996).
Reports the discovery of the F-box motif.

23. Kamura, T. et al. The Elongin BC complex interacts with
the conserved SOCS-box motif present in members of
the SOCS, ras, WD-40 repeat, and ankyrin repeat
families. Genes Dev. 12, 3872–3881 (1998).
Shows that elongin BC recruits SOCS-box proteins
to CUL2.

24. Kus, B. M., Caldon, C. E., Andorn-Broza, R. & 
Edwards, A. M. Functional interaction of 13 yeast SCF
complexes with a set of yeast E2 enzymes in vitro.
Proteins 54, 455–467 (2004).

25. Kaiser, P., Sia, R. A., Bardes, E. G., Lew, D. J. & Reed, S. I.
Cdc34 and the F-box protein Met30 are required for
degradation of the Cdk-inhibitory kinase Swe1. Genes
Dev. 12, 2587–2597 (1998).

26. Skowyra, D. et al. Reconstitution of G1 cyclin
ubiquitination with complexes containing SCFGrr1 and
Rbx1. Science 284, 662–665 (1999).

27. Kaplun, L., Ivantsiv, Y., Bakhrat, A. & Raveh, D. DNA
damage response-mediated degradation of Ho
endonuclease via the ubiquitin system involves its nuclear
export. J. Biol. Chem. 278, 48727–48734 (2003).

28. Kaplan, K. B., Hyman, A. A. & Sorger, P. K. Regulating
the yeast kinetochore by ubiquitin-dependent
degradation and Skp1p-mediated phosphorylation. Cell
91, 491–500 (1997).

29. Galan, J. M. et al. Skp1p and the F-box protein Rcy1p
form a non-SCF complex involved in recycling of the
SNARE Snc1p in yeast. Mol. Cell. Biol. 21, 3105–3117
(2001).

30. Seol, J. H., Shevchenko, A. & Deshaies, R. J. Skp1 forms
multiple protein complexes, including RAVE, a regulator
of V-ATPase assembly. Nature Cell Biol. 3, 384–391
(2001).

31. Pintard, L., Willems, A. & Peter, M. Cullin-based ubiquitin
ligases: Cul3–BTB complexes join the family. EMBO J.
23, 1681–1687 (2004).

32. Russell, I. D., Grancell, A. S. & Sorger, P. K. The unstable 
F-box protein p58-Ctf13 forms the structural core of the
CBF3 kinetochore complex. J. Cell Biol. 145, 933–950
(1999).

33. Suzuki, H. et al. Homodimer of two F-box proteins
βTrCP1 or βTrCP2 binds to IκBα for signal-dependent
ubiquitination. J. Biol. Chem. 275, 2877–2884 
(2000).

34. Seibert, V. et al. Combinatorial diversity of fission yeast
SCF ubiquitin ligases by homo- and heterooligomeric
assemblies of the F-box proteins Pop1p and Pop2p.
BMC Biochem. 3, 22 (2002).

35. Dixon, C. et al. Overproduction of polypeptides
corresponding to the amino terminus of the F-box
proteins Cdc4p and Met30p inhibits ubiquitin ligase
activities of their SCF complexes. Eukaryot. Cell 2,
123–133 (2003).

36. Wu, G. et al. Structure of a β-TrCP1–Skp1–β-catenin
complex: destruction motif binding and lysine specificity
of the SCFβ-TrCP1 ubiquitin ligase. Mol. Cell 11, 1445–1456
(2003).

37. Orlicky, S., Tang, X., Willems, A., Tyers, M. & Sicheri, F.
Structural basis for phosphodependent substrate
selection and orientation by the SCFCdc4 ubiquitin ligase.
Cell 112, 243–256 (2003).

38. Ganoth, D. et al. The cell-cycle regulatory protein Cks1 is
required for SCFSkp2-mediated ubiquitinylation of p27.
Nature Cell Biol. 3, 321–324 (2001).

39. Spruck, C. et al. A CDK-independent function of
mammalian Cks1: targeting of SCFSkp2 to the CDK
inhibitor p27Kip1. Mol. Cell 7, 639–650 (2001).

40. Zhou, P. & Howley, P. M. Ubiquitination and degradation
of the substrate recognition subunits of SCF ubiquitin-
protein ligases. Mol. Cell 2, 571–580 (1998).

41. Galan, J. M. & Peter, M. Ubiquitin-dependent degradation
of multiple F-box proteins by an autocatalytic mechanism.
Proc. Natl Acad. Sci. USA 96, 9124–9129 (1999).

42. Schoenfeld, A. R., Davidowitz, E. J. & Burk, R. D. 
Elongin BC complex prevents degradation of von
Hippel–Lindau tumor suppressor gene products. Proc.
Natl Acad. Sci. USA 97, 8507–8512 (2000).

43. Ayad, N. G. et al. Tome-1, a trigger of mitotic entry, is
degraded during G1 via the APC. Cell 113, 101–113 (2003).

44. Bashir, T., Dorrello, N. V., Amador, V., Guardavaccaro, D.
& Pagano, M. Control of the SCFSkp2–Cks1 ubiquitin ligase
by the APC/CCdh1 ubiquitin ligase. Nature 428, 190–193
(2004).

45. Wei, W. et al. Degradation of the SCF component Skp2
in cell-cycle phase G1 by the anaphase-promoting
complex. Nature 428, 194–198 (2004).

46. Margottin-Goguet, F. et al. Prophase destruction of Emi1
by the SCFβTrCP/Slimb ubiquitin ligase activates the
anaphase promoting complex to allow progression
beyond prometaphase. Dev. Cell 4, 813–826 (2003).

47. Guardavaccaro, D. et al. Control of meiotic and mitotic
progression by the F box protein β-Trcp1 in vivo. 
Dev. Cell 4, 799–812 (2003).

48. Deshaies, R. J. SCF and Cullin/Ring H2-based ubiquitin
ligases. Annu. Rev. Cell Dev. Biol. 15, 435–467 (1999).

49. Li, Y., Gazdoiu, S., Pan, Z. Q. & Fuchs, S. Y. Stability of
homologue of Slimb F-box protein is regulated by
availability of its substrate. J. Biol. Chem. 279,
11074–11080 (2004).

50. Kaiser, P., Flick, K., Wittenberg, C. & Reed, S. I.
Regulation of transcription by ubiquitination without
proteolysis: Cdc34/SCFMet30-mediated inactivation of the
transcription factor Met4. Cell 102, 303–314 (2000).

51. Flick, K. et al. Proteolysis-independent regulation of the
transcription factor Met4 by a single Lys48-linked
ubiquitin chain. Nature Cell Biol. 6, 634–641 (2004).

52. Kuras, L. et al. Dual regulation of the met4 transcription
factor by ubiquitin-dependent degradation and inhibition
of promoter recruitment. Mol. Cell 10, 69–80 (2002).

53. Jiang, J. Degrading Ci: who is Cul-pable? Genes Dev. 16,
2315–2321 (2002).

54. Fong, A. & Sun, S. C. Genetic evidence for the essential
role of β-transducin repeat-containing protein in the
inducible processing of NF-κB2/p100. J. Biol. Chem.
277, 22111–22114 (2002).

55. von der Lehr, N. et al. The F-box protein Skp2
participates in c-Myc proteosomal degradation and acts
as a cofactor for c-Myc-regulated transcription. Mol. Cell
11, 1189–1200 (2003).

56. Kim, S. Y., Herbst, A., Tworkowski, K. A., Salghetti, S. E.
& Tansey, W. P. Skp2 regulates Myc protein stability and
activity. Mol. Cell 11, 1177–1188 (2003).

57. Salghetti, S. E., Caudy, A. A., Chenoweth, J. G. & 
Tansey, W. P. Regulation of transcriptional activation
domain function by ubiquitin. Science 293, 1651–1653
(2001).

58. Cardozo, T. & Pagano, M. The SCF ubiquitin ligase:
insights into a molecular machine. Nature Rev. Mol. Cell
Biol. 5, 739–751 (2004).

59. Pagano, M. & Benmaamar, R. When protein destruction
runs amok, malignancy is on the loose. Cancer Cell 4,
251–256 (2003).

60. Guardavaccaro, D. & Pagano, M. Oncogenic aberrations
of cullin-dependent ubiquitin ligases. Oncogene 23,
2037–2049 (2004).

61. Reed, S. I. Ratchets and clocks: the cell cycle,
ubiquitylation and protein turnover. Nature Rev. Mol. Cell
Biol. 4, 855–864 (2003).

62. Verma, R. et al. Phosphorylation of Sic1p by G1 Cdk
required for its degradation and entry into S phase.
Science 278, 455–460 (1997).
Shows that phosphorylation underlies the targeting
of substrates to SCF for ubiquitylation.

63. Lanker, S., Valdivieso, M. H. & Wittenberg, C. Rapid
degradation of the G1 cyclin Cln2 induced by CDK-
dependent phosphorylation. Science 271, 1597–1601
(1996).



© 2005 Nature Publishing Group 

 

NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 6 | JANUARY 2005 | 19

R E V I E W S

64. Clurman, B. E., Sheaff, R. J., Thress, K., Groudine, M. &
Roberts, J. M. Turnover of cyclin E by the ubiquitin-
proteasome pathway is regulated by cdk2 binding and
cyclin phosphorylation. Genes Dev. 10, 1979–1990
(1996).

65. Won, K. A. & Reed, S. I. Activation of cyclin E/CDK2 is
coupled to site-specific autophosphorylation and
ubiquitin-dependent degradation of cyclin E. EMBO J.
15, 4182–4193 (1996).

66. Sheaff, R. J., Groudine, M., Gordon, M., Roberts, J. M. &
Clurman, B. E. Cyclin E–CDK2 is a regulator of p27Kip1.
Genes Dev. 11, 1464–1478 (1997).

67. Yoshida, Y. et al. E3 ubiquitin ligase that recognizes sugar
chains. Nature 418, 438–442 (2002).

68. Ivan, M. et al. HIFα targeted for VHL-mediated
destruction by proline hydroxylation: implications for O2

sensing. Science 292, 464–468 (2001).
69. Jaakkola, P. et al. Targeting of HIF-α to the 

von Hippel–Lindau ubiquitylation complex by O2-regulated
prolyl hydroxylation. Science 292, 468–472 (2001).
References 68 and 69 show that HIF1α recognition
by VHL requires proline hydroxylation, which
indicates a new mechanism for regulating
transcription through the sensing of oxygen levels.

70. Schwob, E., Bohm, T., Mendenhall, M. D. & Nasmyth, K.
The B-type cyclin kinase inhibitor p40SIC1 controls the G1
to S transition in S. cerevisiae. Cell 79, 233–244 (1994).
The genetic dissection of the G1-to-S transition in
S. cerevisiae points the way to the discovery of SCF.

71. Verma, R., McDonald, H., Yates, J. R. 3rd & Deshaies, R. J.
Selective degradation of ubiquitinated Sic1 by purified
26S proteasome yields active S phase cyclin–Cdk. 
Mol. Cell 8, 439–448 (2001).

72. Meimoun, A. et al. Degradation of the transcription factor
Gcn4 requires the kinase Pho85 and the SCFCDC4

ubiquitin-ligase complex. Mol. Biol. Cell 11, 915–927
(2000).

73. Chi, Y. et al. Negative regulation of Gcn4 and Msn2
transcription factors by Srb10 cyclin-dependent kinase.
Genes Dev. 15, 1078–1092 (2001).

74. Shemer, R., Meimoun, A., Holtzman, T. & Kornitzer, D.
Regulation of the transcription factor Gcn4 by Pho85
cyclin PCL5. Mol. Cell. Biol. 22, 5395–5404 (2002).

75. Furstenthal, L., Swanson, C., Kaiser, B. K., Eldridge, A. G.
& Jackson, P. K. Triggering ubiquitination of a CDK
inhibitor at origins of DNA replication. Nature Cell Biol. 3,
715–722 (2001).

76. Montagnoli, A. et al. Ubiquitination of p27 is regulated by
Cdk-dependent phosphorylation and trimeric complex
formation. Genes Dev. 13, 1181–1189 (1999).

77. Cheng, M., Sexl, V., Sherr, C. J. & Roussel, M. F.
Assembly of cyclin D-dependent kinase and titration of
p27Kip1 regulated by mitogen-activated protein kinase
kinase (MEK1). Proc. Natl Acad. Sci. USA 95,
1091–1096 (1998).

78. Welcker, M. et al. Multisite phosphorylation by Cdk2 and
GSK3 controls cyclin E degradation. Mol. Cell 12,
381–392 (2003).

79. Klein, P., Pawson, T. & Tyers, M. Mathematical modeling
suggests cooperative interactions between a disordered
polyvalent ligand and a single receptor site. Curr. Biol. 13,
1669–1678 (2003).

80. Noureddine, M. A., Donaldson, T. D., Thacker, S. A. &
Duronio, R. J. Drosophila Roc1a encodes a RING-H2
protein with a unique function in processing the Hh signal
transducer Ci by the SCF E3 ubiquitin ligase. Dev. Cell 2,
757–770 (2002).

81. Furukawa, M., Ohta, T. & Xiong, Y. Activation of UBC5
ubiquitin-conjugating enzyme by the RING finger of
ROC1 and assembly of active ubiquitin ligases by all
cullins. J. Biol. Chem. 277, 15758–15765 (2002).

82. Strack, P. et al. SCFβ-TRCP and phosphorylation dependent
ubiquitination of IκBα catalyzed by Ubc3 and Ubc4.
Oncogene 19, 3529–3536 (2000).

83. Kamura, T., Conrad, M. N., Yan, Q., Conaway, R. C. &
Conaway, J. W. The Rbx1 subunit of SCF and VHL 
E3 ubiquitin ligase activates Rub1 modification of cullins
Cdc53 and Cul2. Genes Dev. 13, 2928–2933 
(1999).

84. Liu, Y., Mathias, N., Steussy, C. N. & Goebl, M. G.
Intragenic suppression among CDC34 (UBC3) mutations
defines a class of ubiquitin-conjugating catalytic
domains. Mol. Cell. Biol. 15, 5635–5644 (1995).

85. Ptak, C. et al. Functional and physical characterization of
the cell cycle ubiquitin-conjugating enzyme CDC34
(UBC3). Identification of a functional determinant within
the tail that facilitates CDC34 self-association. J. Biol.
Chem. 269, 26539–26545 (1994).

86. Varelas, X., Ptak, C. & Ellison, M. J. Cdc34 self-
association is facilitated by ubiquitin thiolester formation
and is required for its catalytic activity. Mol. Cell. Biol. 23,
5388–5400 (2003).

87. Mathias, N., Steussy, C. N. & Goebl, M. G. An essential
domain within Cdc34p is required for binding to a
complex containing Cdc4p and Cdc53p in
Saccharomyces cerevisiae. J. Biol. Chem. 273,
4040–4045 (1998).

88. Ptak, C. et al. Creation of a pluripotent ubiquitin-
conjugating enzyme. Mol. Cell. Biol. 21, 6537–6548
(2001).

89. Deffenbaugh, A. E. et al. Release of ubiquitin-charged
Cdc34-S~Ub from the RING domain is essential for
ubiquitination of the SCFCdc4-bound substrate Sic1. 
Cell 114, 611–622 (2003).

90. Petroski, M. D. & Deshaies, R. J. Context of multiubiquitin
chain attachment influences the rate of Sic1 degradation.
Mol. Cell 11, 1435–1444 (2003).

91. Blondel, M. et al. Nuclear-specific degradation of Far1 is
controlled by the localization of the F-box protein Cdc4.
EMBO J. 19, 6085–6097 (2000).

92. Hori, T. et al. Covalent modification of all members of
human cullin family proteins by NEDD8. Oncogene 18,
6829–6834 (1999).

93. Osaka, F. et al. Covalent modifier NEDD8 is essential for
SCF ubiquitin-ligase in fission yeast. EMBO J. 19,
3475–3484 (2000).

94. Podust, V. N. et al. A Nedd8 conjugation pathway is
essential for proteolytic targeting of p27Kip1 by
ubiquitination. Proc. Natl Acad. Sci. USA 97, 4579–4584
(2000).

95. Read, M. A. et al. Nedd8 modification of cul-1 activates
SCFβ-TrCP-dependent ubiquitination of IκBα. Mol. Cell.
Biol. 20, 2326–2333 (2000).

96. Wu, K., Chen, A. & Pan, Z. Q. Conjugation of Nedd8 to
CUL1 enhances the ability of the ROC1–CUL1 complex
to promote ubiquitin polymerization. J. Biol. Chem. 275,
32317–32324 (2000).

97. Kawakami, T. et al. NEDD8 recruits E2-ubiquitin to SCF
E3 ligase. EMBO J. 20, 4003–4012 (2001).

98. Ohh, M. et al. An intact NEDD8 pathway is required for
Cullin-dependent ubiquitylation in mammalian cells.
EMBO Rep. 3, 177–182 (2002).

99. Pintard, L. et al. Neddylation and deneddylation of CUL-3
is required to target MEI-1/Katanin for degradation at the
meiosis-to-mitosis transition in C. elegans. Curr. Biol. 13,
911–921 (2003).

100. Ou, C. Y., Lin, Y. F., Chen, Y. J. & Chien, C. T. Distinct
protein degradation mechanisms mediated by Cul1 and
Cul3 controlling Ci stability in Drosophila eye
development. Genes Dev. 16, 2403–2414 (2002).

101. Tateishi, K., Omata, M., Tanaka, K. & Chiba, T. The
NEDD8 system is essential for cell cycle progression and
morphogenetic pathway in mice. J. Cell Biol. 155,
571–579 (2001).

102. Lammer, D. et al. Modification of yeast Cdc53p by the
ubiquitin-related protein rub1p affects function of the
SCFCdc4 complex. Genes Dev. 12, 914–926 (1998).

103. Liakopoulos, D., Doenges, G., Matuschewski, K. &
Jentsch, S. A novel protein modification pathway related
to the ubiquitin system. EMBO J. 17, 2208–2214 (1998).
References 102 and 103 report the identification of
the neddylation pathway, as well as evidence that
modification of CUL1/Cdc53 by NEDD8 stimulates
its function.

104. Lyapina, S. et al. Promotion of NEDD–CUL1 conjugate
cleavage by COP9 signalosome. Science 292,
1382–1385 (2001).

105. Cope, G. A. et al. Role of predicted metalloprotease motif
of Jab1/Csn5 in cleavage of Nedd8 from Cul1. Science
298, 608–611 (2002).
References 104 and 105 describe how the CSN
regulates the neddylated state of CUL1 through the
cleavage of NEDD8 by its CSN5 subunit.

106. Ambroggio, X. I., Rees, D. C. & Deshaies, R. J. JAMM: a
metalloprotease-like zinc site in the proteasome and
signalosome. PLoS Biol. 2, E2 (2004).

107. Tran, H. J., Allen, M. D., Lowe, J. & Bycroft, M. Structure of
the Jab1/MPN domain and its implications for proteasome
function. Biochemistry 42, 11460–11465 (2003).

108. Cope, G. A. & Deshaies, R. J. COP9 signalosome: a
multifunctional regulator of SCF and other cullin-based
ubiquitin ligases. Cell 114, 663–671 (2003).

109. Zhou, C. et al. Fission yeast COP9/signalosome
suppresses cullin activity through recruitment of the
deubiquitylating enzyme Ubp12p. Mol. Cell 11, 927–938
(2003).

110. Liu, C. et al. Cop9/signalosome subunits and Pcu4
regulate ribonucleotide reductase by both checkpoint-
dependent and-independent mechanisms. Genes Dev.
17, 1130–1140 (2003).

111. Schwechheimer, C. et al. Interactions of the COP9
signalosome with the E3 ubiquitin ligase SCFTIRI in
mediating auxin response. Science 292, 1379–1382
(2001).

112. Doronkin, S., Djagaeva, I. & Beckendorf, S. K. The COP9
signalosome promotes degradation of Cyclin E during
early Drosophila oogenesis. Dev. Cell 4, 699–710 (2003).

113. Liu, J., Furukawa, M., Matsumoto, T. & Xiong, Y. NEDD8
modification of CUL1 dissociates p120CAND1, an inhibitor
of CUL1–SKP1 binding and SCF ligases. Mol. Cell 10,
1511–1518 (2002).

114. Zheng, J. et al. CAND1 binds to unneddylated CUL1 and
regulates the formation of SCF ubiquitin E3 ligase
complex. Mol. Cell 10, 1519–1526 (2002).
References 113 and 114 report the identification of
CAND1 as a regulator of CRL assembly.

115. Hwang, J. W., Min, K. W., Tamura, T. A. & Yoon, J. B.
TIP120A associates with unneddylated cullin 1 and
regulates its neddylation. FEBS Lett. 541, 102–108
(2003).

116. Min, K. W. et al. TIP120A associates with cullins and
modulates ubiquitin ligase activity. J. Biol. Chem. 278,
15905–15910 (2003).

117. Oshikawa, K. et al. Preferential interaction of TIP120A
with Cul1 that is not modified by NEDD8 and not
associated with Skp1. Biochem. Biophys. Res.
Commun. 303, 1209–1216 (2003).

118. Chuang, H. W., Zhang, W. & Gray, W. M. Arabidopsis
ETA2, an apparent ortholog of the human cullin-
interacting protein CAND1, is required for auxin
responses mediated by the SCFTIR1 ubiquitin ligase. Plant
Cell 16, 1883–1897 (2004).

119. Feng, S. et al. Arabidopsis CAND1, an unmodified 
CUL1-interacting protein, is involved in multiple
developmental pathways controlled by
ubiquitin/proteasome-mediated protein degradation.
Plant Cell 16, 1870–1882 (2004).

120. Cheng, Y., Dai, X. & Zhao, Y. AtCAND1, a HEAT-repeat
protein that participates in auxin signaling in Arabidopsis.
Plant Physiol. 135, 1020–1026 (2004).

121. Davis, M. et al. Pseudosubstrate regulation of the
SCFβTrCP ubiquitin ligase by hnRNP-U. Genes Dev. 16,
439–451 (2002).

122. Kitagawa, K., Skowyra, D., Elledge, S. J., Harper, J. W. &
Hieter, P. SGT1 encodes an essential component of the
yeast kinetochore assembly pathway and a novel subunit
of the SCF ubiquitin ligase complex. Mol. Cell 4, 21–33
(1999).

123. Takahashi, A., Casais, C., Ichimura, K. & Shirasu, K.
HSP90 interacts with RAR1 and SGT1 and is essential
for RPS2-mediated disease resistance in Arabidopsis.
Proc. Natl Acad. Sci. USA 100, 11777–11782 (2003).

124. Hubert, D. A. et al. Cytosolic HSP90 associates with and
modulates the Arabidopsis RPM1 disease resistance
protein. EMBO J. 22, 5679–5689 (2003).

125. Archambault, V. et al. Targeted proteomic study of the
cyclin–cdk module. Mol. Cell 14, 699–711 (2004).

126. Jager, S., Strayle, J., Heinemeyer, W. & Wolf, D. H. Cic1,
an adaptor protein specifically linking the 26S
proteasome to its substrate, the SCF component Cdc4.
EMBO J. 20, 4423–4431 (2001).

127. Ohlmeyer, J. T. & Schupbach, T. Encore facilitates 
SCF-ubiquitin-proteasome-dependent proteolysis during
Drosophila oogenesis. Development 130, 6339–6349
(2003).

128. Liao, E. H., Hung, W., Abrams, B. & Zhen, M. An SCF-
like ubiquitin ligase complex that controls presynaptic
differentiation. Nature 430, 345–350 (2004).

129. Staropoli, J. F. et al. Parkin is a component of an 
SCF-like ubiquitin ligase complex and protects
postmitotic neurons from kainate excitotoxicity. Neuron
37, 735–749 (2003).

130. Dornan, D. et al. The ubiquitin ligase COP1 is a 
critical negative regulator of p53. Nature 429, 86–92 
(2004).

131. Kim, J. H. et al. SCFhFBH1 can act as helicase and E3
ubiquitin ligase. Nucleic Acids Res. 32, 2287–2297
(2004).

132. Koepp, D. M. et al. Phosphorylation-dependent
ubiquitination of cyclin E by the SCFFbw7 ubiquitin ligase.
Science 294, 173–177 (2001).

133. Strohmaier, H. et al. Human F-box protein hCdc4 targets
cyclin E for proteolysis and is mutated in a breast cancer
cell line. Nature 413, 316–322 (2001).



© 2005 Nature Publishing Group 

 

20 | JANUARY 2005 | VOLUME 6 www.nature.com/reviews/molcellbio

R E V I E W S

134. Nakayama, K. et al. Targeted disruption of Skp2 results in
accumulation of cyclin E and p27Kip1, polyploidy and
centrosome overduplication. EMBO J. 19, 2069–2081
(2000).

135. Singer, J. D., Gurian-West, M., Clurman, B. & Roberts, J. M.
Cullin-3 targets cyclin E for ubiquitination and controls S
phase in mammalian cells. Genes Dev. 13, 2375–2387
(1999).

136. Nateri, A. S., Riera-Sans, L., Da Costa, C. & Behrens, A. 
The ubiquitin ligase SCFFbw7 antagonizes apoptotic JNK
signaling. Science 303, 1374–1378 (2004).

137. Cong, F., Zhang, J., Pao, W., Zhou, P. & Varmus, H. 
A protein knockdown strategy to study the function of 
β-catenin in tumorigenesis. BMC Mol. Biol. 4, 10 
(2003).

138. Zhang, J., Zheng, N. & Zhou, P. Exploring the functional
complexity of cellular proteins by protein knockout. 
Proc. Natl Acad. Sci. USA 100, 14127–14132 
(2003).

139. Schneekloth, J. S. Jr. et al. Chemical genetic control of
protein levels: selective in vivo targeted degradation. 
J. Am. Chem. Soc. 126, 3748–3754 (2004).

140. Jin, J. et al. Systematic analysis and nomenclature of
mammalian F-box proteins. Genes Dev. 18, 2573–2580
(2004).

Acknowledgements
We thank C.-T. Chien, M. Estelle, E. Kipreos, M. Pagano and
D. Wolf for their help with the online supplementary information
S2 (table). We also thank G. Kleiger for preparing figure 2.
M.D.P. is a postdoctoral fellow and R.J.D. is an assistant inves-
tigator of the Howard Hughes Medical Institute, which supports
their work.

Competing interests statement
The authors declare no competing financial interests.

Online links

DATABASES
The following terms in this article are linked online to:
Flybase: http://flybase.bio.indiana.edu/
Ci | Slmb
Interpro: http://www.ebi.ac.uk/interpro/
BTB domain | F-box domain | SOCS/BC-box domain
Protein Data Bank: http://www.rcsb.org/pdb
1LDK
Saccharomyces genome database:
http://www.yeastgenome.org/
Cdc4 | Cdc34 | Grr1 | Met30 

S. pombe gene database:
http://www.genedb.org/genedb/pombe/index.jsp
Pop1 | Pop2
Swiss-Prot: http://us.expasy.org/sprot/
APC2 | CAND1 | CDC34 | CUL1 | CUL2 | CUL3 | CUL4A | 
CUL4B | CUL5 | CUL7 | DDB1 | elongin B | 
elongin C | FBH1 | FBX2 | FSN-1 | hnRNP U | Jun | 
MEL-26 | NEDD8 | PARC | ROC1 | RPM-1 | SKP1 | 
SKP2 | β-TrCP1 | β-TrCP2 | UBC3 | UBC4/5 | UBC12 | 
VHL

FURTHER INFORMATION
HGNC-Gene-Family Nomenclature — 
F-Box gene family:
http://www.gene.ucl.ac.uk/nomenclature/genefamily/
FBX.shtml
Protein families (Pfam) database:
http://www.sanger.ac.uk/Software/Pfam/
Simple Modular Architecture Research Tool (SMART):
http://smart.embl-heidelberg.de/

SUPPLEMENTARY INFORMATION
See online article:
S1 (table) | S2 (table) | S3 (table)
Access to this links box is available online.



© 2005 Nature Publishing Group 

 

PETROSKI & DESHAIES (2005)     SUPPLEMENTARY INFORMATION

NATURE REVIEWS | MOLECULAR CELL BIOLOGY        VOLUME 6 | JANUARY 2005 |1

S1 (table) | Structures of cullin–RING-ligase subunits, complexes, substrates and
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S2 (table) | Receptors and substrates of cullin–RING ligases that have been implicated in
diverse biological processes

Organism Cullin Receptor Implicated
substrate

Biological
Process

References

S. cerevisiae Cul1 Cdc4 Cdc6 DNA
replication

1–3

Ctf13 Cell cycle 4
Far1 Cell cycle 5–7
Gcn4 Transcription 8–10
Sic1 Cell cycle 11–14
Cdc4 Autoregulation 15,16

Grr1 Cln1/2 Cell cycle 13,17,18
Gic2 Cell polarity 6,19,20
Grr1 Autoregulation 15,16

Met30 Met4 Transcription 21–25
Met30 Autoregulation 24,26
Swe1 Cell cycle 27,28

Mdm30 Fzo1 Mitochondrial
shape

29

Ufo1 Ho Signal
transduction

30,31

? Cln3 Cell cycle 11,32
? Ste7 Signal

transduction
33

? Clb5 Cell cycle 11
S. pombe Cul1 Pop1/Pop2 Cdc18 DNA

replication
34–36

Rum1 Cell cycle 34–36
Cig2 Cell cycle 37

? Mid2p Cell cycle 38
Cul3 Btb3 Btb3 Autoregulation 39
Cul4 ? Spd1 DNA

replication
40

C. elegans Cul1 SEL-10 LIN-12 Signal
transduction

41

Cul2 VHL HIF-1 Transcription 42
ZIF-1 PIE-1, POS-1,

MEX-1/-5/-6
Development 43

? CKI-1 Cell cycle 44
Cul3 MEL-26 MEI-1 Cell cycle 45–49
Cul4 ? CDT-1 DNA

replication
50

D. melanogaster Cul1 Archipelago Cyclin E Cell cycle 51
dMyc Transcription 52

Morgue Diap1 Apoptosis 53
Partner of
Paired

Paired Transcription 54,55

Slimb Armadillo Development 56–59
Cactus Transcription 60,61
Cubitus
interruptus

Transcription 56,57,59,62
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Dorsal Transcription 60
E2F DNA

replication
63

Period Circadian-
clock
regulation

64,65

Relish Transcription 66
Timeless Circadian-

clock
regulation

65

Cul4 ? Cdt1 DNA
replication

67

X. laevis Cul1 β-TrCP β-catenin Development 68–71
Xom Development 72

Tome-1 Wee1 Cell cycle 73,74
? Xic1 Cell cycle 75–77

A. thaliana Cul1 COI1 RPD3b Transcription 78
Rubisco
(small
subunit)

Photorespiratio
n

78

EBF1/EBF2 EIN3 Transcription 79–81
SLF-S2 S-RNases Signal

transduction
82

SLY1 RGA Signal
transduction

83,84

SKP2 E2Fc Transcription 85
TLP9 ? Signal

transduction
86

TIR1 AUX/IAA
proteins

Transcription 87–89

UFO AGAMOUS Development 90
ZTL TOC1 Circadian-

clock
regulation

91

Cul3 ETO1 ACS5 Signal
transduction

92

H. sapiens/
M. musculus

Cul1 β-TrCP1 and 2
(FBW1, HOS)

ATF4 Transcription 93,94

β-catenin Signal
transduction

58,95–98

CDC25a Cell cycle 99,100
+ HIV: Vpu CD4 Viral

modulation
101

EMI1 Cell cycle 102,103
IκBα Transcription 60,95,98,

104–111
NFκB1/p105,
NFκB2/p100

Transcription 112–118

Prolactin
receptor

Signal
transduction

119

SMAD3/4 Signal
transduction

120,121
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Type-I
interferon
receptor
(IFNAR1)

Signal
transduction

122

WEE1 Cell cycle 123
CDC4 (FBW7,
SEL10)

Cyclin E Cell cycle 124,125

Jun Transcription 126
Myc Transcription 127,128
Notch1/4 Signal

transduction
129,130

Presenilin-1 Regulation 131
FBS1 (FBX2,
NFB42)

Glycoprotein
s

Protein quality
control

132

Herpes
simplex virus
type 1: UL9

Viral
modulation

133

FBS2 N-glycans Protein quality
control

134

FBX4 αB-crystallin Heat-shock
protein

135

SKP2 B-MYB Transcription 136
+ Cyclin T1 CDK9 Transcription 137,138

CDT1 Cell cycle 50,67,
139–141

Cyclin D Cell cycle 142–144
Cyclin E Cell cycle 145,146
Papilloma
virus: E7

Viral
modulation

147

E2A Development 148
E2F1 Transcription 149
Myc Transcription 150
ORC1 DNA

replication
151

p57 Cell cycle 152
+CKS1 p130 Cell cycle 153,154
+CKS1 p21 Cell cycle 142,144,155,

156
+CKS1 p27 Cell cycle 142,145,

157–160
Cul2 SOCS1/3 IRS1/2 Signal

transduction
161

SOCS1 TEL-JAK2 Cell cycle 162,163
VAV Signal

transduction
164

VHL HIF1α, HIF2α Transcription 165–175
RPB7 Transcription 176
RPB1 Transcription 177
VDU1/2 Protein quality

control
178,179

hnRNP A2 Transcription 180
PKCλ Signal

transduction
181
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STRA13 Transcription 182
Cul3 RhoBTB2 RhoBTB2 Cell cycle 183

? TOP1 DNA
replication

184

KEAP1 NRF2 Transcription 185,186
Cul4 DET1/COP1 Jun Transcription 187

Paramyxovirus
: V proteins

STAT1/2 Viral
modulation

188

? CDT1 DNA
replication

67

Cul5 Adenovirus:
E1B-55K,
E4ORF6

p53 Viral
modulation

189

HIV: Vif APOBEC3G Viral
modulation

190
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S3 (table) | Links between pathogens and cullin–RING ligases

Pathogen: protein Target Proposed mechanism of action References
Agrobacterium : VirF ? VirF F-box motif links plant

protein(s) to SCF
1

Atadenoviruses: RH1/2/4/6 ? Viral F-box proteins link
cellular proteins to SCF

2

Human immunodeficiency
virus: Vpu

CD4 Vpu promotes degradation of
CD4 by linking it to
SCFβ-TrCP

3

Human immunodeficiency
virus: Vif

APOBEC3G Vif SOCS/BC box links
APOBEC3G to CUL5–elongin-
C

4–6

Faba bean necrotic yellow
virus: Clink

RB F-box and LXCXE motifs of
Clink might link RB to SCF

7

Herpes simplex virus type
1: UL9

UL9 UL9 degradation by
F-box-protein NFB42 in
neuronal cells

8

Human papilloma virus: E7 E7 F-box-protein SKP2 targets E7
for degradation

9

Poxvirus: BTB proteins ? BTB domain might link cellular
targets to CUL3?

10

Adenovirus: E4orf6,
E1B55K

p53 E4orf6, E1B55k link p53 to
elongin-BC–CUL5–RING

11,12

Paramyxovirus: SV5,
HPIV2

STAT1/2 SV5, HPIV2 link STAT1/2 to
DDB1–CUL4A

13

SV40: T antigen CUL7 T antigen sequesters CUL7 14
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