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Abstract

The SCF (Skp1–Cullin–F-box) E3 ubiquitin ligase family was discovered through genetic requirements for cell cycle progression in

budding yeast. In these multisubunit enzymes, an invariant core complex, composed of the Skp1 linker protein, the Cdc53/Cul1 scaffold

protein and the Rbx1/Roc1/Hrt1 RING domain protein, engages one of a suite of substrate adaptors called F-box proteins that in turn recruit

substrates for ubiquitination by an associated E2 enzyme. The cullin–RING domain–adaptor architecture has diversified through evolution,

such that in total many hundreds of distinct SCF and SCF-like complexes enable degradation of myriad substrates. Substrate recognition by

adaptors often depends on posttranslational modification of the substrate, which thus places substrate stability under dynamic regulation by

intracellular signaling events. SCF complexes control cell proliferation through degradation of critical regulators such as cyclins, CDK

inhibitors and transcription factors. A plethora of other processes in development and disease are controlled by other SCF-like complexes,

including those based on Cul2–SOCS-box adaptor protein and Cul3–BTB domain adaptor protein combinations. Recent structural insights

into SCF-like complexes have begun to illuminate aspects of substrate recognition and catalytic reaction mechanisms.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The ubiquitin–proteasome system is a crucial determi-

nant of virtually all biological processes in eukaryotes [1].

This modification and degradation system controls the

stability of numerous regulators including cell cycle

proteins (e.g., cyclins, CDK inhibitors and replication

factors), transcription factors (e.g., InB and h-catenin),
tumor suppressor proteins (e.g., Rb and p53), oncoproteins

(e.g., Myc and Jun), membrane proteins (e.g., growth

factor receptors) and many more. Degradation of a protein

by the ubiquitin–proteasome pathway entails two succes-
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sive events: (i) the covalent attachment of a chain of

ubiquitin moieties to the substrate protein and (ii) the ATP-

dependent proteolysis of the substrate by the 26S

proteasome [2]. Ubiquitin transfer requires the activity of

E1 (ubiquitin activating), E2 (ubiquitin conjugating) and

E3 (ubiquitin ligase) enzymes. Ubiquitin is first bound in a

high-energy thioester bond to a cysteine residue of the E1

enzyme in an ATP-coupled reaction. Then ubiquitin is

transferred from the E1 enzyme to an active site cysteine

residue of the E2 enzyme, again as a thiolester linkage. In

the final critical step mediated by an E3 enzyme, ubiquitin

is linked to the substrate via an isopeptide bond between

the C-terminal glycine of ubiquitin and a selected lysine

residue of the substrate. Repeated transfer of additional

ubiquitin molecules to successive lysines on each previ-

ously conjugated ubiquitin, typically on Lys48, generates a

polyubiquitin chain. The polyubiquitin tag, minimally a

chain of four ubiquitin monomers, is recognized by the

26S proteasome, which unfolds substrates in an ATP-

dependent manner and channels the unfolded polypeptide

chain into its catalytic lumen, where a host of protease
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sites rapidly degrade the protein into short peptides [3].

The specificity of ubiquitin-dependent proteolysis derives

from the many hundreds of E3 ubiquitin ligases that

recognise particular substrates through dedicated interaction

domains. Targeting motifs on substrates are typically short

primary sequence elements often referred to as degrons [4].

The burgeoning cohort of E3 enzymes can be sub-

divided into two general classes, based on one of two

characteristic protein motifs, the HECT domain and the

RING domain [2]. Ubiquitin ligases of the HECT

(homologous to E6-AP C-terminus) domain family, such

as the archetypal E6-AP enzyme or the yeast Rsp5 enzyme,

themselves function as ubiquitin carriers. That is, the

HECT catalytic domain forms a thioester intermediate with

ubiquitin prior to transfer to the bound substrate [5]. In

contrast, the RING domain class of E3 does not have

inherent catalytic activity, but rather uses the Zn-binding

RING structural motif to recruit and direct an E2 enzyme

towards specific substrates, which are often recognized by

associated substrate recruitment subunits [6,7]. Another Zn-

binding domain called the PHD finger, recently identified

in several E3 enzymes [8], is a likely structural variant of

the RING finger [9]. A domain called the U-box that

appears to act as an E2 recruitment factor is also is

structurally related to RING domains [10,11]. SCF-like

complexes are the archetype for the RING ubiquitin ligase

family.

In this review we describe the key subunits of SCF

complexes and how homologous complex architectures and

different substrate specificity factors have diversified the

functions of this remarkable enzyme family. Concepts and

variations in SCF-dependent regulation are illustrated with

selected examples of substrate recognition by SCF com-

plexes, with a focus on cell cycle and signal transduction
Fig. 1. Alignment of 21 identifiable F-box sequences from the budding yeast S

Consensus sequence indicates the most favored residues in capital letters and mode

are shaded. See also Ref. [39].
pathways. Other reviews are recommended for further

details [12–14].
2. A brief history of SCF

The initial insight into SCF-dependent proteolysis came

from analysis of the budding yeast Saccharomyces

cerevisiae cell division cycle (cdc) mutants cdc4, cdc34,

and cdc53 [12]. These mutants arrest with unreplicated

DNA and multiple elongated buds at the non-permissive

temperature because they fail to degrade the B-type (Clb)-

Cdc28 cyclin-dependent kinase (CDK) inhibitor Sic1,

which prevents entry into S phase [15]. Sic1 is degraded

upon its phosphorylation by G1 cyclin (Cln1/2)–Cdc28

complexes in late G1 phase [15,16]. In addition, the G1

cyclins themselves are degraded in a Cdc34 and phosphor-

ylation-dependent manner [17–20]. Further genetic and

biochemical studies in yeast revealed that Cdc53, Cdc4 and

two other proteins, Skp1 and Rbx1 (a.k.a. Hrt1 or Roc1),

form an E3 ubiquitin ligase complex that acts in concert

with the E2 enzyme Cdc34 to regulate the G1/S phase

transition [12,13,21,22]. Skp1 was first identified in a

complex with human cyclin A–Cdk2 in conjunction with

another associated protein, Skp2 [23] and was then

independently isolated through its genetic and physical

interactions with yeast Cdc4, yeast Ctf13 and human cyclin

F [24,25]. Sequence alignment of cyclin F, Skp2 and Cdc4

unveiled a shared motif of approximately 40 residues,

termed the F-box (for cyclin F), which is a conserved

binding site for Skp1 [24]. Significantly, the degradation of

Sic1 and Cln2 relies on both common (i.e., Cdc34, Cdc53

and Skp1) and divergent (Cdc4 versus Grr1) components

[15,24,26]. This observation was generalized as the bF-box
. cerevisiae. Starting residues of the F-box in each protein are indicated.

rately well tolerated residues in lower case. Conserved hydrophobic residues
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hypothesisQ, which postulated that Skp1 links F-box-

containing proteins to a core ubiquitination complex and

that in turn F-box proteins recruit substrates for ubiqui-

tination via their specific protein–protein interaction

domains, such as the WD-40 repeats in Cdc4 or the

leucine-rich repeats (LRR) in Grr1 [24]. The first direct

link between Cdc53 and protein degradation was the

finding that Cdc53 interacts with a fraction of the G1

cyclin Cln2, whose instability and ubiquitination in vivo

depend on Cdc53 [19]. Physical and genetic interactions

between Cdc4, Cdc34 and Cdc53 suggested that these

components might form an E2–E3 complex [19,27]. At the

same time, genetic evidence in the nematode worm C.

elegans implicated the Cdc53 ortholog CUL-1 as negative

regulator of cell division, suggesting that the Cdc53/cullin
Fig. 2. Schematic representation of all 21 identified F-box proteins from the buddin

to protein interaction domains is shown in the box. Six previously unrecognized LR

analysis: Ybr203c, Ydr131c, Yjl149w, Ymr094w (Ctf13), Ymr258c, Ynl311c. Se
family played a conserved role in protein degradation and

cell cycle control [28]. Subsequent studies demonstrated

direct interactions between Skp1, Cdc53, Cdc34 and

various F-box proteins and reconstitution of specific

ubiquitin ligase activity against phospho-Sic1 [29–31].

Specific complexes were thus designated SCF, for Skp1–

Cdc53/cullin–F-box protein, with the F-box protein indi-

cated by a superscript, as in SCFCdc4, SCFGrr1 and so on.

F-box motifs are found in many otherwise unrelated

proteins that bear a variety of different protein interaction

domains [12]. In yeast, at least 21 proteins contain a

discernable F-box motif (Fig. 1), many of which also

contain recognizable protein interaction domains such as

LRRs (Fig. 2). Many other protein interaction domains are

represented in F-box proteins from other species (Fig. 2).
g yeast S. cerevisiae and selected F-box proteins from other species. Legend

R domain-containing F-box proteins in budding yeast were identified in this

e also Refs. [39,446].
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The widespread prevalence of F-box proteins suggested

that this system might have sweeping regulatory powers

[24], particularly as most SCF substrates are recognized in

a phosphorylation-dependent manner, and hence directly

linked to intracellular signaling pathways. These predic-

tions have been more than amply fulfilled.

In a convergence of results from many laboratories, the

RING domain protein Rbx1, also called Roc1 or Hrt1, was

the last of the SCF core components to be identified [32–

36]. Rbx1 was purified in association with the VHL tumour

suppressor protein, which is a subunit of a related Cul2-

based ubiquitin ligase, and subsequently found in SCF

complexes [32,33]. In parallel, Rbx1 was isolated as a

component of human SCF complexes, termed ROC1

[35,36], and as a Cdc53 associated protein, termed Hrt1
Fig. 3. The Rbx/Roc/Apc11 subfamily of RING domains. (A) Alignment of repre

shown at the top, while the Rbx/Roc RING domain consensus is shown below. Num

atoms in schematic shown in part B. (B) Schematic representation of the RING do

Rbx/Roc RING domain subfamily (right). Solid lines represent the protein backbon

residues in part A.
[34]. In yeast, conditional rbx1 mutants arrest with a similar

pre-replicative, multibudded phenotype as other SCF

mutants, and are defective for degradation of Sic1, Cln2

and the polarity protein Gic2 in vivo [33,34,37]. Purified

Rbx1 potently stimulates Cln1/2 ubiquitination by recombi-

nant SCFGrr1, as well as Sic1 ubiquitination by recombinant

SCFCdc4 [32–34]. The RING domain is defined by a series

of eight conserved cysteine and histidine residues that bind

zinc ions in a cross-brace arrangement and occurs in

hundreds of different eukaryotic proteins (Fig. 3) [6]. Two

subtypes of RING motifs can be distinguished, one carrying

seven cysteines and one histidine at position 4 (RING-HC),

and one carrying six cysteines and two histidines at

positions 4 and 5 (RING-H2). In addition to Rbx1, ubiquitin

ligase activity is associated with many other RING domain
sentative RING domain sequences. The generic RING domain consensus is

bers indicate residues that chelate Zn ions, while shading corresponds to Zn

main cross brace structure (left) and the three Zn atoms coordinated by the

e, while dotted lines represent Zn chelation. Numbered circles correspond to
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proteins including c-Cbl, Mdm2, Hrd1/Der3, Ubr1, Brca1

and Bard1, suggesting that it is a diagnostic feature of many

E3 ubiquitin ligases [7,38]. However, not all RING domain

proteins are E3 enzymes [6].

SCF complexes are built in a modular format that is

conserved from yeast to humans. Skp1 binds both the F-box

motif in the substrate recognition subunit and the N-terminus

of Cdc53, thereby bridging the substrate to the core catalytic

complex, whereas the C-terminus of Cdc53 binds to Rbx1,

which serves as a docking site for the E2 enzyme, Cdc34

(Fig. 4). While adhering to this format, the repertoire of SCF-

like components has also diversified considerably through

evolution (Table 1) [12,24,39–43]. As most F-box proteins

appear to recognize multiple substrates, the potential

regulatory reach of SCF-like systems is patently vast.

Whereas there is only a single Skp1 in budding and fission

yeast, this gene family has also expanded substantially

through evolution [44,45]. Multiple cullins are also present

in all species, ranging from four in budding yeast to at least

nine in mammals [28,46–48]. Given that Rbx family proteins

bind to all known cullin family members, with the possible

exception of Cul4B, it is likely that each will form bona fide

ubiquitin ligases [35,36,48,49]. Despite the plethora of

RING domain proteins, Rbx1 has only two obvious

homologs (Fig. 3), which in some circumstances appears
Fig. 4. The cullin–RING domain ubiquitin ligase superfamily. The generic cullin–R

a representative adaptor subunit and substrate, are shown.
to contribute to substrate selectivity [35,50]. As detailed

below, SCF core subunit variants serve to elaborate SCF-like

function by combinatorial interactions with different classes

of adapter proteins.
3. Neddylation, the CSN complex and Cand1

Analysis of SCF-associated factors has identified other

protein components that modulate SCF activity. The

conserved ubiquitin-related protein called Rub1 in yeast

and plants and Nedd8 in other species is covalently linked

to a conserved lysine residue in the conserved C-terminal

region of all cullins, except Cul4B and Apc2 [51]. Rub1

facilitates SCF activity, as first shown by the synthetic

lethality of rub1 mutations with conditional alleles of SCF

components in budding yeast [52,53]. Disruption of the

Nedd8 pathway results in pleotropic defects, including loss

of viability in fission yeast, arrested or abnormal develop-

ment in nematodes, resistance to the hormone auxin in

plants and division arrest and embryonic lethality in

mammals [52–59]. Puzzlingly, however, other than syn-

thetic phenotypes, the pathway is completely dispensable

in budding yeast [52]. Neddylation is catalyzed by the

bipartite activating enzyme called APPBP1-hUba3 in
ING-H2 architecture and that of each specific SCF-like complex, along with
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humans and Ula1-Uba3 in budding yeast and a dedicated

E2 enzyme called Ubc12, but as yet a cognate E3 has not

been found [53,60,61]. The reaction may in part be

stimulated by weak recruitment of the charged Ubc12 to

cullin complexes by Rbx1 [52,62–65]. The structure of

human APPBP1-Uba3 has provided valuable insight into

the mechanism of activation and transfer of ubiquitin-like

proteins [66]. Rub1/Nedd8 modification is not essential for

SCF assembly per se, but rather appears to facilitate E2

recruitment, the efficiency of substrate ubiquitination and

as described below, the regulation of complex assembly

[52,54,65,67–71].

Rather than a passive assembly or maturation step,

Nedd8/Rub1 conjugation is dynamic. An entity called the

COP9/signalosome or the CSN, first discovered in plants as a

repressor of photomorphogenesis [72], catalyzes cleavage of

Nedd8 from cullins [73]. The catalytic activity of the Csn5/

Jab1 subunit, a metalloprotease with a JAMM motif, is

required for this step [74]. The CSN is a multiprotein

complex that resembles both the proteasome lid and the

translation initiation factor eIF3, and is implicated in a

number of disparate functions including photomorphogene-

sis, cell cycle progression, proteolysis, phosphorylation,

signal transduction, transcriptional activation, and nucleo-

cytoplasmic transport [72]. Many CSN functions are likely

accounted for by effects on cullin activity. For instance, in

Arabidopsis the CSN is required for SCFTir1 to mediate

responses to the hormone auxin and for SCF-dependent steps

in flower development [75,76]. Although CSN mutants

accumulate hyperneddylated cullins, this effect is accom-

panied by attenuated rather than enhanced SCF function,

implying that SCF activity in vivo depends on active cycles

of Nedd8/Rub1 modification [72,73].

Insight into one molecular role of Nedd8/Rub1 mod-

ification has emerged from analysis of a recently discov-

ered SCF-associated protein, originally named Tip120A for

its association with TATA binding protein (TBP) in

transcription complexes, and renamed Cand1 [77–80].

Cand1 binds to the unmodified cullin–Rbx1 complex and

occludes Skp1, thereby preventing SCF assembly. Con-

versely, Nedd8 modification blocks the Cand1 interaction

and thereby stabilizes the active Skp1–Cul1–Rbx1 com-

plex. Because Cand1 can dissociate Skp1 and Nedd8 can

dissociate Cand1, the inactive and active complexes exist

in equilibrium [77]. Consistent with this model, knock-

down of Cand1 by RNAi in vivo increases the cellular

content of Skp1–Cul1 complexes [77,78]. However,

genetic evidence in Arabidopsis suggests that Cand1 is

also a positive regulator of SCF function [81,82]. The

negative and positive roles of Cand1 in regulating SCF

might be reconciled if Cand1 serves in part to limit ectopic

autoubiquitination of F-box proteins, which if allowed to

run amok would deplete F-box protein pools. Finally,

multiple proteasome subunits appear to associate with

Tip120A [83], perhaps reflecting a role for Cand1 in

recycling of inactive SCF complexes.

http://smart.embl%1Eheidelberg.de/
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4. Other SCF interactions

Several other interaction partners for SCF complexes

have been described. An auxiliary SCF subunit called Sgt1

was first discovered genetically in yeast as a suppressor of

skp1ts defects [84]. Like Skp1, Sgt1 physically interacts

with both SCF subunits and with the CBF3 kinetochore

complex, and in turn is required for CBF3 function and for

full activity of the SCFCdc4 complexes [84]. In addition,

Sgt1 homologs have been linked to the induction of plant

pathogen resistance and auxin regulation by SCF pathways

[85–87]. However, Sgt1 may not be a core SCF subunit as it

does not exhibit the full spectrum of scf mutant phenotypes.

Indeed, recent evidence suggests that Sgt1 may be a co-

chaperone for Hsp90 [88]. Consistently, formation of the

Skp1–Ctf13 complex requires Hsp90 activity [89].

In a functional downstream connection in ubiquitin-

dependent proteolysis SCF subunits, and indeed other

unrelated E3 components, associate with the 19S regulatory

cap of the proteasome [90,91]. Moreover, a specific

connection to SCF complexes is mediated by the protea-

some binding protein Cic1 [92]. Both Cdc4 and Grr1, which

are normally unstable due to SCF-dependent autoubiquit-

nation [93,94], become stabilized in a cic1D mutant strain

[92]. Substrates may thus be channeled directly from the E3

to the proteasome. In addition to enhancing substrate flux,

these connections are probably critical for E3 regeneration,

given the ability of the proteasome to selectively strip

ubiquitinated subunits from multiprotein complexes [95,96].
5. The cullin–RING ubiquitin ligase superfamily

The cullin–RING-adaptor theme is recapitulated in at

least five other related multisubunit ubiquitin ligases (Fig. 4,

Table 1). The complex permutations and combinations of

the SCF-like ubiquitin ligases belie a coherent nomencla-

ture. Although some standardizations have been proposed,

such as SCF1 for Cul1 complexes, SCF2 for Cul2

complexes and so on [97], none are as yet uniformly

accepted. For clarity of discussion here, with the exception

of the APC/C, we designate SCF-like complexes according

to the original SCF nomenclature, based in order on the

Skp1-like linker, the cullin and the adaptor class. Where

necessary, homologs of the different core subunits are

designated by their gene name and number, with the original

gene set as the default. For example, an EloC–EloB–Cul2–

Rbx1–SOCS box protein complex is termed EC2S, followed

by the name of the SOCS-box protein in superscript.

5.1. APC/C

Many insights into the ubiquitin system have come from

investigation of the Anaphase Promoting Complex/Cyclo-

some (APC/C), the E3 complex that controls the M/G1

transition though ubiquitination of cyclins and other mitotic
effectors. As the APC/C has been extensively reviewed

elsewhere [14,98], we limit our discussion to overall

similarities between the SCF and APC/C. That the cullin–

RING architecture might be a recurrent motif in E3

construction came with the discovery that the APC/C

contains a cullin-like subunit called Apc2 and a RING-H2

subunit Apc11 [46,47]. This notion was consolidated upon

subsequent discovery of Rbx1 as a core subunit of the SCF

complex [32–36]. As for SCF complexes, the core catalytic

activity of the APC/C resides in the Apc2-Apc11 duo,

which exhibits nonspecific ubiquitin ligase activity

[99,100]. Moreover, like SCF complexes, the APC/C targets

different classes of substrates via association with one of at

least three different variable subunits, namely Cdc20/Fzy,

Cdh1/Hct1/Fzr and the meiosis-specific protein Ama1

[14,98,101]. All three APC/C adaptors contain WD-40

repeats, although substrate recognition depends on other

regions as well [102]. Cdc20 and Cdh1/Hct1 bind substrates

directly through short motifs called the D-box and the KEN-

box, respectively [103–106]. Despite overall similarity to

SCF complexes, the APC/C differs in other respects as it

contains at least 11 subunits, none of which are recognizable

as an Skp1/EloC homolog [46,47]. Furthermore, APC/C

activity is primarily controlled at the level of complex

assembly, rather than substrate level modification

[14,98,102]. Lastly, unlike other cullins, Apc2 is not

modified by Nedd8. The distant relationship between the

SCF and APC/C nevertheless presaged the existence of

other cullin–RING ubiquitin ligase complexes.

5.2. EC2S

A closely related class of SCF-like enzymes is built on the

ElonginC (EloC)–Cul2 core complex, analogous to the

Skp1–Cdc53/Cul1 duo. EloC was originally isolated as a

part of a transcriptional elongation complex that also

contains the ubiquitin-like protein Elongin B (EloB), which

binds tightly to EloC, and a SOCS-box containing protein

Elongin A (EloA) [107]. In a manner analogous to the Skp1–

F-box protein interaction, EloC binds to a family of substrate

specific adaptors that contain a motif called the Suppressor

of Cytokine Signaling (SOCS)-box, which forms a binding

site for EloC, and variety of substrate specific protein

interaction domains [108]. The prototype EC2S complex is

based on the Von Hippel–Lindau (VHL) tumour suppressor

protein, which targets the hypoxia-responsive transcription

factor HIF-1a for degradation under normoxic conditions

(see below) [109]. The F-box and the SOCS-box exhibit

strict specificity for their cognate cullins [110,111]. Unlike

the usual N-terminal position of the F-box, the SOCS-box

typically resides at the C-terminus. Despite these differences,

crystal structures of the VHL–EloB/C complex and the

Skp1-Skp2 complex reveal that the EloC-SOCS-box and

Skp1-F-box interfaces are topologically related (see below).

Other SOCS-box proteins also have associated ubiquitin

ligase activity [112–114]. Further details of the EC2S
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ubiquitin ligase family have been extensively reviewed

[108].

5.3. BC3B

A recent variation on the SCF theme has emerged from

several simultaneous findings that Cul3 and Rbx1 form

ubiquitin ligase complexes with BTB domain containing

proteins. Significantly, a BTB domain fold is embedded

within the EloC and Skp1 structures [115,116]. In an

interesting variation on SCF complex architecture, BTB

proteins combine a Skp1-like adaptor domain and a

substrate recognition domain in a single polypeptide [117].

These complexes are termed BC3B ubiquitin ligases, for

BTB–Cul3–BTB, reflecting the dual contribution of the

BTB protein. Two hybrid screens uncovered 11 BTB

protein partners for CUL-3 from nematodes [97], while

analogous screens uncovered 13 BTB protein partners for

human Cul3 [118]. In parallel, purification of Cul3/Pcu3

complexes from the fission yeast S. pombe captured all three

predicted BTB domain proteins, called Btb1, Btb2 and Btb3

[119]. BTB proteins contain a host of protein interaction

domains, including MATH, Kelch and ANK domains [117].

A number of small BTB proteins do not have an obvious

interaction domain, and may serve different functions,

perhaps including interference with the assembly of func-

tional BC3B complexes [97]. As for Skp1–Cul1 and EloC–

Cul2 subcomplexes, the specificity for the BTB domain is

dictated by the N-terminal residues of Cul3 [97,120]. The

best characterized BC3B complex is based on the C. elegans

BTB protein MEL-26, which targets MEI-1/katanin for

degradation at the end of meiosis (see below). The BC3B

system has recently been elaborated to human cells with the

discovery that the BTB protein Keap1 targets the pro-

survival transcription factor Nrf2 for degradation under non-

stress conditions [121]. The possible functions of BTB

domains in mitosis, cytoskeletal control and transcription

have been reviewed recently [117].

5.4. Other cullin complexes

Three other cullin-based E3 complexes have been

partially characterized. It has been discovered that several

SOCS-box proteins that bind Cul2, including VHL, can also

bind Cul5 [122]. At least one SOCS-box protein, an LRR-

containing protein called Muf1, binds exclusively to Cul5 to

form an active EC5S
Muf1 complex [122]. Cul4A also

appears to participate in multiple ubiquitin ligase com-

plexes. The human homolog of de-etoilated-1, a negative

regulator of photomorphogenesis, associates with Cul4A,

Ddb1, Roc1 and a protein called constitutively photo-

morphogenic-1 to target the proto-oncogenic transcription

factor Jun for ubiquitin-dependent proteolysis [123]. Cul4A

regulates nucleotide excision repair by targeting a protein

that binds damaged DNA, called Ddb2, and the Cockayne

Syndrome protein CSA, both of which interact with Ddb1
[124–126]. Human Cul4A is also implicated in DNA

replication control through degradation of the initiation

factor Cdt1 [127]. In fission yeast, Cul4A/Pcu4 regulates

DNA replication through degradation of Spd1, a nuclear

retention factor for ribonucleotide reductase [128]. Finally, a

more recently identified cullin, Cul7, forms an SCF-like

ubiquitin ligase with Roc1, Skp1 and the F-box protein

Fbw6/Fbx29 [48]. Although the targets of SC7F
Fbx6 are not

known, Cul7�/� mice die at birth of severe vascular defects

[129]. Most, if not all, cullins thus function as ubiquitin

ligases that target substrates via dedicated adaptor subunits.

5.5. Non-cullin complexes

A number of variant complexes appear to have abstracted

some but not all subunits from cullin-based ubiquitin

ligases. In addition to its primary role in SCF complexes,

Skp1 also has cullin-independent roles in yeast through its

association with Ctf13 in the CBF3-kinetochore complex

[25,130], its interactions with non-Fox-box proteins Rav1

and Rav2 in the vacuole-associated RAVE complex [131],

and its association with the F-box protein Rcy1 in regulation

of vesicle trafficking [132,133]. In metazoans, the F-box

protein Emi1, which is an inhibitor of the APC/C (see

below), interacts with Skp1 but apparently not with other

SCF core subunits [134]. Skp1 is thus a general adaptor for

protein interactions. Diversification of subunit function has

also occurred for other SCF-like complexes. For example,

aside from its substrate recruitment role in the EC2S
VHL

complex, VHL appears to modulate deposition of the

fibronectin matrix [135] and also directly stabilize micro-

tubules [136]. A distinct mutational hotspot that compro-

mises this latter function predisposes to haemangioblastoma

and pheochromocytoma, as opposed to renal carcinomas

caused by mutations that disrupt the VHL–HIF-1a inter-

action [136]. It is also likely that many BTB domain

proteins have non-proteolytic functions. In particular, a

number of bona fide transcriptional regulators contain BTB

domains, usually in conjunction with the common class of

C2H2 zinc finger domains that bind DNA, but it is not

known whether Cul3 interacts with or affects the activity of

these factors [137].

A class of E3 enzymes based on Skp1, F-box proteins,

RING domain proteins and Sgt1-like proteins has also

begun to emerge. An Sgt1-like protein called SIP has been

discovered in complexes with the human homolog of the

RING-domain protein seven in absentia (Sina), called Siah,

Skp1 and a putative WD40 repeat-containing F-box protein

called Ebi [138,139]. In human cells, it appears that Ebi

recognizes and ubiquitinates h-catenin in parallel to the

phosphorylation-dependent SCFh-TrCP pathway (see below).

Because Siah expression is induced by genotoxic stress in a

p53-dependent manner, it may help restrain proliferation

under such conditions [138,139]. The Siah-based complex is

subtly re-wired in Drosophila where Sina and Ebi catalyze

ubiquitination of Ttk, a transcriptional repressor that
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functions downstream of Ras/EGFR in eye development

[140]. Rather than Ebi, another adaptor protein, Phyllopod,

appears to recruit Ttk to Sina for ubiqutination; because

Phyllopod expression is induced by Ras, the pathway

responds at the appropriate time in eye development to

eliminate Ttk [141]. Ebi also impedes entry into S-phase in

neuronal precursor cells [142], and serves in the EGFR

pathway, where it eliminates another transcriptional

repressor, Suppressor of Hairless (SuH) [143]. A degron

for the Sina/Siah family of E3s has recently been determined

[144]. While the precise architecture of Sina/Siah complexes

remains to be worked out, the fact that the cullin–Rbx1

subunits can apparently be replaced by another RING

domain protein again attests to the malleable nature of

multisubunit E3 enzymes.
6. Budding yeast SCF complexes and substrates

The budding yeast system has been in the vanguard for

deciphering the principles of SCF-dependent regulation,

beginning with the original concept that selectivity is

determined by association of different F-box proteins with

the SCF core complex [24]. Budding yeast contains at least

21 known or predicted F-box proteins, most of which are of

unknown function (Figs. 1 and 2). Here, we briefly describe

the best understood examples of yeast SCF complexes, their

corresponding substrates and mode of regulation.

6.1. SCFCdc4

Budding yeast SCFCdc4 targets a number of important

regulatory proteins, including the CDK inhibitors Sic1 and

Far1, the replication protein Cdc6 and the transcription

factor Gcn4 [12]. From the inception of the SCF field, Sic1

has served as a model substrate, such that the mechanics of

its recognition by Cdc4 are understood in considerable

detail. As described, Sic1 is a B-type cyclin-Cdc28 inhibitor

that is crucial for the establishment of the CDK-free window

in G1 phase, which in turn is necessary for assembly of pre-

replicative origins of DNA replication [15,145–148]. In late

G1 phase, Sic1 is targeted to Cdc4 upon its phosphorylation,

primarily by Cln1/2–Cdc28 kinases, with possible contri-

butions from other CDK enzymes [15,16,149–153]. At the

end of mitosis, Sic1 is reexpressed and maintained in an

unphosphorylated stable state by the anti-CDK phosphatase

Cdc14, which is activated by the mitotic exit network

[154,155]. Defects in Sic1 degradation preclude DNA

replication, as occurs in scf mutants, whereas cells that lack

Sic1 exhibit a high degree of genome instability because of

incomplete loading of origins of DNA replication in G1

phase [15,156]. Sic1 is thus a linchpin in the control of

replication origins by CDK activity (Fig. 5A) [148].

Sic1 contains nine consensus CDK phosphorylation

sites, seven of which are located in a necessary and

sufficient N-terminal targeting domain of ~90 residues
[157]. Sic1 appears to entirely lack secondary structure

regardless of its phosphorylation status [158]. The C-

terminal inhibitory domain of Sic1 presumably acquires

secondary structure when it binds to Clb–Cdc28 complexes,

as is the case for the mammalian CDK inhibitor p27 [159].

In contrast to well-studied phosphorylation-dependent inter-

actions in which phosphorylation on a single site generates

dedicated binding epitope [160], at least six CDK sites on

Sic1 must be phosphorylated in order for Cdc4 binding to

occur [158]. The dramatic transition in binding between five

and six phosphorylation events is independent of which

sixth site is phosphorylated, and operates both in vitro and

in vivo. Exploration of the sequence space for high affinity

binding of short peptides to Cdc4, beginning with a high

affinity site derived from human cyclin E, yielded a

consensus binding site termed the Cdc4 Phospho-Degron

(CPD), I/L-I/L/P-pT-P-hK/Ri, where hi indicates disfavored
residues [158]. Surprisingly, basic residues in the +2 to +5

position of the CPD, which perfectly conform to the

consensus for an optimal CDK phosphorylation site [161],

are highly non-optimal for interactions with Cdc4 (Fig. 6A).

In addition, endogenous Sic1 sites contain mismatches to

preferred bulky hydrophobic residues at the �1 and �2

positions. The consensus CPD sites thus binds Cdc4 with ~1

AM affinity, whereas naturally occurring Sic1 sites bind

weakly if at all [158]. The structural basis for these unusual

interaction properties is elaborated below.

The deliberate selection against Sic1 sites explains why

multiple phosphorylation events are required for the Sic1–

Cdc4 interaction. Critically, if individual phosphorylation

events are distributive rather than processive, as appears the

case, the interaction must exhibit a sixth order dependence

on kinase concentration, provided that a competing

phosphatase back reaction occurs [158,162]. In turn, this

dependence generates a sigmoidal dose–response curve,

sometimes referred to as ultrasensitivity [162]. That is,

gradual increase in kinase activity can lead to a sudden

increase in Sic1 degradation (Fig 6B). Ultrasensitivity is a

crucial nonlinear property of many signaling pathways, as

for example in the MAPK-based pathway that dictates

Xenopus oocyte maturation [162,163]. Ultrasensitivity in

Sic1 degradation has two main ramifications. First, because

a high level of kinase activity is mandated, elimination of

Sic1 is rendered resistant to random fluctuations in kinase

activity, i.e., biochemical noise, that might otherwise

trigger premature replication, or worse, local re-replication.

Second, the sigmoidal response curve ensures Sic1 is

eliminated over a narrow range of kinase concentration.

These ideas were tested by re-engineering Sic1 such that all

of the multiple endogenous non-optimal CPD sites within

Sic1 were replaced with a single optimal CPD site [158]. A

single CPD motif indeed allows efficient Sic1 degradation,

but because the single site is no longer resistant to

fluctuations in kinase activity, many cells eliminate Sic1

prematurely, with resultant genome instability [158]. As

numerous other SCF substrates require multiple phosphor-



Fig. 5. Examples of SCF pathways in yeast. (A) Sic1 and control of DNA replication by CDK activity. See text and [22,148] for details. (B) Far1 mediates G1

arrest and polarization in the mating response. See text and Ref. [447] for details. Phosphorylation by Cln–Cdc28 and/or Fus3 targets Far1 to SCFCdc4, while

autophosphorylation targets Cln1/2 to SCFGrr1. (C) Met4-dependent gene regulation. Under methionine limitation, Met4 is recruited toMET gene promoters by

the Cbf1–Met28 and Met31–Met32 complexes, where it activates transcription. Under conditions of methionine excess, Met4 is targeted to SCFMet30, largely

through Met4-dependent control of MET30 expression. In minimal medium, Met4 appears to be polyubiquitinated and degraded, whereas under rich nutrient

conditions, Met4 is dissociated from transcriptional complexes by SCFMet30-dependent oligoubiquitination. Under the latter conditions, Met4 is still able to

activate some genes, most notably SAM1 which is essential for AdoMet production in rich medium.
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Fig. 6. Multisite phosphorylation of Sic1 drives its recognition by Cdc4. (A) Optimal Cdc4 phosphodegron (CPD) sequence, where hi indicates disfavored
residues, and suboptimal natural CPD sites in Sic1. Mismatches to the CPD are shown in grey; phospho-Thr is favored over phospho-Ser in model peptide

studies [158]. (B) Distributive multisite phosphorylation engenders a cooperative or ultrasensitive response, as opposed to the predicted Michelian hyperbolic

response for single site interaction. Ultrasensitive responses are resistant to noise and confer switch-like behavior. See Ref. [162] for details. (C) Model for high

affinity interaction of multisite phosphorylated Sic1 with Cdc4. Rapid rebinding of phospho-Sic1 at redundant low affinity sites is highly favored over diffusion

away from Cdc4. See Ref. [437] for details.
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ylation events for recognition, this model may be broadly

applicable.

A second budding yeast CDK inhibitor, Far1, is also

targeted to SCFCdc4 by Cln–Cdc28-dependent phosphor-

ylation [164]. Upon pheromone stimulation, the MAPK

Fus3 phosphorylates and activates Far1 to inhibit Cln–

Cdc28 kinases and thereby impose a G1 phase arrest

[165,166]. Because Far1 specifically inhibits the Cln–

Cdc28 kinases, an inherent antagonism engenders an all or

none response to mating pheromone—either Cln–Cdc28

kinases are inhibited by Far1, leading to G1 arrest, or Far1 is

targeted for degradation by Cln2–Cdc28 kinase-dependent

phosphorylation, leading to recovery from G1 arrest (Fig.

5B). In addition to its role as a CDK inhibitor, Far1 serves as

a scaffold protein for several membrane associated factors

that drive polarized morphogenesis towards the mating

partner [167]. In spite of its predominant localization in the
cytoplasm during mating, Far1 actively shuttles between

compartments [168], such that its degradation occurs

exclusively in the nucleus by virtue of the nuclear local-

ization of Cdc4 [169]. Although mutation of a single

phosphorylation site in Far1, Ser87, results in considerable

stabilization and increased sensitivity to pheromone

[170,171], multiple other suboptimal CPD sites also appear

to contribute to Far1 recognition (G. Chen and M.T.,

unpublished data). Because Fus3 is a proline-directed kinase

and thus able to phosphorylate CPD-like sequences,

activation and degradation of Far1 may be coupled events,

perhaps dependent on the integration of signals from Cln–

Cdc28 and Fus3.

Another Cdc4 substrate, Cdc6, establishes pre-replicative

complexes at chromosomal origins of DNA replication in

G1 phase cells [148]. Cdc6 is highly unstable in vivo, with

different dependencies at different cell cycle positions
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[172,173]. Both SCFCdc4 and multiple CDK phosphoryla-

tion sites on Cdc6 are required for its degradation

throughout most of the cell cycle [172–175]. Cdc6

instability in late G1 and S phase is dictated by Cln–

Cdc28-mediated phosphorylation on N-terminal CDK sites,

while later in G2/M phase degradation requires Clb–Cdc28-

dependent phosphorylation on C-terminal CDK sites

[173,175]. These alternate modes suggest that recognition

of Cdc6 by Cdc4 may be affected by changes in

conformation or steric accessibility resulting from cell

cycle-regulated Clb–Cdc6 interactions [175]. Prior to Start,

Cdc6 degradation proceeds by a mysterious route that is

independent of CDK, SCF and APC/C activity [173]. Cdc6

degradation is one of several redundant mechanisms that

prevent DNA re-replication, including phosphorylation of

origin recognition complex (ORC) subunits, nuclear exclu-

sion of Mcm replication proteins and binding of Clb5 to

Orc6 [176,177].

A final well-characterized Cdc4 substrate, Gcn4, is a

transcriptional activator of amino acid biosynthetic genes. In

non-starvation conditions, Gcn4 is rapidly degraded by

SCFCdc4 [178]. Two different cyclin-dependent kinases,

Pcl5–Pho85 and Srb10–Srb11, phosphorylate Gcn4 and

thereby dictate its instability [179–181]. Gcn4 contains a

high affinity CPD site at Thr165 [158], mutation of which

partially stabilizes the protein [179], and four weak CPD

sites, all of which must be eliminated for full stabilization

[180]. The Cdc4 recognition mechanism is thus highly

tunable, such that the number and nature of CPD sites can

be varied, as can the targeting proline-directed kinases.

6.2. SCFGrr1

Two of the primary substrates for SCFGrr1 are the G1

cyclins Cln1 and Cln2, both of which are recognized upon

Cdc28-dependent autophosphorylation on multiple sites

[18,19]. Consistent with this autocatalytic targeting mech-

anism, Cln2 is unstable throughout the cell cycle, including

in pre-Start G1 cells [182]. Grr1 was identified in a genetic

screen for mutants defective in Cln1 degradation [26], and

later shown to form an SCF complex with specific activity

towards phospho-Cln1 and -Cln2 [29,31,33,183]. Basic

surface residues in the LRR-domain of Grr1 are crucial for

recognition of phospho-Cln2, although the precise Grr1

phosphodegron and how it might differ from the Cdc4

phosphodegron has yet to be defined [184,185]. The

presumptive F-box protein for Cln3, which appears to be

targeted in a Cdc34-dependent manner [17], has not been

identified. At the G1/S transition, SCFGrr1 also catalyzes

ubiquitination of Gic2 which, together with its homolog

Gic1, is a downstream effector of the Rho-related GTP-

binding protein Cdc42 that initiates polarization of the actin

cytoskeleton during bud emergence [186]. Gic2 instability,

and probably that of Gic1, depends on its phosphorylation

by an unknown kinase, an event which occurs only when

Gic2 is activated by Cdc42 [186]. The coupling of Gic2
activation and proteolysis probably serves to restrict Gic2

activity to a narrow window in G1 phase [186].

In addition to its cell cycle functions, Grr1 regulates

transcriptional responses required for nutrient adaptation,

including induction of glucose transporters encoded by the

HXT genes [187]. The complex pathway whereby Grr1

controls HXT gene expressed has recently been resolved.

Upon glucose stimulation, Grr1 catalyzes the elimination of

a protein called Mth1, which normally prevents the

phosphorylation of a repressor of HXT genes called Rgt1

[188]. Once phosphorylated, Rgt1 no longer binds to

promoter DNA, thereby allowing transcriptional activation

[188,189]. In the first example of regulation at the level of

SCF assembly, the Skp1–Grr1 interaction is abrogated by

glucose [183]. Finally, Grr1 is also implicated in the

induction of amino acid permease genes [190].

6.3. SCFMet30

Met30 is an essential WD40 repeat containing F-box

protein that was originally identified as a repressor of

methionine biosynthesis genes [191]. MET gene expres-

sion is controlled by recruitment of a transcriptional

activator, Met4, which is tethered to DNA via its

interactions with various DNA binding subunits (Fig.

5C) [192]. Under conditions of methionine excess,

SCFMet30 inactivates the transcriptional activator Met4

[31,193]. The effects of ubiquitination on Met4 are

complex. Under minimal medium conditions, methionine

causes the rapid polyubiquitination and elimination of

Met4 via the conventional proteasome-dependent route

[193]. In contrast, in rich medium in the presence of

methionine, Met4 is oligoubiquitinated and inactivated

without protein degradation [194]. The mechanism of this

effect appears to involve disruption of protein interactions

on promoter DNA, as oligoubiquitinated Met4 does not

cross-link to MET gene sequences even though all Met4

remains in the nucleus in repressive conditions [195].

This complex dual mode of regulation has apparently

evolved to enable expression of the S-adenosylmethionine

(AdoMet) synthetase encoded by SAM1, and perhaps

other genes, in rich medium [195]. In contrast to cells

grown on minimal medium, in rich medium, production

of AdoMet is limiting for growth. How the fate of Met4

is switched between degradation and oligoubiquitination

depending on growth conditions remains an unsolved

puzzle. Unlike the conditional phosphodegrons recognized

by Cdc4 or Grr1, Met30 appears to recognize Met4

constitutively via a primary sequence element [196].

Instead, changes in MET30 expression, which is under

Met4 control, help govern the level of Met4 activity in a

negative feedback loop [193,197]. Also, unlike other SCF

substrates such as Sic1, Met4 appears to ubiquitinated on

a single lysine residue [198]. In an intriguing cell cycle

connection, Met4 down-regulation appears to be the

essential function of Met30 for the G1/S transition,
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presumably because unbridled Met4 activity leads to

expression of one or more genes that antagonize Start

[196]. Met30 has also been linked to phosphatidylserine

transport to mitochondrial membranes, although the

mechanism underlying this effect remains to be elucidated

[199].

6.4. Other fungal SCF complexes

Most of the other 21 identifiable budding yeast F-box

proteins interact with Skp1, Cdc53 and Rbx1 [39,200].

Although many of these F-box proteins initially appeared

not to bear protein interaction domains [12], close

sequence inspection reveals that at least six additional

F-box proteins contain cryptic LRR repeats (for a total of

11 LRR containing F-box proteins), suggesting that their

structure indeed conforms to the F-box hypothesis (Fig.

2). However, with few exceptions, deletion of most F-box

protein genes in yeast causes little or no phenotype. The

F-box protein Dia2/Fcl1 may have minor role in turnover

of ectopically expressed cyclin E [201], and is required

for maintenance of genome integrity (D. Blake and M. T.,

unpublished). An F-box protein called Ufo1 targets the Ho

endonuclease, which effects the double stranded break

needed to initiate mating type switching, for elimination in

a manner that depends on Mec1 and other components of

the DNA damage response [202]. The F-box protein

Mdm30 appears to prevent mitochondrial aggregation by

regulating the levels of Fzo1, a GTPase that catalyzes

mitochondrial fusion [203]. Finally, a protein that contains a

cryptic split F-box motif, called Cst13/Amn1, inhibits the

mitotic exit network [204]. Although it is unclear whether

Amn1 actually forms an SCF complex, the protein does

contain LRRs that may target potential substrates (Fig. 2). In

addition to directing substrate ubiquitination, most F-box

proteins appear to undergo auto-ubiquitination reactions,

possibly as a means to ensure sufficient amounts of the SCF

core complex are available for productive substrate inter-

actions [93,94,200].

Several fission yeast F-box proteins have been charac-

terized. The equivalent of SCFCdc4, called the SCFPop1/2

complex, catalyzes phosphorylation-dependent ubiquitina-

tion of the Cdc6 homolog, Cdc18, and of the Sic1 analog,

Rum1 [205–208]. In contrast to redundant replication

control in budding yeast, stabilization of Cdc18 by mutation

of CDK consensus phosphorylation sites is sufficient to

induce re-replication [209]. SCFPop1/2 activity in vivo

requires heterodimerization of Pop1 and Pop2 [208]. As

homomeric complexes exhibit ubiquitin ligase activity in

vitro, heterodimerization with Pop2 may function in part to

localize Pop1 to cytoplasmic targets [210]. Pop1/2 also

mediate degradation of the S-phase cyclin Cig2 in a

phosphorylation-dependent manner [210,211]. The only

other fission yeast F-box protein to be characterized to date

is Pof3, a homolog of Dia2/Fcl1 that is also implicated in

genome stability [212].
Analysis of sulfur metabolism pathways in Neurospora

crassa has revealed the equivalents of Skp1 and Met30,

called Scon-3 and Scon-2, respectively [213,214]. Sim-

ilarly, in Aspergillus nidulans the equivalent factors are

SconC and SconB, respectively [215,216]. The F-box

motif was in fact first noted in comparisons of Scon-2

homologs, but its significance at the time was not

appreciated [217]. The only other characterized F-box

protein in these species is a Cdc4 homolog in N. crassa,

called FWD1, which is required for degradation of the

circadian clock protein FRQ [218].
7. A survey of metazoan cullin complexes and substrates

Several mammalian SCF-like pathways, each of

which has its own subtleties, are now understood in

detail. As in yeast, substrate recognition generally

depends on substrate level modification, but in addition

to phosphorylation, substrate hydroxylation and glyco-

sylation, and the presence of additional protein co-

factors, have been found to dictate recognition. Here we

briefly review the best-characterized metazoan SCF and

SCF-like complexes, with emphasis on mammalian

systems.

7.1. SCFb-TrCP

The first SCF pathway dissected in detail in mamma-

lian cells is based on the WD40 repeat containing F-box

protein h-TrCP [219]. Initial studies revealed that h-TrCP
catalyzes the phosphorylation-dependent ubiquitination of

both the NFnB inhibitor InBa, as targeted by the IKK

kinases, and the proto-oncogenic transcription factor h-
catenin, as targeted by the GSK3/adenomatous polyposis

coli/axin complex [220–222]. All known substrates of h-
TrCP contain a close match to the canonical DSGXXS

motif, originally identified in InBa, within which both

serine residues must be phosphorylated for efficient

recognition [220]. Homodimeric SCF complexes contain-

ing either of the two known isoforms, h-TrCP1 or h-
TrCP2, mediate ubiquitination of InBa, the degradation

of which frees the associated NFnB to translocate into the

nucleus and activate transcription of pro-inflammatory

and survival genes [219,223]. Subsequently, it was

discovered that ubiquitination of the p105 NFnB isoform

by SCFh-TrCP enables limited proteolytic processing of its

C-terminus by the 26S proteasome to liberate the

transcriptionally competent p65 isoform [224,225]. In

the first example of viral subversion of a host SCF

pathway, the HIV-encoded protein Vpu was found to

couple the membrane protein CD4 to h-TrCP, again in a

phosphorylation-dependent manner [226]. In further tran-

scriptional connections, h-TrCP mediates the phosphor-

ylation-dependent elimination of ATF4, a cAMP-

dependent transactivator of the bZIP class [227], and
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the TGF-h activated transcription factors, Smad 3 and

Smad4 [228,229]. Finally, the repertoire of h-TrCP
substrates has recently been expanded to include two

critical cell cycle regulators, namely the Cdc25A phos-

phatase, which activates S-phase CDK complexes to

enable DNA replication, and Emi1, the F-box protein

that inhibits the APC/C by binding to the Cdc20 subunit

(see below) [230–232]. Mice that lack h-TrCP-1 are

viable due to compensation by h-TrCP-2, but nevertheless
have various mitotic and meiotic defects, including

accumulation of Emi1 [233]. Further aspects of h-TrCP
function and regulation have been reviewed recently

[234].

7.2. SCFSkp2

Skp2 is an LRR-containing F-box protein with pleotropic

functions in cell cycle control, whose targets include the

transcription factor E2F-1, the CDK inhibitors p27, p21Cip1

and p57Kip2, the origin recognition subunit hOrc1, the

replication initiation factor Cdt1, the Rb-related tumour

suppressor p130 and the proto-oncogenic transcription

factor Myc. E2F-1 is one of several E2F family members

that drives gene expression at the G1/S transition [235] and

the first potential substrate assigned to Skp2. SCFSkp2 binds

E2F-1, and moreover forms of Skp2 that lack the F-box

stabilize E2F-1, presumably by sequestering it from

endogenous Skp2, although indirect effects cannot be ruled

out [236]. SCFSkp2 activity appears to be a limiting factor in

E2F-1 degradation since additional Cul1 dosage stimulates

the formation of ubiquitinated forms of E2F-1 [236]. It

appears that E2F-1 stability is determined both by the

availability of Skp2, which is itself cell cycle-regulated with

a peak in S-phase, and by the binding of E2F-1 to Rb, which

may prevent its recognition by SCFSkp2 [237–239]. In spite

of the above findings, E2F-1 does not accumulate in Skp2�/�

mice [240], suggesting other levels of regulation or another

pathway may also target E2F-1 for degradation.

The best characterized substrate of SCFSkp2 is the CDK

inhibitor p27, the degradation of which is critical for entry

into S-phase. In fact, p27 is a dosage-dependent barrier for

cell cycle progression since it is a haplo-insufficient tumour

suppressor [241]. Initial work showed that recognition of

p27 by SCFSkp2 requires CDK-dependent phosphorylation

of p27 on Thr187 [242–245]. p27 is stabilized in Skp2�/�

mice and, probably as secondary consequence of p27-

dependent inhibition of Cdk2 activity, cyclin E is also

stabilized [240]. Unexpectedly, p27 degradation also

requires binding to Cks1, an essential component of CDK

complexes that binds to the C-terminal lobe of Cdk kinases.

Biochemical purification of an activity that potently

stimulated p27 ubiquitination in vitro yielded Cks1 [246],

while parallel studies of Cks1�/� mice revealed cell cycle

misregulation that was traced to accumulation of p27

[247]. Like Skp2, Cks1 is cell cycle-regulated with a peak

in G1 phase, such that p27 elimination is not enabled
until the G1/S transition [247]. Skp2, Cks1 and phospho-

p27 form a trimeric complex, in which Cks1 binds tightly

to Skp2, thereby increasing the affinity of Skp2 for the

pThr187 epitope, by an allosteric effect [248] and via

contributions from an anion-binding pocket on Cks1 [249–

251]. p27 degradation entails additional complexities as

genetic analysis of cells from mice bearing a Thr187Ala

mutant allele of p27 revealed that while p27 degradation in

S/G2 phase is indeed Thr187 dependent, its instability in G1

phase is Thr187 independent, though still Skp2- and

phosphorylation-dependent [252]. A differentially spliced

variant called p27Kip1R, in which the C-terminal region

containing Thr187 is removed, is stabilized at all points in

the cell cycle, suggesting that determinant(s) responsible for

Thr187-independent instability also reside in the last 36

amino acids [253]. Further complexities have been revealed

by analysis of the Xenopus p27 homolog, Xic1, whose

degradation depends not on CDK-dependent phosphoryla-

tion but on co-recruitment with SCF subunits to pre-

replicative origins on chromatin [254]. The related CDK

inhibitor p21Cip1 is similarly degraded by SCFSkp2 in a

Cks1- and phosphorylation-dependent manner [255], while

genetic evidence suggests that an SCF complex also

eliminates a third family member, p57Kip2 [59].

SCFSkp2 has been implicated in ubiquitination of several

other proteins with critical roles in the G1/S transition.

hOrc1, a subunit of the origin recognition complex, is

degraded via Skp2 after replication initiation as a means to

help ensure once and only once per cell cycle replication of

the genome [256]. The basis for selective recognition of

hOrc1 and not other ORC subunits is not known, but seems

likely to depend on CDK-dependent phosphorylation [256].

Another replication factor, called Cdt1, which like Cdc6

helps license origins, also appears to be targeted for

degradation by Skp2 upon its phosphorylation by CDK

activity [257,258]. Cyclin D-Cdk4/6-mediated phosphory-

lation similarly targets the Rb-related protein p130 to Skp2,

thereby facilitating the onset of S-phase through liberation

of E2F activity [235,259]. Finally, cyclin D is targeted for

ubiquitin-dependent degradation upon its phosphorylation

by Gsk3 [260], in a manner that appears to depend either

directly or indirectly on SCFSkp2 [261,262]. It is not known

if Cks1 or other co-factors are required for recognition of

any of these substrates.

Recent findings indicate that Skp2 helps mediate tran-

scriptional activation by Myc, a potent proto-oncogenic

transcription factor that is overexpressed or subject to

stabilizing mutations in at least 30% of human cancers

[263]. Myc modulates expression of some 10% of the

genome through binding to E box elements, which are

present in many growth responsive genes [264]. In some

circumstances, Myc deregulation alone is sufficient to

rapidly transform normal cells into full-blown aggressive

tumors with near complete efficiency [265]. Oncogenic

variants of Myc often bear stabilizing mutations [266,267],

while in yeast the SCF system has been linked to
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transactivation by synthetic transcription factors [268].

Unexpectedly, SCFSkp2 appears to couple Myc turnover at

promoter DNA to transcriptional activation, effectively

licensing the expression of Myc-responsive genes

[269,270]. The Skp2-Myc interaction was arrived at by

two means. In a surrogate genetic approach in yeast, Myc

was stabilized in grr1D strains and destabilized by

heterologous expression of human Skp2 [269]. In parallel,

a candidate survey of Myc binding partners revealed

interactions with Cul1 and Skp2 [270]. Skp2 binds the

Myc Box II (MBII) and bHLH domains of Myc, apparently

in a constitutive manner. As might be expected for a bona

fide substrate, interference with Skp2 function by either

dominant negative Skp2 or by RNAi partially stabilizes

Myc [269,270]. In an analogous manner, instability and

activity of a Gal4-MBII hybrid depend on Skp2 and,

moreover, overexpression of Skp2 induces Myc-dependent

genes [269]. As predicted by this model, Skp2, Cul1 and

several proteasome subunits associate with chromatin at

Myc-dependent promoters [270]. It appears that coupled

activation and degradation of Myc is crucial for the

biological activity of Skp2 as overexpression of Skp2 in

Myc�/� fibroblasts fails to induce S-phase despite degrada-

tion of p27 [270]. Because SCFSkp2-dependent ubiquitina-

tion of Myc has not been achieved in vitro, it is possible that

Myc recognition may require an unknown cofactor, in the

same manner as p27 recognition requires Cks1. It is likely

that parallel pathways also contribute to Myc activation as

Skp2�/� mice are viable and relatively tumor-free, whereas

Myc is highly tumorigenic when fully deregulated

[240,263]. Because Cul1 itself is a Myc-responsive gene

[271], it is possible that Myc activity is autoregulated by

Cul1 induction, not unlike the Met4-Met30 couple. Finally,

Skp2 also appears to target the growth-regulated tran-

scription factor B-Myb in a manner that depends on cyclin

A [272].

7.3. SCFFbw7

The F-box protein Fbw7 is the human ortholog of Cdc4,

but due to its simultaneous discovery in several systems, it

has several alternate designations including hCdc4, Ago and

Sel10. For simplicity, we use the original designation

assigned by systematic annotation of mammalian F-box

proteins [40,41]. Fbw7 targets a cohort of important

substrates, including cyclin E, Notch, and Myc.

Much like G1 cyclins in yeast, cyclin E is largely

eliminated through a phosphorylation and ubiquitin-depend-

ent pathway. Initial analysis of cyclin E degradation

revealed a requirement for phosphorylation on Thr380, as

mutants lacking this site are stabilized [273,274]. In the first

genetic analysis of a mammalian SCF core component, it

was found that Cul1�/� mice die in early embryogenesis

before the onset of gastrulation with high levels of cyclin E

protein but not mRNA [275,276]. The role of Fbw7 in

cyclin E degradation was discovered in three separate lines
of investigation. A surrogate genetics approach in yeast

revealed that cyclin E instability depends on SCFCdc4,

thereby prompting analysis of the human homolog of Cdc4,

which indeed mediates cyclin E degradation [277]. A

systematic survey of mammalian F-box proteins for their

ability to bind cyclin E, as well as investigation of yeast F-

box proteins capable of targeting cyclin E, also yielded

Fbw7 [201]. Finally, a genetic screen in flies for clones that

over-proliferate uncovered mutations in a gene called

archipelago or ago [278]. Cyclin E accumulates in cells

impaired for Fbw7/hCdc4 function by RNAi, in ago mutant

cells, and in cell lines derived from Fbw7�/� embryos

[201,277–280]. SCFFbw7 binds to and efficiently ubiquiti-

nates phosphorylated forms of cyclin E [201,277]. Intrigu-

ingly, although the Cdc4-cyclin E interaction depends

heavily on phosphorylation of Thr380, phosphorylation on

at least one other site, Thr62, either directly or indirectly

influences cyclin E recognition [277]. The relationship

between different cyclin E phosphorylation events is far

more complex than initially anticipated, as recent evidence

suggests that Thr380 is phosphorylated by Gsk3, perhaps in

combination with Cdk2 [281]. In addition, Cdk2 phosphor-

ylates Ser384, which may help prime Thr380 phosphor-

ylation by Gsk3, and Ser372, both of which affect cyclin E

instability [281]. The requirement for phosphorylation on

multiple sites suggests that cyclin E may be recognized in

multisite manner, as observed for Sic1 and other substrates,

and that multiple signals might converge on cyclin E [281].

In addition to the SCFFbw7 pathway, Cul3 may mediate

phosphorylation independent degradation of cyclin E [282],

although the presumptive BTB adaptor protein for cyclin E

has not emerged.

The primary determinants of Myc instability entail

phosphorylation on Thr58 and Ser62 in the Myc Box 1

(MB1) region, which is a hotspot for oncogenic mutations

[263]. Phosphorylation of these sites depends on multiple

kinases that are in turn governed by Ras activity [283].

Despite compelling effects of Skp2 on transcriptional

activation by Myc, recognition of Myc by Skp2 does not

depend on MB1 [269,270]. This conundrum was solved

with the finding that SCFFbw7 targets Myc for degradation in

a phosphorylation- and MB1-dependent manner [284–286].

Myc contains a close match to the consensus CPD around

the Thr58 site (LPTPP) and is bound and ubiquitinated by

recombinant SCFFbw7 [284,285]. Like cyclin E, Myc is

targeted to Fbw7 by Gsk3 [284,285]. Overexpression of

Fbw7 destabilizes Myc but not the Thr58Ala Ser62Ala

double phosphorylation site mutant, whereas Myc protein

and associated transactivation activity are elevated in cells

that lack Fbw7 [284,285]. Because Myc is not fully

stabilized by loss of Skp2 and Fbw7, it is likely that yet

other degradation pathways help dictate Myc abundance.

In flies, ago mutations cause dMyc accumulation and

induction of a dMyc target gene, while an ago hypomorphic

allele alleviates proliferative defects of a dmyc hypomorph

[286]. The outgrowth of ago clones may arise in part from
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dMyc deregulation, especially given the recent observation

that overexpression of dMyc confers a bsuper-competitorQ
phenotype, in which wild-type clones are rapidly supplanted

by dMyc overexpresssing cells [287,288]. Unlike mamma-

lian Myc, which has an optimal CPD site centered on Thr58,

dMyc appears to harbor multiple weak CPD sites, analogous

to the situation in Sic1 [158,286]. These regulatory differ-

ences underscore the plasticity of substrate recognition

mechanisms by Cdc4/Fbw7/Ago.

Finally, just as yeast Cdc4 has numerous substrates, other

critical regulatory substrates have emerged for Fbw7. The

nematode Fbw7 ortholog SEL-10 was recovered genetically

as a suppressor of hypomorphic mutations in the LIN-12/

Notch transmembrane receptor, which regulates cell fate

[289]. Upon ligand binding, Notch family members are

cleaved by various proteases, including g-secretase/prese-

nilin, whereupon the Notch intracellular domain fragment

(NotchICD) translocates into the nucleus to activate tran-

scription of target genes [290]. The activity of NotchICD

isoforms is attenuated by Fbw7/Sel10, in the expected

phosphorylation-dependent manner [291–293]. Proteasome

inhibition increases the protein levels of intracellular

Notch1, yet decreases transactivation potential [292],

reminiscent of the effects of Skp2 on Myc. SEL-10/Fbw7

is but one of at least four E3 ligases that control Notch

activity [294]. The presenilins themselves, which are

implicated in some forms of Alzheimer’s disease, are also

targeted for degradation by SEL-10 [295,296]. In a further

transcriptional connection, Fbw7 appears to target phos-

phorylated forms of Jun, and thereby triggers neuronal

apoptosis [297]. By virtue of its cohort of critical substrates,

Fbw7 resides at the nexus of growth and cell cycle control.

7.4. SCFFbx2

In an unexpected variation on substrate recognition, the

F-box protein Fbx2 appears to target glycosylated substrates

[298]. Fbx2 specifically binds to proteins bearing N-linked

high-mannose oligosaccharides, but not to unmodified

proteins, and subsequently promotes their ubiquitination

[298]. Known targets of the SCFFbx2 complex, including

pre-integrin h1, CFTR and the TCR-a subunit, are

substrates of the ER-associated degradation (ERAD) path-

way suggesting that SCFFbx2 is involved in protein quality

control through elimination of cytoplasmic glycoproteins

[299]. The polyvalent nature of branched glycosyl moieties

bears interesting parallels to the multisite phosphorylation-

dependent recognition of Sic1 by Cdc4.

7.5. EC2S
VHL

The VHL tumor suppressor protein has been intensely

studied because of its role in angiogenesis and cancer [300].

The hypoxia-inducible transcription factor HIF-1a dimer-

izes with HIF-1h under low oxygen conditions and thereby

induces transcription of hypoxia-inducible genes [300].
Under normoxic conditions, HIF-1a is recognized by the

h domain of VHL, rapidly polyubiquitinated by EC2S
VHL

and degraded by the 26S proteasome [300–304]. The

substrate binding similar to Fbw7, the substrate binding

site in the h domain is a hotspot for tumorigenic mutations,

which heavily predispose to renal cell carcinoma [116].

Consistently, a variant HIF-1a that is immune to VHL

inhibition causes cell transformation [305]. In another twist

on substrate recognition, the h domain of VHL only

engages HIF-1a that has been hydroxylated on proline

residues in a reaction that depends on molecular oxygen

[306–308]. The hydroxylprolases that catalyze this reaction,

called PHD1, PHD2 and PHD3, recognize a loose sequence

element in HIF-1a, LXXLA, which flanks two key targeting

proline residues [309]. The hydroxylation reaction appears

to be nonreversible because hydroxylated HIF-1a can only

be cleared by degradation [310]. Oxygen-sensitive regula-

tion of the system is dictated primarily by the ubiquitin-

dependent degradation of PHD1 and PHD3, which appears

to be mediated by Siah1/2 containing ubiquitin ligase

complexes (see above) [311]. In addition to oxygen-

sensitive degradation, the activity of the HIF-1a trans-

activation domain is inhibited by asparagine hydroxylation

[312], by VHL-dependent recruitment of a transcriptional

repressor called VHLaK [313] and by VHL-independent

pathways [314–316]. Conversely, the CSN5 subunit appears

to interact with and partially stabilize HIF-1a under high

and low oxygen tension [317]. A second VHL target, the

large subunit of RNA polymerase II, has recently been

found to be targeted for ubiquitination by VHL in a manner

that depends on both proline-hydroxylation and phosphor-

ylation [318]. Other possible substrates of EC2S
VHL include

PKCE and a de-ubiquitinating enzyme called VDU1

[319,320].

7.6. BC3B
MEL26

The best characterized BTB domain adaptor to date is

MEL-26. Important genetic evidence in C. elegans demon-

strates that Cul3 complexes indeed antagonize substrate

function in vivo. Loss of either CUL-3 or MEL-26 function

causes a failure in mitotic spindle assembly after meiosis

because the microtubule severing protein MEI-1/katanin is

not degraded [120]. Concordantly, the product of a gain of

function mei-1 allele fails to interact with MEL-26 and

defects in microtubule-dependent processes observed in

mel-26 and cul-3 embryos are suppressed by mei-1

inactivation [58,97,120]. Moreover, mutations in the MATH

protein interaction domain of MEL-26 abrogate the MEI-1

interaction but not the CUL-3 interaction [97]. These

observations imply that MEL-26 functions as an adapter

that recruits MEI-1 to a CUL-3 based complex. Consis-

tently, the BC3B
MEL26 complex can ubiquitinate MEI-1 in

vitro [118] and BC3B
MEL26-mediated elimination of MEI-1

requires dynamic neddylation of CUL-3 [321]. MEI-1 may

be targeted to MEL-26 upon phosphorylation by the kinase
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MBK-2 because mbk-2 mutants fail to degrade MEI-1 and

other proteins at the first mitotic division [322]. Intriguingly,

both MEL-26 and the S. pombe BTB domain protein Btb3

accumulate when CUL-3/Cul3 are inhibited, reminiscent of

the autocatalytic turnover of some F-box proteins [120]. A

number of other BTB domain proteins of various functions

and potential links to ubiquitin-mediated proteolysis have

been reviewed recently [117].
8. Cullin complexes in development

Given the many dozens to hundreds of F-box proteins

encoded by model organism genomes (Table 1), and the

likelihood that numerous developmental decisions require

elimination of pre-existing regulators [323], it is not

surprising that SCF complexes have been implicated in

many developmental pathways in model organism systems.

We elaborate only briefly on some of the best understood

examples.

8.1. Plants

Hormone signaling and disease resistance responses in

plants rely heavily on SCF-mediated proteolysis, a feature

that has proven invaluable for elaboration of the SCF

paradigm [324]. In the first such connection established,

responses to the plant hormone auxin depend on the

elimination of the transcriptional repressors AUX/IAA by

the SCFTIR1 complex [325,326]. The hormones jasmonate

and gibberellin similarly mediate the wounding and growth

responses through elimination of repressors by SCFCOI1 and

SCFGID2/SLY1, respectively [327–329]. As alluded to above,

the regulatory influences of the neddylation and de-

neddylation systems were discovered largely though anal-

ysis of Arabidopsis photomorphogenesis mutants [72].

Recent analysis of the Arabidopsis Cand1 ortholog, also

called ETA2 (for enhancer of tir1-1 auxin resistance), has

shown that cand1/eta2 mutations enhance the weak auxin

response caused by a tir1-1 mutation, and correspondingly

stabilize AUX/IAA, indicating that CAND1/ETA2 acts a

positive regulator of SCF activity in vivo [81,82]. Impor-

tantly, because SCFTIR1 function is still dependent on the

Nedd8 pathway in an eta2 mutant, neddylation must have

an essential function other than dissociation of CUL1 from

CAND1 [81]. Different F-box proteins are also implicated

in the photo-response and photoperiodic of control plant

flowering [330–332]. The evident diversification of the F-

box gene family in plants may have been driven by the

multitude of adaptive responses necessary for development

and survival [333].

8.2. C. elegans

The cullin family was discovered in part through its role

in development in the nematode [28]. However, in spite of
the phalanx of F-box proteins in C. elegans, only a few

additional functions have been assigned to date. The

potential cadre of SCF complexes in nematodes is enormous

because many of the 21 identified SKP-1 homologs, which

serve multiple roles in development, interact with CUL-1,

and presumably also with hundreds of F-box proteins

[44,45]. The worm ortholog of h-TrCP, called LIN-23, has

similar role as CUL-1 in restricting proliferation during the

later stages of development [334] and also for suppression

of neurite outgrowth [335]. The F-box protein FOG-2, one

of a large sub-family of nematode F-box proteins that

contain a predicted domain of unknown function, appears to

recruit a translational repression complex to suppress the

tra-2 mRNA and thereby enable male sex determination

[336]. A recently described F-box protein FSN-1 forms a

variant SCF complex with Skp1 and a RING domain protein

RPM-1 to restrict synapse formation [337]. The C. elegans

Cul2 ortholog, CUL-2, is in general necessary for G1 phase,

mitotic progression and genome stability [338]. Recently, a

fascinating role for degradation has emerged in establish-

ment of germ line asymmetry, where a SOCS-box protein

called ZIF-1 forms an EC2S
ZIF-1 complex that targets

multiple CCCH finger proteins for degradation in somatic

cells but not in germ cells [339]. CUL-2 is also required for

anaphase II in meiosis and polarity establishment, although

the putative SOCS-box protein and substrate(s) in this

presumptive degradation pathway are unknown [340,341].

Aside from MEL-26, the function of the 11 C. elegans BTB

domain-containing proteins that interact with CUL-3 in vitro

is unknown [97,117].

8.3. D. melanogaster

Genetic analysis in flies has contributed heavily to the

understanding of the h-TrCP/Slimb pathway, which inter-

digitates with the hedgehog (Hh) and wingless (Wg)

signaling networks [342]. Slimb was discovered in screen

for supernumery limbs [343]. In flies that lack Slimb, the

two transcriptional effectors of Hh and Wg pathways,

cubitus interuptus (Ci) and armadillo (Arm), respectively,

are both stabilized and correspondingly target genes for each

pathway are ectopically expressed [343]. The details of

SCFSlimb-mediated proteolysis and processing in these

pathways are exceedingly complex and have been thor-

oughly reviewed elsewhere [219]. As noted above, the Rbx1

isoform Roc1a appears to mediate Ci but not Arm

proteolysis, suggesting substrate-specific RING domain

functions [50]. Slimb also regulates the circadian rhythm

in flies by mediating the CK epsilon-dependent elimination

of the clock proteins Period and Timeless, which hyper-

accumulate in phosphorylated forms when slimb mutants

are held in darkness [344,345]. In contrast to Skp2-

dependent elimination of E2F in mammalian cells, Slimb

appears to target dE2F for S-phase destruction in flies [346].

Finally, Slimb also regulates centrosome duplication

[347,348]. In another developmental pathway, the F-box
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protein Partner of paired (Ppa), expression of which is

repressed by the segmentation Eve, targets the Paired

transcription factor for degradation in non-Eve expressing

cells [349]. Finally, SCF pathways impinge on apoptosis in

flies through the F-box protein morgue, which binds and

eliminates the inhibitor of apoptosis DAIP1 [350].

8.4. Other metazoans

F-box protein functions have been uncovered in most

other eukaryotic model systems. In Xenopus, h-TrCP
catalyzes the Gsk3-dependent elimination of Xom, a tran-

scriptional repressor of dorsal genes [351]. Numerous other

F-box proteins have been identified in Xenopus [352], some

of which co-localize to the centrosome with SCF core

subunits, which are required for centrosome duplication

[353]. In Dictyostelium, the F-box protein FbxA targets

cAMP phosphodiesterase for ubiquitin-dependent degrada-

tion and thereby controls cAMP levels and cell aggregation

[354]. Interestingly, assembly of the SCFFbxA complex

appears to be governed by Erk2, which is itself also required

for cAMP-dependent protein kinase activity [354]. Another

WD40 repeat containing F-box protein called ChtA

suppresses spore formation [355]. An unusual chimera

between a MEK kinase and a WD40 F-box protein called

MEKKa is necessary for establishing prespore and prestalk

compartment boundaries in the slug [356]. The F-box

protein portion of MEKKa interacts with both an E2 and

a ubiquitin hydrolase, which appear to dictate the stability,

and presumably signaling activity, of the kinase [356].

Intriguingly, the Dictyostelium Skp1 homolog is heavily

modified on a hydroxyproline residue by a novel penta-

saccharide [357], although the significance of this modifi-

cation is unknown.
9. SCF circuits in cell cycle control

Individual biochemical events, including substrate pro-

teolysis, are not isolated reactions but are rather concerted

with myriad other events in dynamic networks [358]. Given

the preponderance of ubiquitin proteolytic pathways, it is

not surprising that interpathway networks have begun to

emerge, much as phosphorylation-dependent signaling

pathways connect to one another [160]. As described

above, both the G1/S and M/G1 transitions, which drive

the cell cycle into high and low CDK states, respectively,

rely on proteolysis to eliminate key cell cycle regulators that

define each preceding state [22]. However, it has recently

emerged that the proteolytic effectors are themselves

repressed by proteolysis in a complex set of feedback loops

(Fig. 7). The G1 state, in which p27 suppresses the

emergence of CDK activity, is enforced by the APCCdh1-

and destruction box-dependent degradation of both Skp2

and Cks1, the two key co-factors in p27 degradation

[359,360]. Thus, the onset of S phase is accelerated either
when a destruction box mutant of Skp2 is introduced or

when Cdh1 levels are reduced by RNAi [359,360]. The

locked-in G1-phase state begs the question of how p27

degradation is initiated. Much as in yeast [358], extrac-

ellular signals appear to trigger a transition causing event.

Phosphorylation of a small pool of p27 by the growth factor

responsive kinases Akt/PKB and hKIS causes its transport

to cytoplasm and thereby liberates an initial active CDK

pool in the nucleus [361–364]. In principle, this subtle shift

in equilibrium enables parallel positive feedback by

rendering p27 susceptible to degradation first through its

direct phosphorylation and second by allowing Skp2 and

Cks1 accumulation upon CDK-dependent inactivation of

APCCdh1. The APC/C is further repressed by the Cdc20

antagonist Emi1 [134], which is expressed once CDK

activity phosphorylates Rb family members and liberates

E2F-dependent transcription [365]. Consistently, overex-

pression of Emi1 causes precocious S phase onset, while

flies that lack the Emi1 ortholog Rca1 are unable to

elaborate cyclin A activity in G2 phase [366,367]. These

parallel mechanisms thus conspire to reverse the low CDK

state and establish a high CDK state.

SCF-dependent proteolysis also plays an important role

in the onset of mitotic forms of CDK activity needed to

initiate mitosis. In S and G2 phase, cyclin A–Cdc2 and

cyclin B–Cdc2 complexes are held inactive by Wee1- and

Myt1-mediated phosphorylation of tyrosine and threonine

residues in the ATP-binding loop of Cdc2 [368]. The

Cdc25 phosphatases reverse this inhibition to trigger

mitotic onset, through a negative feedback loop in which

Cdc2 and Polo phosphorylate and inactivate Wee1, and a

positive feedback loop in which Polo and Cdc2 kinases

phosphorylate and activate Cdc25 [369]. Cdc25C is further

controlled at the level of nuclear localization [370],

whereas Cdc25A is regulated by both SCF- and APC/C-

dependent proteolysis [230,231,371]. The mitotic transition

exhibits a remarkable degree of hysteresis, in that the

threshold concentration of cyclin needed to trigger mitosis
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is substantially higher than that needed to maintain the

active Cdc2 state [372,373]. Proteolysis forms a compo-

nent of the double negative feedback loop as it has

recently been discovered that Wee1 is because, as noted

above, Wee1 is targeted to SCFh-TrCP in a co-dependent

manner by Polo and Cdc2 [374], a step that probably

accounts for earlier observations that Cdc34 is required for

mitotic progression [375,376]. Importantly, this switch

cannot be thrown until both cyclin and Polo synthesis

regenerate pools destroyed at the end of the previous cell

cycle by the APC/C [371]. Wee1 may also be targeted by a

second F-box protein called Tome-1, which itself is subject

to degradation by the APC/C, thereby reinforcing the

mutual antagonism between states of high and low CDK

activity [377]. The crucial role of the APC/C in maintain-

ing the G1 phase state is illustrated by the finding that

conditional inactivation of the APC/C in quiescent cells

results in unscheduled DNA replication [378].

In budding yeast, analogous feedback control enables

mitosis by inactivation of the Wee1 homolog, Swe1.

However, in this case degradation is triggered initially by

the PAK-like kinase Cla4 and subsequently the Polo-like

kinase Cdc5 [379]. Despite an initial report that Met30, the

closest yeast homolog to h-TrCP, might target Swe1 [380],

the cognate E3 is now uncertain [381]. The elimination of

Swe1 is intimately linked to the assembly of the septin ring

at the bud neck, which is essential for proper nuclear transit

into the daughter cell and subsequent cytokinesis. In

situations where septin assembly is defective, Swe1 is

dephosphorylated and stabilized, and mitosis is thereby

inhibited until the septin defect is corrected [382]. Con-

sistently, localization of Cdc5 to the bud neck is required for

elimination of Swe1 [383]. In addition, Swe1 may establish

a minimum size threshold for entry into mitosis, as occurs in

fission yeast [384].

Suppression of the APC/C at the G1/S transition and

throughout S and G2 phase by Emi1 raises the problem as to

how the APC/C is reactivated to initiate anaphase. Here

again, a proteolytic switch is at play, this time as a

countervailing force against Emi1. Phosphorylation of

Emi1 by Polo, and perhaps also by Cdc2, targets Emi1 to

SCFh-TrCP for ubiquitination and subsequent degradation

[385,386]. In parallel, activation of the Cdc14 phosphatase,

probably by Polo [155], triggers dephosphorylation of Cdh1

allowing it to activate the APC/C towards KEN-box

containing substrates [387,388]. The two APC/C isoforms

are thereby released to destroy cyclin, Polo and Cdc25A,

and in so doing restore the cell to a low CDK interphase

state that is permissive for loading origins of DNA

replication. In addition, the APC/C eliminates geminin, an

inhibitor of the replication initiation factor Cdt1, to further

prepare cells for a subsequent round of replication

[389,390]. The re-entry into G1 phase also has potential

switch-like features because of double negative feedback, as

the elimination of Cdc2 activity reprieves phosphorylation-

dependent inhibition of Cdh1 [391].
Other regulatory schema reinforce and control this core

oscillator, as recently summarized in several excellent

reviews [232,392,393]. Cell cycle stage-specific transcrip-

tional programs refine the timely appearance and disappear-

ance of regulatory factors such as Skp2, Cks1, Emi1, and

cyclin. These programs appear remarkably robust and

buffered against genetic perturbation, as for example in the

compensatory control of cell cycle duration by the interplay

of E2F and CDK activity [394]. Often the same regulatory

machinery that controls the cell cycle also controls growth,

as noted for the regulation of cyclin E, Notch, Jun and Myc

by Fbw7. In addition, growth regulatory pathways may

directly control SCF activity, as in the regulation of Skp2 and

Cks1 by TGF-h [395]. Growth and division may thus be

inextricably linked. The checkpoint pathways that monitor

successful completion of key events, including completion

of DNA replication, the absence of DNA damage, the

attachment of kinetochores to the mitotic spindle and the

proper completion of cytokinesis may also engage proteo-

lytic effectors. For example, the mitotic activator Cdc25A is

targeted to SCFh-TrCP upon its phosphorylation by Chk1

under conditions of DNA damage [230,231]. In yeast, these

self-reinforcing regulatory connections predict a remarkably

stable attractor landscape that drains into a large G1 phase

basin, as well as smaller basins defined by checkpoint arrests

[358]. It seems likely that a similar landscape will dominate

the metazoan cell cycle.
10. SCF pathways and disease

10.1. Cancer

Given recent therapeutic successes of general proteasome

inhibitors in some cancers, great interest has been stirred in

developing specific inhibitors of E3 enzymes [396].

Because critical cell cycle and growth regulators are under

SCF control, it is not surprising that perturbation of SCF

pathways has been linked to human cancer. Skp2 is often

overexpressed, and conversely p27 levels are reduced, in

primary breast cancer and other cancer types [397].

Consistently, overexpression of Skp2 cooperates with Ras

mutations in cell transformation [398]. The exquisite

sensitivity of transformation to p27 dosage may allow

initial selection for even modest Skp2 deregulation,

followed by gradual progression to more severe phenotypes.

That Skp2 licenses Myc for transcription activation, and

also eliminates p130, provides even further impetus for

Skp2 deregulation during cancer progression. As h-TrCP
activates the pro-survival NF-nB pathway, deregulation of

h-TrCP might potentially contribute to tumorigenesis.

Indeed, h-TrCP levels are elevated in many cancer types

[234]. Although h-TrCP also down-regulates h-catenin, this
pathway is often inactivated by other means including h-
catenin phosphorylation site mutations and inactivation of

the targeting kinase Gsk3-h, such that h-TrCP becomes
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moribund for this growth inhibitory function. A few h-TrCP
mutations have, however, been detected in prostate cancer

[399]. Strategies to inhibit substrate interactions with either

Skp2 or h-TrCP may selectively retard cancer cell prolif-

eration [396].

Similar striking correlations between Fbw7 mutational

status and cancer have begun to emerge. In initial studies,

Fbw7 mutations were detected in breast and ovarian cancer

cell lines, and in the former case associated with elevated

cyclin E levels [277,278]. A strong correlation between

reduced Fbw7 mRNA levels and elevated cyclin E was also

observed in breast cancer cells [201]. Significantly, elevated

cyclin E activity is the strongest known prognostic indicator

of poor clinical outcome in breast cancer [400]. Elevated

levels of cyclin E also correlate with Fbw7 mutations in

16% of endometrial cancers [401], and a causal relationship

between Fbw7 mutation and cyclin E deregulation in a

breast cancer cell has subsequently been established [402].

Recent analysis has uncovered a compelling link between

mutations in Fbw7 and colon cancer as 22 of 190 primary

tumors were found to bear somatic mutations and, more-

over, 4 of 58 benign polyps also contained mutations [403].

Homozygous deletion of Fbw7 in euploid cell lines causes

the formation of micronuclei and rapid progression to

aneuploidy, due at least in part to accumulation of cyclin

E [403]. Remarkably, many cancer associated mutations in

Fbw7 map to residues in the substrate binding pocket

[403,404]. Because SCFCdc4 probably functions as dimer,

binding pocket mutations might act in a partially dominant

negative manner, which may be significant given that a 40%

reduction in Fbw7 levels achieved by siRNA treatment

recapitulates the chromosome instability phenotype [403].

Recently discovered connections between Fbw7 and Myc

remain to be explored in these cancers. The weight of the

evidence to date suggests that Fbw7 locus may be a

common target for mutational inactivation in human cancer.

10.2. Subversion of host SCF pathways

A number of viral variants that exploit host SCF-like

degradation pathways have been uncovered. As noted

above, Vpu binds and targets the CD4 membrane protein

to SCFh-TrCP, thereby allowing HIV to elude the host

immune response [226]. Vpu also appears to competitively

inhibit SCFh-TrCP-dependent degradation of InBa, h-catenin
and other substrates [405,406]. A second HIV-encoded

protein called Vif interacts with EloB/C, Cul5, and Rbx1 to

form an E3 that eliminates the host anti-viral factor CEM15/

APOBEC3G [407]. A recently discovered complex formed

from the adenovirus encoded proteins E4orf6 and E1B55K

and the host Cul5 complex catalyzes ectopic elimination of

the tumour suppressor p53 to allow efficient viral replication

[408,409]. In yet another example, the parvomyxovirus V

protein pirates a host Cul4A–Ddb1 complex to ubiquitinate

and eliminate the immune regulators Stat1 and Stat2 [410].

An interaction between SV40 large T antigen and Cul7 is
necessary for transformation by TAg, presumably through

modulation of an undefined cell growth regulatory pathway

[411]. Finally, the neural-specific F-box protein NFB42

targets the HSV replication initiator protein UL9 for

proteasome-dependent degradation, thereby promoting viral

latency [412]. Many uncharacterized viral open reading

frames encode other SCF-like adaptors. For example,

cowpox is predicted to produce at least 11 BTB domain

proteins (see http://smart.embl-heidelberg.de/). Presumably,

each viral analog will re-wire a host SCF-like degradation

pathway to facilitate the infection cycle.

10.3. Other genetic disorders

In addition to pathogenic re-wiring of SCF-like path-

ways, several F-box proteins have also been recently

implicated in human disease. The ubiquitin system has long

been known to mediate muscle atrophy, which is a severe

secondary symptom in many chronic diseases [413]. An F-

box protein called MAFbx or Atrogin-1 was identified by

transcript profiling of atrophying muscle cells, and found to

be necessary and sufficient for induction of muscle atrophy,

presumably through ubiquitination of one or more targets

[414,415]. The SCFAtrogin-1 complex is thus an attractive

target for amelioration of muscle atrophy [413]. In a

separate muscle connection, an interaction between Fbx4

and the heat shock protein aB-crystallin has potential links

to desmin-related myopathy [416]. Mutations in an F-box

protein called dactylin/Fbw4 cause the autosomal dominant

disorder splithand/foot malformation [417]. The zebra fish

homolog of dactylin, called hagoromo, was identified in a

screen for pattern formation mutants and may provide a

genetic model for the human disorder [418]. SCF-like

pathways also underlie some neurological disorders. A non-

canonical SCF-like complex between the RING domain

protein Parkin and Sel10 appears to target cyclin E for

degradation in post-mitotic neurons, defects in which may

contribute to parkinsonism [419]. As noted above, Sel10 is

also implicated in Alzheimer’s disease [296].

10.4. Therapeutic intervention

The likely influence of SCF-mediated processes in

human disease opens possible new avenues for therapeutic

intervention. The ubiquitous functions of SCF core compo-

nents make them less than ideal targets, although this

possibility is worth exploring given the remarkable ther-

apeutic window observed for general proteasome inhibitors.

The binding pockets of F-box proteins for which structures

are known are more attractive targets for design of specific

small molecule inhibitors [115,404,420]. To date, however,

only a single small molecule inhibitor has been reported in

the literature. This compound, called Ro106-9920, has the

puzzling property of inhibiting InBa but not h-catenin
ubiquitination in crude extracts, such that the drug may

target a pathway that acts in parallel to SCFh-TrCP [421]. In a

http://smart.embl%1Eheidelberg.de/


Fig. 8. Model of the holo-SCFCdc4 complex. Ribbons representation was

drawn with MacPyMOL (http://www.pymol.org) using coordinates from

[404].
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different approach, the plasticity of the SCF system has been

exploited to create synthetic E3 enzymes that in principle

can target any desired protein for which a protein binding

partner exists. In one strategy, the F-box has been fused to

heterologous interaction domains to successfully eliminate

desired protein targets in cells [422–424]. In a novel

variation on this idea, called proteolysis targeting chimeric

molecules (Pro-Tacs), the conserved h-TrCP phosphopep-

tide degron has been linked to a small molecule that binds

tightly to the target proteins, thereby bypassing the need for

dedicated interaction [425]. In model cell-based studies,

specific Pro-Tacs have been used to eliminate methionine

aminopeptidase-2, the estrogen receptor and the androgen

receptor [425,426]. Conventional strategies to reduce the

expression of oncogenic F-box proteins such as Skp2, or

perhaps restore function to likely tumour suppressors such

as Cdc4, will undoubtedly also be explored [396].
11. SCF structural analysis

Several recent structure determinations of SCF subcom-

plexes and bound substrate peptides have provided insight

into evolutionary relationships, enzymatic mechanism and

the basis for substrate recognition.

11.1. Subunit orientation

A model of the human SCFSkp2 complex, based on in

silico assembly of overlapping subcomplex structures,

reveals an elongated C-shaped cradle built on an

extended Cul1 scaffold, with the substrate binding

domain at one end and the E2 bound at the other

[427]. Cul1 consists of an N-terminal domain, which

adopts a stalk-like structure and binds the Skp1–Skp2

subcomplex, and a C-terminal globular a/h domain,

which interacts with Rbx1–Cdc34 [427]. The neddylation

site on Cul1 lies close to the Rbx1 binding site and is

thus positioned to influence E2 interactions. These

features are fully consistent with previous in vitro

assembly data and deletion analysis [29–31]. The N-

terminal domain of Cul1 contains three cullin-repeat

motifs formed by two short and three long helices, while

the C-terminal domain consists of a four-helix bundle, an

a/h domain and two copies of the winged-helix motif,

and includes the cullin homology region, a stretch of

~200 amino acids found in all cullins [427]. This region

of Cul1 appears very rigid and serves to juxtapose the

substrate-binding domain of Skp2 and the catalytic center

of Cdc34. As in other E3s for which structures are

known, the catalytic center and the substrate binding

domain face are separated by a gap of some 50 2 [427].

This feature is presumably critical for catalysis, for

example in accommodating the substrate and elongating

ubiquitin chain. Models of the holo SCFCdc4 and SCFh-TrCP

complexes reveal similar overall properties, including the
large gap between the catalytic site and the binding site

(Fig. 8) [404,420].

11.2. The Rbx1–Cul1 subcomplex

Rbx1 and Cul1 form an intermolecular h-sheet consisting
of a combination of h-strands from both proteins [427]. The

Rbx1 RING domain contains an insertion that complexes an

additional zinc ion, such that in total three zinc ions are

bound, as opposed to two in other RING domains (Fig. 3).

So far, the Rbx1–E2 interaction has only been modeled on a

structure of another RING domain, that of c-Cbl, in complex

with UbcH7. The Rbx1 RING domain contains a similar

hydrophobic groove as the c-Cbl–RING domain, which

forms a loose binding pocket for UbcH7 [428]. The Cbl–

UbcH7 interaction does not involve extensive surface

contacts, which, if true in SCF complexes, may account

for the weak nature of SCF-E2 interactions.

11.3. The Cul1–Skp1 subcomplex

The Skp1-binding surface on Cul1 includes residues that

are conserved among Cul1 orthologs but not among other

cullins, and the same holds true for the corresponding

surface on Skp1 [427]. The resulting specificity of this

interaction thus determines that, through Skp1, Cul1 binds

only F-box proteins and not other adaptors [110,111].

Mutational analysis has also demonstrated the importance

of similarly conserved subfamily-specific residues for the

Cul3–BTB domain interaction, and it appears that the same

will likely also be true for the Cul2–EloC interaction

[117,120]. However, the basis for cross-talk between

numerous orthologs and/or isoforms that exist for some

cullins and their associated Skp1-like partners in various

species is not known. Additionally, the identity of the

associated substrate-specific adaptor can influence core

interactions. For example, the presence of VHL versus

Muf1 can evidently determine whether or not EloC binds to

both Cul2 and Cul5 or only to Cul5, respectively [122]. That

the associated adaptor can influence the interaction between

http://www.pymol.org
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the cullin and a Skp1-like linker protein is consistent with

the ternary interface observed between Cul1, Skp1 and the

Skp2 F-box [427].

11.4. The Skp1–F-box protein subcomplex

The crystal structures of several substrate-specific adapt-

ers lend support to the notion that rigidity of the SCF

complex is functionally important. In Skp2, the F-box

directly abuts the LRRs [115], while in Cdc4 and h-TrCP
the linker region between the F-box and the WD40 repeats

is both well ordered and necessary for function, presumably

because it establishes a particular orientation of the WD40

repeat domain relative to the F-box, and thus to the rest of

the SCF complex [404,420]. The VHL structure shows a

similar necessity for orienting the substrate-binding h
domain relative to the SOCS-box and, indeed, a VHL

syndrome mutation hotspot occurs at the interdomain

interface [116].

The overall features of the substrate binding domains of

adaptor proteins have also yielded several surprises. The

WD40 repeats of Cdc4 form an eight-bladed h-propeller
structure, unlike the seven-bladed structures determined for

other WD40 repeat domains [404,429]. Additionally, the

LRRs of Skp2 terminate in an extended loop that returns

back across the LRRs and inserts between the F-box and

LRRs [115]. This loop has no well-characterized function,

but its position across the substrate binding domain and its

apparent influence on the F-box/LRR interface are intrigu-

ing. One significant feature of the WD40 class of F-box

proteins for which structural information is not yet on hand

is the essential D-domain motif, which is immediately N-

terminal to the F-box and appears to mediate dimerization

[208,430–432]. While the sugar recognition domain of Fbx2

forms an anti-parallel h-sandwich that bears structural

homology to galectin and xylanase carbohydrate binding

domains [433] because this domain was crystallized in

isolation, its orientation with respect to the core SCF

complex is not known.

11.5. Plasticity of the Skp1–F-box interface

A structural comparison of the F-box-Skp1 and SOCS-

box-EloC interfaces together with the BTB domain reveals a

striking conserved topology that parallels alignments of

primary sequence elements (Figs. 9 and 10). While the F-

box and SOCS-box are structurally quite distinct from each

other, their interfaces with Skp1 and EloC, respectively,

each consist of similar four-helix clusters. The last helix in

EloC has a corresponding helix in Skp1, and the second and

third helices of the SOCS-box correspond to the first two

helices of the F-box. However, the first helix in the SOCS-

box (indicated by the yellow arrow) corresponds not to a

helix in the F-box but rather to a helix in Skp1. This helix in

the SOCS-box, in fact, corresponds to another named motif

called the BC-box, identified before the SOCS-box and so
named because of its importance in VHL and EloA for

binding to the EloB-EloC dimer [434].

Several proteins contain both a BC-box and an F-box.

For example, even though EloA binds EloC and not Skp1,

EloA was included in the first list of F-box proteins [24].

This contradiction is, however, readily explained by a BC-

box in EloA that immediately precedes its divergent F-box

(Fig. 9A). The VHL structure strongly suggests that the BC-

box in EloA not only contributes to its affinity for EloC but

also topologically prevents it from binding Skp1. Other

proteins that bind Cul2, including Rad7 and Muf1, similarly

possess a BC-box followed by a divergent F-box [122,435].

These proteins may thus be categorized as SOCS-box

proteins, which reflect both function (EloC binding) and

structure (a putative three helix motif), although their

designation as BC-box proteins is in some sense less

ambiguous [122].

These evident structural relationships may reflect com-

mon evolutionary origins. In perhaps the most plausible

model, an early eukaryote may have possessed a protein

with an N-terminal BTB domain, an adjacent F-box-like

structure and a C-terminal protein interaction domain. The

gene encoding this hypothetical protein could have split

either just before or just after the BC-box embedded in the

BTB fold to create either an ancestral EloC–SOCS-box or

Skp1–F-box pair. That is, cleavage of a linear polypeptide

with the BTB protein-like structure (Fig. 10) at one of two

places could yield modern Skp1–F-box protein and EloC–

SOCS-box protein pairs. This type of evolutionary fission is

likely to have occurred in numerous other instances [436].

The crystal structure of an intact BTB domain protein

should provide a decisive test of this interdomain interface

model.

11.6. Structural basis for substrate recognition

Substrate binding pockets have been defined for Cdc4,

h-TrCP, VHL and Fbx2 but as yet not for the LRR of Skp2

or other domains. The mode by which Cdc4 recognizes

phosphorylated epitopes is revealed by the crystal structure

of a Skp1–Cdc4 complex bound to a high-affinity CPD

phosphopeptide (LLpTPP) derived from cyclin E [404]. The

most conserved residues of the Cdc4 WD-40 repeat domain

conjoin to form a complex binding pocket that precisely

accommodates all residues of the optimal CPD phospho-

peptide. The CPD binding site lies on the top edge of an

aqueous central pore that runs through the center of the

WD40 toroid. Two hydrophobic pockets house the preferred

bulky hydrophobic residues at the �2 and �1 positions of

the CPD sequence. A central pocket is formed in part from

three Arg residues that directly contact the critical phospho-

Thr residue, while in the same physical pocket a conserved

Trp residue interacts with the essential +1 Pro residue.

Mutation of any of the critical Arg residues or adjacent

residues disrupts both Sic1 and cyclin E binding to Cdc4

and Fbw7, respectively [158,201]. The bound peptide is



Fig. 9. Alignment of substrate specific adapters. Selected representatives of the indicated Skp1-like linker protein families (showing only a portion of the C-

terminal region, left) and substrate specific adaptor families (right) are shown. Sequence alignments are guided by the structural similarities of the Skp1-F-box

interface, the EloC-SOCS-box interface and the BTB domain. Helices above the alignment correspond to the four helix clusters that are circled in Figure 10.

Yellow arrows indicate the swapped helices that correspond to the BC-box in EloC-interacting proteins (see Fig. 10). Gray arrows indicate protein–protein

interactions. Solid boxes denote domains with well-established consensus sequences, while dotted lines indicate possible but more divergent sequence

similarities. Not all of the listed proteins have been shown to interact with the indicated partners. Proteins for which crystal structures exist are indicated with an

asterisk.
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completely disordered beyond the +1 position. However, an

important feature is provided by the extended patch of basic

residues on the WD40 surface that lie downstream of the

binding pocket [404]. That is, electrostatic repulsion

between this patch and basic residues that typically occur

at the +2 to +5 positions of CDK phosphorylation sites

explains why basic residues are disfavored in the CPD

consensus (Fig. 6A). As predicted from this model, muta-

tional disruption of the basic patch allows lower phosphory-

lated forms of Sic1 to bind efficiently to Cdc4 [404]. The

architecture of the CPD binding site thus explains the

requirement for multiple phosphorylation sites on substrates

such as Sic1, while at the same time affording high affinity

binding to more optimal CPD sequences that lack antago-

nistic basic residues, as in cyclin E, Gcn4 or Myc.

Despite these structural insights, it is still a mystery as to

why the Sic1–Cdc4 binding transition occurs at between
five and six phosphorylation sites and not at fewer sites.

Because Cdc4 itself contains only a single dedicated binding

site, the usual thermodynamic explanation for cooperativity

in protein–protein interactions, namely the existence of two

binding sites, may not apply. Dimerization of SCF complex

might in principle create two high affinity binding sites,

although whether these sites could be in sufficient proximity

to allow bound substrate to simultaneously access both sites

and also access the catalytic site is unclear. Unfortunately,

the D-domain is not included in extant structures so the

relative orientation of SCF monomers to each other is

unknown. Regardless, to explain the five- to six-site

transition on the basis of multiple binding sites alone, six

different binding sites would need to be invoked, which

seems unlikely given the ability of Cdc4 to recognize

different substrates with dissimilar sites and spacing. To

address these issues, a kinetic model termed allovalency has



Fig. 10. Structural similarities between substrate specific adapters in cullin-

based E3s. The interfaces between Skp1 and the F-box (shown for Cdc4

[404]) and between ElonginC and the SOCS-box (shown for VHL [116])

are comprised of similar four helix clusters (circled), two of which are also

present in the structure of the BTB domain from PLZF [448]. The major

topological distinction between the helical clusters at the F-box and SOCS-

box interfaces arises from the fact that the first helix of the SOCS-box

corresponds to a helix not in the F-box but rather in Skp1 (yellow arrows).

The BTB domain has a fold similar to Skp1 and EloC. Protein structures

were drawn with MacPyMOL (http://www.pymol.org).
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been developed that invokes the unstructured nature of Sic1

as a means for multiple ligand binding sites to interact with

Cdc4 in rapid equilibrium [437]. The crux of the allovalent

model is that as site density increases, rebinding of a site on

Sic1 becomes highly favored over diffusion away from the

binding site, such that the probability of escape varies with

the negative exponential of the number of ligand (i.e., CPD)

sites (Fig. 6). It is also possible that rebinding is facilitated

by displacement of a bound site by an incoming site. This

model awaits definitive biophysical tests, but if correct may

be applicable to a wide variety of polyvalent ligand–single

receptor site interactions.

A second structurally defined phosphorecognition

domain is that of h-TrCP [420]. The structure of h-TrCP
bound to a cognate di-phosphorylated peptide derived from

h-catenin reveals a similar overall binding mode as for Cdc4

in that the phosphopeptide lies across the top of a conven-

tional seven-bladed WD40 propeller. The specificity for di-

phosphorylated peptides is evident in dedicated electrostatic

interactions between each phosphate and Arg residues in the

binding pocket, as well as several hydrogen bond inter-
actions. In addition, the requirement for the acidic residue at

the �1 position is explained by its placement in an extensive

hydrogen bond network, while the important glycine residue

at the +1 position packs tightly into a small hydrophobic

pocket that is unable to accommodate any other residue.

Short phosphopeptides are very efficiently ubiquitinated and

released by SCFh-TrCP, suggesting a high off rate for

phosphopeptide interactions, which occur with a Kd in the

0.5 AM range [420]. In contrast, phospho-Sic1 remains

tightly bound to Cdc4 even after extensive ubiqutination

[96]. The orientation of the h-catenin peptide is such that N-

and C-termini are about equidistant from the E2, although

precisely spaced N-terminal lysine acceptor residues appear

to be favored in natural substrates [420].

Two other substrate interactions have been resolved at

the atomic level. A 20-residue HIF-1a peptide bound to a

VHL–EloB–EloC complex reveals that the hydroxyproline

inserts into a gap of an otherwise hydrophobic stretch in

the VHL h domain [438,439]. This binding pocket

corresponds precisely to the mutational hotspot in renal

cell carcinomas [438,439]. Similar to SCF models, the

binding site on the h domain of VHL is on the order of 75

2 away from the predicted E2 catalytic site [420,438,439].

Recent structure determination of a complex between the

sugar binding domain of Fbx2 and a key binding

determinant in N-glycan called chitobiose reveals that a

methyl group of chitobiose inserts into a hydrophobic

pocket of Fbx2, in addition to other distal contacts [433].

Because amino acid residues around the N-glycosylation

site would normally interact with the carbohydrate moiety,

it is likely that Fbx2 recognizes unfolded glycoproteins

[433].

11.7. SCF catalytic mechanism

The ubiquitin transfer reaction imposes stringent steric

constraints in that the protein substrate, the ubiquitin moiety

and the elongating ubiquitin chain together must occupy a

much larger volume than typical enzyme substrates [2]. This

requirement probably explains the large catalytic cleft found

in all E3 structures solved to date. The mechanism of E3-

mediated catalysis, however, remains a mystery. Recently, a

localized diffusion model has been proposed, based on the

rather weak association of the ubiquitin charged Cdc34 with

the SCFCdc4 complex [440]. This mechanism might explain

how multiple substrate lysine residues are accessed by

Cdc34 in the context of the rigid SCF structure. Puzzlingly

though, it appears that free Cdc34 has a very high affinity

for SCFCdc4 and, moreover, once bound to SCF, Cdc34

seems not to readily form a ubiquitin thiolester, yet can be

displaced by the lower affinity thiolesterified form of Cdc34

[440]. Superficially, both of these features would seem to

suggest that uncharged Cdc34 might dominantly interfere

with SCF ubiquitination cycles, unless very little Cdc34 is

in uncharged form in the cell. In addition, the observed

selective ubiquitination of specific subunits with protein

http://www.pymol.org
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complexes, specific lysines within substrates and even

specific lysines on ubiquitin itself is difficult to explain by

unrestricted diffusion. For example, SCFh-TrCP strongly

selects for lysines within 10–15 residues of the binding

consensus [420] and a similar distance relationship may

hold for the multiple CPD sites in Sic1 [441]. Thus, while

the weak association of Cdc34 with the SCF core complex

may be important for catalytic activity, other influences are

undoubtedly at play.

Rather than a purely diffusion-based model, substrate–E2

interactions may be facilitated by tethered distance con-

straints that increase effective local concentrations. The

potential contribution of these effects has been carefully

assessed for lysine utilization in a series of h-catenin
peptides bound to SCFTrCP [420]. Insertion or deletion of

residues between the lysine acceptor and the consensus

recognition motif altered reaction efficiency in a manner

remarkably consistent with average length distributions

predicted by polymer theory [420]. As many, if not all,

SCF recognition sites reside in unstructured or low

complexity regions, as in h-catenin or Sic1 [158,442], the

polymer length model may be generally applicable.

Another constraint that may modulate reaction mecha-

nism is the apparent requirement for Cdc34 dimerization for

function in vivo and in vitro. Cdc34 dimerization does not

depend on the Cdc34–SCF interaction, but instead correlates

strongly with thiolester formation [443]. If the thiolesterified

form of Cdc34 is indeed a dimer, then it is possible that one

Cdc34 molecule binds to the SCF complex, while a second

Cdc 34 binds to the first. This configuration would help

bridge the large gap in the catalytic cradle and effectively

concentrate the E2 loaded next to the substrate. As one

solution to the problem of chain extension, it has also been

suggested that preassembled polyubiquitin chains on the E2

may be transferred en masse to the substrate [443]. The

obligatory dimerization of the WD40 class of F-box proteins

discussed above may also orient the SCF catalytic cradle so

as to geometrically constrain substrate and/or E2 diffusion,

again increasing the local concentration of reactants.

Substrate flexibility probably also enables the catalytic

site to access and ubiquitinate multiple lysines in spite of

the rigid cullin backbone. Significantly, the multiple low

affinity CPD sites in Sic1 in principle allow it to interact

with Cdc4 in a number of different orientations [158],

which would by definition present different lysine residues

to the catalytic site. Consistently, at least six lysines on

Sic1 can ubiquitinated in vitro [441]. The site preference

for ubiquitin conjugation on Sic1 may parallel the

hierarchy of genetic effects associated with elimination of

CDK phosphorylation sites on Sic1 [158]. As noted above,

many other SCF substrates appear to bear disordered

targeting regions, including Cln2, p27, cyclin E, Myc and

h-catenin, so this feature may be a requirement for

efficient ubiqutination.

It is also clear that the SCF system is quite plastic in its

ability to dictate the extent of substrate ubiquitination. Sic1
is very heavily ubiquitinated on at least six sites [441],

whereas h-TrCP substrates are usually ubiquitinated on two

closely spaced sites adjacent to the phospho-dependent

recognition motif [234], and in the extreme, Met4 appears to

be ubiquitinated on a single lysine [198]. Such effects

presumably reflect the particular attributes of any given

substrate and E3 combination. The intrinsic recognition

properties of an SCF complex can obviously be modified, as

exemplified by the use of auxiliary recruitment factors such

as Cks1 in SCFSkp2 or Vpu in SCFh-TrCP. In another

example, a factor that co-purifies with the SCFh-TrCP

complex, HnRNP-1a, appears to act as a pseudosubstrate

inhibitor of the IkBa reaction, even though HnRNP-1a does

not contain even loose matches to the h-TrCP consensus

sequence [444]. Finally, at least in the instance of Met4, the

extent of ubiquitin chain elongation by SCFMet30 complex is

modified by growth conditions [195]. The basis for this

effect is not understood but might be accounted for by an

E4-like elongation activity in minimal media or by substrate

de-ubiquitination in rich medium. Selective substrate

degradation may also depend on the precise context of

polyubiquitin conjugates, as it has recently emerged that the

multi-ubiquitin chain binding proteins (MCBPs) associated

with the proteasome, Rad23 and Rpn10, specifically

influence the degradation of some substrates [445].

The proteasome–SCF interaction may be crucial for

catalytic efficiency as at least some substrates, such as

Sic1, are not released even after extensive polyubiquitina-

tion [96]. This observation is perhaps not surprising since

it is difficult to imagine how a distant ubiquitin conjugate

might alter the affinity of a substrate–E3 interaction. The

ability of the proteasome to selectively strip the ubiquiti-

nated substrate from multiprotein assemblies, first observed

in the selective destruction of a single ubiquitinated

subunit in a h-galactosidase tetramer [95], is thus critical

for regeneration of competent SCF complexes. This feature

of the proteasome is critical not only for the release of

SCFCdc4 from polyubiquitinated Sic1, but also for the

liberation of active Clc5–Cdc28 complexes, which remain

inactive when bound to polyubiquitinated Sic1 [96].

Whether or not proteasome-mediated recycling of SCF

complexes is a general principle remains to be determined.

However, at least for model peptide substrates derived

from h-catenin, a high off rate enables efficient catalytic

turnover in the absence of the proteasome [420].
12. Current issues

Intense efforts over the past few years have quickly

driven the SCF filed to maturity, yet several recalcitrant

problems remain unsolved. The most important general

question is the nature of the ubiquitin transfer mechanism

itself. How does the catalytic cradle accommodate the ever

extending ubiquitin chain? Might there be separate initiation

and elongation steps either of which may be limiting under
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different contexts? What role does substrate flexibility play

in lysine selection and reaction efficiency? What role might

SCF dimerization play in catalysis? From the regulatory

point of view, while known SCF-dependent pathways have

more than delivered on their regulatory promise, the

functions of literally hundreds F-box proteins, SOCS box

proteins and BTB domain proteins still remain to be

discerned. A particular puzzle is the anomalous expansion

of the F-box protein family in nematodes and plants. Can

each of several hundred F-box proteins possibly have a

specific set of substrates? Or might some Byzantine

regulatory balance be at play, in which excess non-

functional F-box proteins attenuate the activity of a modest

number of biologically more salient complexes? Do the solo

F-box or BTB domain proteins that lack apparent interaction

domains recruit substrates by a different mechanism or do

they compete with active complexes? And just how many

substrates are there for any given F-box protein, particularly

those targeted by degenerate phosphodegrons generated by

abundant kinase activities, such as the CDKs or Gsk3?

Unexpectedly, considerable overlap between parallel degra-

dation pathways appears to be an emerging theme, which,

when combined with regulatory interconnections, will make

it problematic to discern direct from indirect effects.

Answers to these and other questions will elaborate the

already rich SCF tapestry and perhaps open windows of

therapeutic opportunity for cancer and other diseases.
Acknowledgements

We apologize that space constraints have precluded

direct citation of many outstanding contributions to the

burgeoning SCF field. We thank Lionel Pintard, Matthias

Peter, Frank Sicheri, Peter Jackson, Bill Tansey, and Wade

Harper for helpful discussions and Traci Lee and Ginny

Chen for help with figures. MS was supported by a

Deutsche Forschungsgemeinschaft Fellowship. MT is sup-

ported by grants from the National Cancer Institute of

Canada, the Canadian Institutes of Health Research and the

Human Frontiers Science Program and is a Canada

Research Chair in Proteomics, Functional Genomics and

Bioinformatics.
References

[1] A. Hershko, A. Ciechanover, The ubiquitin system, Annu. Rev.

Biochem. 67 (1998) 425–479.

[2] C.M. Pickart, Mechanisms underlying ubiquitination, Annu. Rev.

Biochem. 70 (2001) 503–533.

[3] W. Baumeister, J. Walz, F. Zuhl, E. Seemuller, The proteasome:

paradigm of a self-compartmentalizing protease, Cell 92 (1998)

367–380.

[4] A. Varshavsky, Naming a targeting signal, Cell 64 (1991) 13–15.

[5] M. Scheffner, J.M. Huibregtse, R.D. Vierstra, P.M. Howley, The

HPV-16 E6 and E6-AP complex functions as a ubiquitin-protein

ligase in the ubiquitination of p53, Cell 75 (1993) 495–505.
[6] K.L. Borden, RING domains: master builders of molecular

scaffolds? J. Mol. Biol. 295 (2000) 1103–1112.

[7] P.K. Jackson, A.G. Eldridge, E. Freed, L. Furstenthal, J.Y. Hsu,

B.K. Kaiser, J.D. Reimann, The lore of the RINGs: substrate

recognition and catalysis by ubiquitin ligases, Trends Cell Biol. 10

(2000) 429–439.

[8] L. Coscoy, D. Ganem, PHD domains and E3 ubiquitin ligases:

viruses make the connection, Trends Cell Biol. 13 (2003) 7–12.

[9] H. Scheel, K. Hofmann, No evidence for PHD fingers as ubiquitin

ligases, Trends Cell Biol. 13 (2003) 285–287.

[10] D.M. Cyr, J. Hohfeld, C. Patterson, Protein quality control: U-box-

containing E3 ubiquitin ligases join the fold, Trends Biochem. Sci.

27 (2002) 368–375.

[11] M.D. Ohi, C.W. Vander Kooi, J.A. Rosenberg, W.J. Chazin, K.L.

Gould, Structural insights into the U-box, a domain associated with

multi-ubiquitination, Nat. Struct. Biol. 10 (2003) 250–255.

[12] E.E. Patton, A.R. Willems, M. Tyers, Combinatorial control in

ubiquitin-dependent proteolysis: don’t Skp the F-box hypothesis,

Trends Genet. 14 (1998) 236–243.

[13] R.J. Deshaies, SCF and Cullin/Ring H2-based ubiquitin ligases,

Annu. Rev. Cell Dev. Biol. 15 (1999) 435–467.

[14] J.W. Harper, J.L. Burton, M.J. Solomon, The anaphase-promoting

complex: it’s not just for mitosis any more, Genes Dev. 16 (2002)

2179–2206.

[15] E. Schwob, T. Bohm, M.D. Mendenhall, K. Nasmyth, The B-type

cyclin kinase inhibitor p40SIC1 controls the G1 to S transition in S.

cerevisiae, Cell 79 (1994) 233–244.

[16] R. Verma, R.S. Annan, M.J. Huddleston, S.A. Carr, G.

Reynard, R.J. Deshaies, Phosphorylation of Sic1p by G1 Cdk

required for its degradation and entry into S phase, Science

278 (1997) 455–460.

[17] M. Tyers, G. Tokiwa, R. Nash, B. Futcher, The Cln3–Cdc28 kinase

complex of S. cerevisiae is regulated by proteolysis and phosphor-

ylation, EMBO J. 11 (1992) 1773–1784.

[18] S. Lanker, M.H. Valdivieso, C. Wittenberg, Rapid degradation of the

G1 cyclin Cln2 induced by CDK-dependent phosphorylation,

Science 271 (1996) 1597–1601.

[19] A.R. Willems, S. Lanker, E.E. Patton, K.L. Craig, T.F. Nason, N.

Mathias, R. Kobayashi, C. Wittenberg, M. Tyers, Cdc53 targets

phosphorylated G1 cyclins for degradation by the ubiquitin

proteolytic pathway, Cell 86 (1996) 453–463.

[20] R.J. Deshaies, V. Chau, M. Kirschner, Ubiquitination of the G1

cyclin Cln2p by a Cdc34p-dependent pathway, EMBO J. 14 (1995)

303–312.

[21] D.M. Koepp, J.W. Harper, S.J. Elledge, How the cyclin became a

cyclin: regulated proteolysis in the cell cycle, Cell 97 (1999)

431–434.

[22] M. Tyers, P. Jorgensen, Proteolysis and the cell cycle: with this

RING I do thee destroy, Curr. Opin. Genet. Dev. 10 (2000) 54–64.

[23] H. Zhang, R. Kobayashi, K. Galaktionov, D. Beach, p19Skp1 and

p45Skp2 are essential elements of the cyclin A-CDK2 S phase kinase,

Cell 82 (1995) 915–925.

[24] C. Bai, P. Sen, K. Hofmann, L. Ma, M. Goebl, J.W. Harper, S.J.

Elledge, SKP1 connects cell cycle regulators to the ubiquitin

proteolysis machinery through a novel motif, the F-box, Cell 86

(1996) 263–274.

[25] C. Connelly, P. Hieter, Budding yeast SKP1 encodes an evolutio-

narily conserved kinetochore protein required for cell cycle

progression, Cell 86 (1996) 275–285.

[26] Y. Barral, S. Jentsch, C. Mann, G1 cyclin turnover and nutrient

uptake are controlled by a common pathway in yeast, Genes Dev. 9

(1995) 399–409.

[27] N. Mathias, S.L. Johnson, M. Winey, A.E. Adams, L. Goetsch,

J.R. Pringle, B. Byers, M.G. Goebl, Cdc53p acts in concert with

Cdc4p and Cdc34p to control the G1-to-S-phase transition and

identifies a conserved family of proteins, Mol. Cell. Biol. 16

(1996) 6634–6643.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 159
[28] E.T. Kipreos, L.E. Lander, J.P. Wing, W.W. He, E.M. Hedgecock,

cul-1 is required for cell cycle exit in C. elegans and identifies a

novel gene family, Cell 85 (1996) 829–839.

[29] D. Skowyra, K.L. Craig, M. Tyers, S.J. Elledge, J.W. Harper, F-box

proteins are receptors that recruit phosphorylated substrates to the

SCF ubiquitin-ligase complex, Cell 91 (1997) 209–219.

[30] R.M. Feldman, C.C. Correll, K.B. Kaplan, R.J. Deshaies, A complex

of Cdc4p, Skp1p, and Cdc53p/cullin catalyzes ubiquitination of the

phosphorylated CDK inhibitor Sic1p, Cell 91 (1997) 221–230.

[31] E.E. Patton, A.R. Willems, D. Sa, L. Kuras, D. Thomas, K.L. Craig,

M. Tyers, Cdc53 is a scaffold protein for multiple Cdc34/Skp1/F-box

protein complexes that regulate cell division and methionine

biosynthesis in yeast, Genes Dev. 12 (1998) 692–705.

[32] T. Kamura, D.M. Koepp, M.N. Conrad, D. Skowyra, R.J. Moreland,

O. Iliopoulos, W.S. Lane, W.G. Kaelin Jr., S.J. Elledge, R.C.

Conaway, J.W. Harper, J.W. Conaway, Rbx1, a component of the

VHL tumor suppressor complex and SCF ubiquitin ligase, Science

284 (1999) 657–661.

[33] D. Skowyra, D.M. Koepp, T. Kamura, M.N. Conrad, R.C. Conaway,

J.W. Conaway, S.J. Elledge, J.W. Harper, Reconstitution of G1

cyclin ubiquitination with complexes containing SCFGrr1 and Rbx1,

Science 284 (1999) 662–665.

[34] J.H. Seol, R.M. Feldman, W. Zachariae, A. Shevchenko, C.C.

Correll, S. Lyapina, Y. Chi, M. Galova, J. Claypool, S.

Sandmeyer, K. Nasmyth, R.J. Deshaies, 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

(1999) 1614–1626.

[35] T. Ohta, J.J. Michel, A.J. Schottelius, Y. Xiong, ROC1, a homolog of

APC11, represents a family of cullin partners with an associated

ubiquitin ligase activity, Mol. Cell 3 (1999) 535–541.

[36] P. Tan, S.Y. Fuchs, A. Chen, K. Wu, C. Gomez, Z. Ronai, Z.Q.

Pan, Recruitment of a ROC1–CUL1 ubiquitin ligase by Skp1 and

HOS to catalyze the ubiquitination of IkBa, Mol. Cell 3 (1999)

527–533.

[37] M. Blondel, J.M. Galan, M. Peter, Isolation and characterization of

HRT1 using a genetic screen for mutants unable to degrade Gic2p in

Saccharomyces cerevisiae, Genetics 155 (2000) 1033–1044.

[38] C.A. Joazeiro, A.M. Weissman, RING finger proteins: mediators of

ubiquitin ligase activity, Cell 102 (2000) 549–552.

[39] A.R. Willems, T. Goh, L. Taylor, I. Chernushevich, A. Shevchenko,

M. Tyers, SCF ubiquitin protein ligases and phosphorylation-

dependent proteolysis, Philos. Trans. R. Soc. Lond., B Biol. Sci.

354 (1999) 1533–1550.

[40] J.T.Winston, D.M.Koepp, C. Zhu, S.J. Elledge, J.W. Harper, A family

of mammalian F-box proteins, Curr. Biol. 9 (1999) 1180–1182.

[41] C. Cenciarelli, D.S. Chiaur, D. Guardavaccaro, W. Parks, M. Vidal,

M. Pagano, Identification of a family of human F-box proteins, Curr.

Biol. 9 (1999) 1177–1179.

[42] E.T. Kipreos, M. Pagano, The F-box protein family, Genome Biol. 1

(2000) (REVIEWS3002).

[43] J.M. Gagne, B.P. Downes, S.H. Shiu, A.M. Durski, R.D. Vierstra,

The F-box subunit of the SCF E3 complex is encoded by a diverse

superfamily of genes in Arabidopsis, Proc. Natl. Acad. Sci. U. S. A.

99 (2002) 11519–11524.

[44] S. Nayak, F.E. Santiago, H. Jin, D. Lin, T. Schedl, E.T. Kipreos, The

Caenorhabditis elegans Skp1-related gene family: diverse functions

in cell proliferation, morphogenesis, and meiosis, Curr. Biol. 12

(2002) 277–287.

[45] A. Yamanaka, M. Yada, H. Imaki, M. Koga, Y. Ohshima, K.

Nakayama, Multiple Skp1-related proteins in Caenorhabditis ele-

gans: diverse patterns of interaction with Cullins and F-box proteins,

Curr. Biol. 12 (2002) 267–275.

[46] W. Zachariae, A. Shevchenko, P. Andrews, M. Galova, M. Stark, M.

Mann, K. Nasmyth, Mass spectrometric analysis of the Anaphase

Promoting Complex from budding yeast: identification of a subunit

related to cullins, Science 279 (1998) 1216–1219.
[47] H. Yu, J.M. Peters, R.W. King, A.M. Page, P. Hieter, M.W.

Kirschner, Identification of a cullin homology region in a

subunit of the anaphase-promoting complex, Science 279 (1998)

1219–1222.

[48] D.C. Dias, G. Dolios, R. Wang, Z.Q. Pan, CUL7: a DOC domain-

containing cullin selectively binds Skp1Fbx29 to form an SCF-like

complex, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 16601–16606.

[49] M. Furukawa, T. Ohta, Y. Xiong, 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 (2002)

15758–15765.

[50] M.A. Noureddine, T.D. Donaldson, S.A. Thacker, R.J. Duronio,

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 (2002) 757–770.

[51] Z.Q. Pan, A. Kentsis, D.C. Dias, K. Yamoah, K. Wu, Nedd8 on

cullin: building an expressway to protein destruction, Oncogene 23

(2004) 1985–1997.

[52] D. Lammer, N. Mathias, J.M. Laplaza, W. Jiang, Y. Liu, J. Callis, M.

Goebl, M. Estelle, Modification of yeast Cdc53p by the ubiquitin-

related protein Rub1p affects function of the SCFCdc4 complex,

Genes Dev. 12 (1998) 914–926.

[53] D. Liakopoulos, G. Doenges, K. Matuschewski, S. Jentsch, A novel

protein modification pathway related to the ubiquitin system, EMBO

J. 17 (1998) 2208–2214.

[54] F. Osaka, M. Saeki, S. Katayama, N. Aida, E.A. Toh, K. Kominami,

T. Toda, T. Suzuki, T. Chiba, K. Tanaka, S. Kato, Covalent modifier

NEDD8 is essential for SCF ubiquitin-ligase in fission yeast, EMBO

J. 19 (2000) 3475–3484.

[55] H. Wada, E.T. Yeh, T. Kamitani, A dominant-negative UBC12

mutant sequesters NEDD8 and inhibits NEDD8 conjugation in vivo,

J. Biol. Chem. 275 (2000) 17008–17015.

[56] J.C. del Pozo, S. Dharmasiri, H. Hellmann, L. Walker, W.M. Gray,

M. Estelle, AXR1–ECR1-dependent conjugation of RUB1 to the

Arabidopsis Cullin AtCUL1 is required for auxin response, Plant

Cell 14 (2002) 421–433.

[57] D. Jones, E. Crowe, T.A. Stevens, E.P. Candido, Functional and

phylogenetic analysis of the ubiquitylation system in Caenorhabditis

elegans : ubiquitin-conjugating enzymes, ubiquitin-activating

enzymes, and ubiquitin-like proteins, Genome Biol. 3 (2002)

(RESEARCH0002).

[58] T. Kurz, L. Pintard, J.H. Willis, D.R. Hamill, P. Gonczy, M. Peter, B.

Bowerman, Cytoskeletal regulation by the Nedd8 ubiquitin-like

protein modification pathway, Science 295 (2002) 1294–1298.

[59] K. Tateishi, M. Omata, K. Tanaka, T. Chiba, The NEDD8 system is

essential for cell cycle progression and morphogenetic pathway in

mice, J. Cell Biol. 155 (2001) 571–579.

[60] F. Osaka, H. Kawasaki, N. Aida, M. Saeki, T. Chiba, S. Kawashima,

K. Tanaka, S. Kato, A new NEDD8-ligating system for cullin-4A,

Genes Dev. 12 (1998) 2263–2268.

[61] J.C. Pozo, C. Timpte, S. Tan, J. Callis, M. Estelle, The ubiquitin-

related protein RUB1 and auxin response in Arabidopsis, Science

280 (1998) 1760–1763.

[62] T. Kamura, M.N. Conrad, Q. Yan, R.C. Conaway, J.W. Conaway,

The Rbx1 subunit of SCF and VHL E3 ubiquitin ligase activates

Rub1 modification of cullins Cdc53 and Cul2, Genes Dev. 13 (1999)

2928–2933.

[63] D. Liakopoulos, T. Busgen, A. Brychzy, S. Jentsch, A. Pause,

Conjugation of the ubiquitin-like protein NEDD8 to cullin-2 is

linked to von Hippel–Lindau tumor suppressor function, Proc. Natl.

Acad. Sci. U. S. A. 96 (1999) 5510–5515.

[64] H. Wada, E.T. Yeh, T. Kamitani, The von Hippel–Lindau tumor

suppressor gene product promotes, but is not essential for,

NEDD8 conjugation to cullin-2, J. Biol. Chem. 274 (1999)

36025–36029.

[65] M. Furukawa, Y. Zhang, J. McCarville, T. Ohta, Y. Xiong, The

CUL1 C-terminal sequence and ROC1 are required for efficient



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170160
nuclear accumulation, NEDD8 modification, and ubiquitin ligase

activity of CUL1, Mol. Cell. Biol. 20 (2000) 8185–8197.

[66] H. Walden, M.S. Podgorski, B.A. Schulman, Insights into the

ubiquitin transfer cascade from the structure of the activating enzyme

for NEDD8, Nature 422 (2003) 330–334.

[67] V.N. Podust, J.E. Brownell, T.B. Gladysheva, R.S. Luo, C. Wang,

M.B. Coggins, J.W. Pierce, E.S. Lightcap, V. Chau, A Nedd8

conjugation pathway is essential for proteolytic targeting of p27 by

ubiquitination, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 4579–

4584.

[68] M.A. Read, J.E. Brownell, T.B. Gladysheva, M. Hottelet, L.A.

Parent, M.B. Coggins, J.W. Pierce, V.N. Podust, R.S. Luo, V.

Chau, V.J. Palombella, Nedd8 modification of Cul-1 activates

SCFh–TrCP-dependent ubiquitination of InBa, Mol. Cell. Biol. 20

(2000) 2326–2333.

[69] K. Wu, A. Chen, Z.Q. Pan, Conjugation of Nedd8 to CUL1 enhances

the ability of the ROC1–CUL1 complex to promote ubiquitin

polymerization, J. Biol. Chem. 275 (2000) 32317–32324.

[70] T. Kawakami, T. Chiba, T. Suzuki, K. Iwai, K. Yamanaka, N.

Minato, H. Suzuki, N. Shimbara, Y. Hidaka, F. Osaka, M. Omata, K.

Tanaka, NEDD8 recruits E2-ubiquitin to SCF E3 ligase, EMBO J. 20

(2001) 4003–4012.

[71] W.M. Gray, H. Hellmann, S. Dharmasiri, M. Estelle, Role of the

Arabidopsis RING-H2 protein RBX1 in RUB modification and SCF

function, Plant Cell 14 (2002) 2137–2144.

[72] N. Wei, X.W. Deng, The COP9 signalosome, Annu. Rev. Cell Dev.

Biol. 19 (2003) 261–286.

[73] S. Lyapina, G. Cope, A. Shevchenko, G. Serino, T. Tsuge, C. Zhou,

D.A. Wolf, N. Wei, R.J. Deshaies, Promotion of NEDD–CUL1

conjugate cleavage by COP9 signalosome, Science 292 (2001)

1382–1385.

[74] G.A. Cope, G.S. Suh, L. Aravind, S.E. Schwarz, S.L. Zipursky, E.V.

Koonin, R.J. Deshaies, Role of predicted metalloprotease motif of

Jab1/Csn5 in cleavage of Nedd8 from Cul1, Science 298 (2002)

608–611.

[75] C. Schwechheimer, G. Serino, X.W. Deng, Multiple ubiquitin ligase-

mediated processes require COP9 signalosome and AXR1 function,

Plant Cell 14 (2002) 2553–2563.

[76] X. Wang, S. Feng, N. Nakayama, W.L. Crosby, V. Irish, X.W. Deng,

N. Wei, The COP9 signalosome interacts with SCFUFO and

participates in arabidopsis flower development, Plant Cell 15

(2003) 1071–1082.

[77] J. Liu, M. Furukawa, T. Matsumoto, Y. Xiong, NEDD8 modification

of CUL1 dissociates p120CAND1, an inhibitor of CUL1–SKP1

binding and SCF ligases, Mol. Cell 10 (2002) 1511–1518.

[78] J. Zheng, X. Yang, J.M. Harrell, S. Ryzhikov, E.H. Shim, K. Lykke-

Andersen, N. Wei, H. Sun, R. Kobayashi, H. Zhang, CAND1 binds

to unneddylated CUL1 and regulates the formation of SCF ubiquitin

E3 ligase complex, Mol. Cell 10 (2002) 1519–1526.

[79] K. Oshikawa, M. Matsumoto, M. Yada, T. Kamura, S. Hatakeyama,

K.I. Nakayama, Preferential interaction of TIP120Awith Cul1 that is

not modified by NEDD8 and not associated with Skp1, Biochem.

Biophys. Res. Commun. 303 (2003) 1209–1216.

[80] K.W. Min, J.W. Hwang, J.S. Lee, Y. Park, T.A. Tamura, J.B. Yoon,

TIP120A associates with cullins and modulates ubiquitin ligase

activity, J. Biol. Chem. 278 (2003) 15905–15910.

[81] H.W. Chuang, W. Zhang, W.M. Gray, 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 (2004) 1883–1897.

[82] S. Feng, Y. Shen, J.A. Sullivan, V. Rubio, Y. Xiong, T.P. Sun, X.W.

Deng, Arabidopsis CAND1, an unmodified CUL1-interacting

protein, is involved in multiple developmental pathways controlled

by ubiquitin/proteasome-mediated protein degradation, Plant Cell 16

(2004) 1870–1882.

[83] Y. Makino, T. Yoshida, S. Yogosawa, K. Tanaka, M. Muramatsu,

T.A. Tamura, Multiple mammalian proteasomal ATPases, but not
proteasome itself, are associated with TATA-binding protein and a

novel transcriptional activator, TIP120, Genes Cells 4 (1999)

529–539.

[84] K. Kitagawa, D. Skowyra, S.J. Elledge, J.W. Harper, P. Hieter, SGT1

encodes an essential component of the yeast kinetochore assembly

pathway and a novel subunit of the SCF ubiquitin ligase complex,

Mol. Cell 4 (1999) 21–33.

[85] M.J. Austin, P. Muskett, K. Kahn, B.J. Feys, J.D. Jones, J.E. Parker,

Regulatory role of SGT1 in early R gene-mediated plant defenses,

Science 295 (2002) 2077–2080.

[86] C. Azevedo, A. Sadanandom, K. Kitagawa, A. Freialdenhoven, K.

Shirasu, P. Schulze-Lefert, The RAR1 interactor SGT1, an essential

component of R gene-triggered disease resistance, Science 295

(2002) 2073–2076.

[87] W.M. Gray, P.R. Muskett, H.W. Chuang, J.E. Parker, Arabidopsis

SGT1b is required for SCFTIR1-mediated auxin response, Plant Cell

15 (2003) 1310–1319.

[88] D.A. Hubert, P. Tornero, Y. Belkhadir, P. Krishna, A. Takahashi, K.

Shirasu, J.L. Dangl, Cytosolic HSP90 associates with and modulates

the Arabidopsis RPM1 disease resistance protein, EMBO J. 22

(2003) 5679–5689.

[89] O. Stemmann, A. Neidig, T. Kocher, M. Wilm, J. Lechner, Hsp90

enables Ctf13p/Skp1p to nucleate the budding yeast kinetochore,

Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 8585–8590.

[90] R. Verma, S. Chen, R. Feldman, D. Schieltz, J. Yates, J. Dohmen,

R.J. Deshaies, Proteasomal proteomics: identification of nucleotide-

sensitive proteasome-interacting proteins by mass spectrometric

analysis of affinity-purified proteasomes, Mol. Biol. Cell 11 (2000)

3425–3439.

[91] Y. Xie, A. Varshavsky, Physical association of ubiquitin ligases

and the 26S proteasome, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)

2497–2502.

[92] S. Jager, J. Strayle, W. Heinemeyer, D.H. Wolf, Cic1, an adaptor

protein specifically linking the 26S proteasome to its substrate, the

SCF component Cdc4, EMBO J. 20 (2001) 4423–4431.

[93] P. Zhou, P.M. Howley, Ubiquitination and degradation of the

substrate recognition subunits of SCF ubiquitin-protein ligases,

Mol. Cell 2 (1998) 571–580.

[94] J.M. Galan, M. Peter, Ubiquitin-dependent degradation of multiple

F-box proteins by an autocatalytic mechanism, Proc. Natl. Acad. Sci.

U. S. A. 96 (1999) 9124–9129.

[95] E.S. Johnson, D.K. Gonda, A. Varshavsky, cis–trans recognition and

subunit-specific degradation of short-lived proteins, Nature 346

(1990) 287–291.

[96] R. Verma, H. McDonald, J.R. Yates III, R.J. Deshaies, Selective

degradation of ubiquitinated Sic1 by purified 26S proteasome yields

active S phase cyclin-Cdk, Mol. Cell 8 (2001) 439–448.

[97] L. Xu, Y. Wei, J. Reboul, P. Vaglio, T.H. Shin, M. Vidal, S.J. Elledge,

J.W. Harper, BTB proteins are substrate-specific adaptors in an SCF-

like modular ubiquitin ligase containing CUL-3, Nature 425 (2003)

316–321.

[98] W. Zachariae, K. Nasmyth, Whose end is destruction: cell division

and the anaphase-promoting complex, Genes Dev. 13 (1999)

2039–2058.

[99] J.D. Leverson, C.A. Joazeiro, A.M. Page, H. Huang, P. Hieter, T.

Hunter, The APC11 RING-H2 finger mediates E2-dependent

ubiquitination, Mol. Biol. Cell 11 (2000) 2315–2325.

[100] Z. Tang, B. Li, R. Bharadwaj, H. Zhu, E. Ozkan, K. Hakala, J.

Deisenhofer, H. Yu, APC2 Cullin protein and APC11 RING protein

comprise the minimal ubiquitin ligase module of the anaphase-

promoting complex, Mol. Biol. Cell 12 (2001) 3839–3851.

[101] K.F. Cooper, M.J. Mallory, D.B. Egeland, M. Jarnik, R. Strich,

Ama1p is a meiosis-specific regulator of the anaphase promoting

complex/cyclosome in yeast, Proc. Natl. Acad. Sci. U. S. A. 97

(2000) 14548–14553.

[102] H.C. Vodermaier, Cell cycle: waiters serving the destruction

machinery, Curr. Biol. 11 (2001) R834–837.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 161
[103] J.L. Burton, M.J. Solomon, D box and KEN box motifs in budding

yeast Hsl1p are required for APC-mediated degradation and direct

binding to Cdc20p and Cdh1p, Genes Dev. 15 (2001) 2381–2395.

[104] Z. Hilioti, Y.S. Chung, Y. Mochizuki, C.F. Hardy, O. Cohen-Fix, The

anaphase inhibitor Pds1 binds to the APC/C-associated protein

Cdc20 in a destruction box-dependent manner, Curr. Biol. 11 (2001)

1347–1352.

[105] C.M. Pfleger, E. Lee, M.W. Kirschner, Substrate recognition by the

Cdc20 and Cdh1 components of the anaphase-promoting complex,

Genes Dev. 15 (2001) 2396–2407.

[106] M. Schwab, M. Neutzner, D. Mocker, W. Seufert, Yeast Hct1

recognizes the mitotic cyclin Clb2 and other substrates of the

ubiquitin ligase APC, EMBO J. 20 (2001) 5165–5175.

[107] T. Aso, W.S. Lane, J.W. Conaway, R.C. Conaway, Elongin (SIII): a

multisubunit regulator of elongation by RNA polymerase II, Science

269 (1995) 1439–1443.

[108] B.T. Kile, B.A. Schulman, W.S. Alexander, N.A. Nicola, H.M.

Martin, D.J. Hilton, The SOCS box: a tale of destruction and

degradation, Trends Biochem. Sci. 27 (2002) 235–241.

[109] M. Ivan, W.G. Kaelin Jr., The von Hippel–Lindau tumor suppressor

protein, Curr. Opin. Genet. Dev. 11 (2001) 27–34.

[110] J.J. Michel, Y. Xiong, 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 (1998) 435–449.

[111] A. Pause, B. Peterson, G. Schaffar, R. Stearman, R.D. Klausner,

Studying interactions of four proteins in the yeast two-hybrid system:

structural resemblance of the pVHL/elongin BC/hCUL-2 complex

with the ubiquitin ligase complex SKP1/cullin/F-box protein, Proc.

Natl. Acad. Sci. U. S. A. 96 (1999) 9533–9538.

[112] P. De Sepulveda, S. Ilangumaran, R. Rottapel, Suppressor of

cytokine signaling-1 inhibits VAV function through protein degra-

dation, J. Biol. Chem. 275 (2000) 14005–14008.

[113] S. Kamizono, T. Hanada, H. Yasukawa, S. Minoguchi, R. Kato, M.

Minoguchi, K. Hattori, S. Hatakeyama, M. Yada, S. Morita, T.

Kitamura, H. Kato, K. Nakayama, A. Yoshimura, The SOCS box of

SOCS-1 accelerates ubiquitin-dependent proteolysis of TEL-JAK2,

J. Biol. Chem. 276 (2001) 12530–12538.

[114] C.S. Brower, S. Sato, C. Tomomori-Sato, T. Kamura, A. Pause, R.

Stearman, R.D. Klausner, S. Malik, W.S. Lane, I. Sorokina, R.G.

Roeder, J.W. Conaway, R.C. Conaway, Mammalian mediator subunit

mMED8 is an Elongin BC-interacting protein that can assemble with

Cul2 and Rbx1 to reconstitute a ubiquitin ligase, Proc. Natl. Acad.

Sci. U. S. A. 99 (2002) 10353–10358.

[115] B.A. Schulman, A.C. Carrano, P.D. Jeffrey, Z. Bowen, E.R.

Kinnucan, M.S. Finnin, S.J. Elledge, J.W. Harper, M. Pagano, N.P.

Pavletich, Insights into SCF ubiquitin ligases from the structure of

the Skp1–Skp2 complex, Nature 408 (2000) 381–386.

[116] C.E. Stebbins, W.G. Kaelin Jr., N.P. Pavletich, Structure of the VHL–

ElonginC–ElonginB complex: implications for VHL tumor suppres-

sor function, Science 284 (1999) 455–461.

[117] L. Pintard, A. Willems, M. Peter, Cullin-based ubiquitin ligases:

Cul3–BTB complexes join the family, EMBO J. 23 (2004)

1681–1687.

[118] M. Furukawa, Y.J. He, C. Borchers, Y. Xiong, Targeting of protein

ubiquitination by BTB–Cullin 3–Roc1 ubiquitin ligases, Nat. Cell

Biol. 5 (2003) 1001–1007.

[119] R. Geyer, S. Wee, S. Anderson, J. Yates, D.A. Wolf, BTB/POZ

domain proteins are putative substrate adaptors for cullin 3 ubiquitin

ligases, Mol. Cell 12 (2003) 783–790.

[120] L. Pintard, J.H. Willis, A. Willems, J.L. Johnson, M. Srayko, T.

Kurz, S. Glaser, P.E. Mains, M. Tyers, B. Bowerman, M. Peter, The

BTB protein MEL-26 is a substrate-specific adaptor of the CUL-3

ubiquitin-ligase, Nature 425 (2003) 311–316.

[121] S.B. Cullinan, J.D. Gordon, J. Jin, J.W. Harper, J.A. Diehl, The

Keap1–BTB protein is an adaptor that bridges Nrf2 to a Cul3 based

E3 ligase: oxidative stress sensing by a Cul3–Keap1 ligase, Mol.

Cell. Biol. (2004) (in press).
[122] T. Kamura, D. Burian, Q. Yan, S.L. Schmidt, W.S. Lane, E. Querido,

P.E. Branton, A. Shilatifard, R.C. Conaway, J.W. Conaway, Muf1, a

novel Elongin BC-interacting leucine-rich repeat protein that can

assemble with Cul5 and Rbx1 to reconstitute a ubiquitin ligase, J.

Biol. Chem. 276 (2001) 29748–29753.

[123] I.E. Wertz, K.M. O’Rourke, Z. Zhang, D. Dornan, D. Arnott,

R.J. Deshaies, V.M. Dixit, Human de-etiolated-1 regulates c-Jun

by assembling a Cul4A ubiquitin ligase, Science 303 (2004)

1371–1374.

[124] P. Shiyanov, A. Nag, P. Raychaudhuri, Cullin 4A associates with the

UV-damaged DNA-binding protein DDB, J. Biol. Chem. 274 (1999)

35309–35312.

[125] A. Nag, T. Bondar, S. Shiv, P. Raychaudhuri, The xeroderma

pigmentosum group E gene product DDB2 is a specific target

of cullin 4A in mammalian cells, Mol. Cell. Biol. 21 (2001)

6738–6747.

[126] R. Groisman, J. Polanowska, I. Kuraoka, J. Sawada, M. Saijo, R.

Drapkin, A.F. Kisselev, K. Tanaka, Y. Nakatani, The ubiquitin ligase

activity in the DDB2 and CSA complexes is differentially regulated

by the COP9 signalosome in response to DNA damage, Cell 113

(2003) 357–367.

[127] L.A. Higa, I.S. Mihaylov, D.P. Banks, J. Zheng, H. Zhang,

Radiation-mediated proteolysis of CDT1 by CUL4–ROC1 and

CSN complexes constitutes a new checkpoint, Nat. Cell Biol. 5

(2003) 1008–1015.

[128] C. Liu, K.A. Powell, K. Mundt, L. Wu, A.M. Carr, T. Caspari, Cop9/

signalosome subunits and Pcu4 regulate ribonucleotide reductase by

both checkpoint-dependent and -independent mechanisms, Genes

Dev. 17 (2003) 1130–1140.

[129] T. Arai, J.S. Kasper, J.R. Skaar, S.H. Ali, C. Takahashi, J.A.

DeCaprio, Targeted disruption of p185/Cul7 gene results in abnormal

vascular morphogenesis, Proc. Natl. Acad. Sci. U. S. A. 100 (2003)

9855–9860.

[130] K.B. Kaplan, A.A. Hyman, P.K. Sorger, Regulating the yeast

kinetochore by ubiquitin-dependent degradation and Skp1p-medi-

ated phosphorylation, Cell 91 (1997) 491–500.

[131] J.H. Seol, A. Shevchenko, R.J. Deshaies, Skp1 forms multiple

protein complexes, including RAVE, a regulator of V-ATPase

assembly, Nat. Cell Biol. 3 (2001) 384–391.

[132] A. Wiederkehr, S. Avaro, C. Prescianotto-Baschong, R. Haguenauer-

Tsapis, H. Riezman, The F-box protein Rcy1p is involved in

endocytic membrane traffic and recycling out of an early endosome

in Saccharomyces cerevisiae, J. Cell Biol. 149 (2000) 397–410.

[133] J.M. Galan, A. Wiederkehr, J.H. Seol, R. Haguenauer-Tsapis, R.J.

Deshaies, H. Riezman, M. Peter, 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 (2001) 3105–3117.

[134] J.D. Reimann, E. Freed, J.Y. Hsu, E.R. Kramer, J.M. Peters, P.K.

Jackson, Emi1 is a mitotic regulator that interacts with Cdc20

and inhibits the anaphase promoting complex, Cell 105 (2001)

645–655.

[135] M. Ohh, R.L. Yauch, K.M. Lonergan, J.M. Whaley, A.O. Stemmer-

Rachamimov, D.N. Louis, B.J. Gavin, N. Kley, W.G. Kaelin Jr., O.

Iliopoulos, The von Hippel–Lindau tumor suppressor protein is

required for proper assembly of an extracellular fibronectin matrix,

Mol. Cell 1 (1998) 959–968.

[136] A. Hergovich, J. Lisztwan, R. Barry, P. Ballschmieter, W. Krek,

Regulation of microtubule stability by the von Hippel–Lindau

tumour suppressor protein pVHL, Nat. Cell Biol. 5 (2003) 64–70.

[137] T. Collins, J.R. Stone, A.J. Williams, All in the family: the BTB/

POZ, KRAB, and SCAN domains, Mol. Cell. Biol. 21 (2001)

3609–3615.

[138] S.I. Matsuzawa, J.C. Reed, Siah-1, SIP, and Ebi collaborate in a

novel pathway for h-catenin degradation linked to p53 responses,

Mol. Cell 7 (2001) 915–926.

[139] J. Liu, J. Stevens, C.A. Rote, H.J. Yost, Y. Hu, K.L. Neufeld, R.L.

White, N. Matsunami, Siah-1 mediates a novel h-catenin degradation



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170162
pathway linking p53 to the adenomatous polyposis coli protein, Mol.

Cell 7 (2001) 927–936.

[140] X. Dong, L. Tsuda, K.H. Zavitz, M. Lin, S. Li, R.W. Carthew, S.L.

Zipursky, Ebi regulates epidermal growth factor receptor signaling

pathways in Drosophila, Genes Dev. 13 (1999) 954–965.

[141] S. Li, C. Xu, R.W. Carthew, Phyllopod acts as an adaptor protein to

link the sina ubiquitin ligase to the substrate protein tramtrack, Mol.

Cell. Biol. 22 (2002) 6854–6865.

[142] S.J. Boulton, A. Brook, K. Staehling-Hampton, P. Heitzler, N.

Dyson, A role for Ebi in neuronal cell cycle control, EMBO J. 19

(2000) 5376–5386.

[143] L. Tsuda, R. Nagaraj, S.L. Zipursky, U. Banerjee, An EGFR/Ebi/

Sno pathway promotes delta expression by inactivating Su(H)/

SMRTER repression during inductive notch signaling, Cell 110

(2002) 625–637.

[144] C.M. House, I.J. Frew, H.L. Huang, G. Wiche, N. Traficante, E.

Nice, B. Catimel, D.D. Bowtell, A binding motif for Siah ubiquitin

ligase, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 3101–3106.

[145] T.T. Nugroho, M.D. Mendenhall, An inhibitor of yeast cyclin-

dependent protein kinase plays an important role in ensuring the

genomic integrity of daughter cells, Mol. Cell. Biol. 14 (1994)

3320–3328.

[146] J.D. Donovan, J.H. Toyn, A.L. Johnson, L.H. Johnston, p40SDB25, a

putative CDK inhibitor, has a role in the M/G1 transition in

Saccharomyces cerevisiae, Genes Dev. 8 (1994) 1640–1653.

[147] C. Dahmann, J.F.X. Diffley, K.A. Nasmyth, S-phase promoting

cyclin-dependent kinases prevent re-replication, Curr. Biol. 5 (1995)

1257–1269.

[148] J.F. Diffley, Once and only once upon a time: specifying and

regulating origins of DNA replication in eukaryotic cells, Genes Dev.

10 (1996) 2819–2830.

[149] M. Tyers, The cyclin-dependent kinase inhibitor p40SIC1 imposes the

requirement for Cln G1 cyclin function at Start, Proc. Natl. Acad.

Sci. U. S. A. 93 (1996) 7772–7776.

[150] B.L. Schneider, Q.-H. Yang, A.B. Futcher, Linkage of replication to

Start by the Cdk inhibitor Sic1, Science 272 (1996) 560–562.

[151] L. Dirick, L. Goetsch, G. Ammerer, B. Byers, Regulation of meiotic

S phase by Ime2 and a Clb5,6-associated kinase in Saccharomyces

cerevisiae, Science 281 (1998) 1854–1857.

[152] K.R. Benjamin, C. Zhang, K.M. Shokat, I. Herskowitz, Control of

landmark events in meiosis by the CDK Cdc28 and the meiosis-

specific kinase Ime2, Genes Dev. 17 (2003) 1524–1539.

[153] M. Nishizawa, M. Kawasumi, M. Fujino, A. Toh-e, Phosphorylation

of Sic1, a cyclin-dependent kinase (Cdk) inhibitor, by Cdk including

Pho85 kinase is required for its prompt degradation, Mol. Biol. Cell

9 (1998) 2393–2405.

[154] R. Visintin, K. Craig, E.S. Hwang, S. Prinz, M. Tyers, A. Amon, The

phosphatase Cdc14 triggers mitotic exit by reversal of Cdk-depend-

ent phosphorylation, Mol. Cell 2 (1998) 709–718.

[155] A.J. Bardin, A. Amon, Men and sin: what’s the difference? Nat.

Rev., Mol. Cell Biol. 2 (2001) 815–826.

[156] A. Lengronne, E. Schwob, The yeast CDK inhibitor Sic1 prevents

genomic instability by promoting replication origin licensing in late

G1, Mol. Cell 9 (2002) 1067–1078.

[157] R. Verma, R.M. Feldman, R.J. Deshaies, SIC1 is ubiquitinated in

vitro by a pathway that requires CDC4, CDC34, and cyclin/CDK

activities, Mol. Biol. Cell 8 (1997) 1427–1437.

[158] P. Nash, X. Tang, S. Orlicky, Q. Chen, F.B. Gertler, M.D.

Mendenhall, F. Sicheri, T. Pawson, M. Tyers, Multisite phosphor-

ylation of a CDK inhibitor sets a threshold for the onset of DNA

replication, Nature 414 (2001) 514–521.

[159] A.A. Russo, P.D. Jeffrey, A.K. Patten, J. Massague, N.P. Pavletich,

Crystal structure of the p27 cyclin-dependent-kinase inhibitor bound

to the cyclin A–Cdk2 complex, Nature 382 (1996) 325–331.

[160] T. Pawson, Protein modules and signalling networks, Nature 373

(1995) 573–580.
[161] J.A. Endicott, M.E. Noble, J.A. Tucker, Cyclin-dependent kinases:

inhibition and substrate recognition, Curr. Opin. Struck. Biol. 9

(1999) 738–744.

[162] J.E. Ferrell Jr., Tripping the switch fantastic: how a protein kinase

cascade can convert graded inputs into switch–like outputs, Trends

Biochem. Sci. 21 (1996) 460–466.

[163] J.E. Ferrell Jr., E.M. Machleder, The biochemical basis of an all-

or-none cell fate switch in Xenopus oocytes, Science 280 (1998)

895–898.

[164] J.D. McKinney, F. Chang, N. Heintz, F.R. Cross, Negative regulation

of FAR1 at the Start of the yeast cell cycle, Genes Dev. 7 (1993)

833–843.

[165] M. Peter, A. Gartner, J. Horecka, G. Ammerer, I. Herskowitz, FAR1

links the signal transduction pathway to the cell cycle machinery in

yeast, Cell 73 (1993) 747–760.

[166] M. Tyers, B. Futcher, Far1 and Fus3 link the mating pheromone

signal transduction pathway to three G1-phase Cdc28 kinase

complexes, Mol. Cell. Biol. 13 (1993) 5659–5669.

[167] A.C. Butty, P.M. Pryciak, L.S. Huang, I. Herskowitz, M. Peter, The

role of Far1p in linking the heterotrimeric G protein to polarity

establishment proteins during yeast mating, Science 282 (1998)

1511–1516.

[168] M. Blondel, P.M. Alepuz, L.S. Huang, S. Shaham, G. Ammerer, M.

Peter, Nuclear export of Far1p in response to pheromones requires the

export receptor Msn5p/Ste21p, Genes Dev. 13 (1999) 2284–2300.

[169] M. Blondel, J.M. Galan, Y. Chi, C. Lafourcade, C. Longaretti, R.J.

Deshaies, M. Peter, Nuclear-specific degradation of Far1 is

controlled by the localization of the F-box protein Cdc4, EMBO J.

19 (2000) 6085–6097.

[170] S. Henchoz, Y. Chi, B. Catarin, I. Herskowitz, R.J. Deshaies, M.

Peter, Phosphorylation and ubiquitin-dependent degradation of the

cyclin-dependent kinase inhibitor Far1p in budding yeast, Genes

Dev. 11 (1997) 3046–3060.

[171] A. Gartner, A. Jovanovic, D.I. Jeoung, S. Bourlat, F.R. Cross, G.

Ammerer, Pheromone-dependent G1 cell cycle arrest requires Far1

phosphorylation, but may not involve inhibition of Cdc28–Cln2

kinase, in vivo, Mol. Cell. Biol. 18 (1998) 3681–3691.

[172] L.S. Drury, G. Perkins, J.F. Diffley, The Cdc4/34/53 pathway

targets Cdc6p for proteolysis in budding yeast, EMBO J. 16

(1997) 5966–5976.

[173] L.S. Drury, G. Perkins, J.F. Diffley, The cyclin-dependent kinase

Cdc28p regulates distinct modes of Cdc6p proteolysis during the

budding yeast cell cycle, Curr. Biol. 10 (2000) 231–240.

[174] S. Elsasser, Y. Chi, P. Yang, J.L. Campbell, Phosphorylation controls

timing of Cdc6p destruction: a biochemical analysis, Mol. Biol. Cell

10 (1999) 3263–3277.

[175] G. Perkins, L.S. Drury, J.F. Diffley, Separate SCFCDC4 recognition

elements target Cdc6 for proteolysis in S phase and mitosis, EMBO

J. 20 (2001) 4836–4845.

[176] G.M. Wilmes, V. Archambault, R.J. Austin, M.D. Jacobson, S.P.

Bell, F.R. Cross, Interaction of the S-phase cyclin Clb5 with an

bRXLQ docking sequence in the initiator protein Orc6 provides an

origin-localized replication control switch, Genes Dev. 18 (2004)

981–991.

[177] V.Q. Nguyen, C. Co, J.J. Li, Cyclin-dependent kinases prevent DNA

re-replication through multiple mechanisms, Nature 411 (2001)

1068–1073.

[178] D. Kornitzer, B. Raboy, R.G. Kulka, G.R. Fink, Regulated

degradation of the transcription factor Gcn4, EMBO J. 13 (1994)

6021–6030.

[179] A. Meimoun, T. Holtzman, Z. Weissman, H.J. McBride, D.J.

Stillman, G.R. Fink, D. Kornitzer, Degradation of the transcription

factor Gcn4 requires the kinase Pho85 and the SCFCDC4 ubiquitin-

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

[180] Y. Chi, M.J. Huddleston, X. Zhang, R.A. Young, R.S. Annan, S.A.

Carr, R.J. Deshaies, Negative regulation of Gcn4 and Msn2



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 163
transcription factors by Srb10 cyclin-dependent kinase, Genes Dev.

15 (2001) 1078–1092.

[181] R. Shemer, A. Meimoun, T. Holtzman, D. Kornitzer, Regulation of

the transcription factor Gcn4 by Pho85 cyclin Pcl5, Mol. Cell. Biol.

22 (2002) 5395–5404.

[182] B.L. Schneider, E.E. Patton, S. Lanker, M. Mendenhall, C.

Wittenberg, B. Futcher, M. Tyers, Yeast G1 cyclins are unstable in

G1 phase, Nature 395 (1998) 86–89.

[183] F.N. Li, M. Johnston, Grr1 of Saccharomyces cerevisiae is connected

to the ubiquitin proteolysis machinery through Skp1: coupling

glucose sensing to gene expression and the cell cycle, EMBO J.

16 (1997) 5629–5638.

[184] Y.G. Hsiung, H.C. Chang, J.L. Pellequer, R. La Valle, S. Lanker, C.

Wittenberg, F-box protein Grr1 interacts with phosphorylated targets

via the cationic surface of its leucine-rich repeat, Mol. Cell. Biol. 21

(2001) 2506–2520.

[185] C. Berset, P. Griac, R. Tempel, J. La Rue, C. Wittenberg, S. Lanker,

Transferable domain in the G1 cyclin Cln2 sufficient to switch

degradation of Sic1 from the E3 ubiquitin ligase SCFCdc4 to SCFGrr1,

Mol. Cell. Biol. 22 (2002) 4463–4476.

[186] M. Jaquenoud, M.P. Gulli, K. Peter, M. Peter, The Cdc42p effector

Gic2p is targeted for ubiquitin-dependent degradation by the SCFGrr1

complex, EMBO J. 17 (1998) 5360–5373.

[187] M. Johnston, Feasting, fasting and fermenting. Glucose sensing in

yeast and other cells, Trends Genet. 15 (1999) 29–33.

[188] K.M. Flick, N. Spielewoy, T.I. Kalashnikova, M. Guaderrama, Q.

Zhu, H.C. Chang, C. Wittenberg, Grr1-dependent inactivation of

Mth1 mediates glucose-induced dissociation of Rgt1 from HXT gene

promoters, Mol. Biol. Cell 14 (2003) 3230–3241.

[189] A.L. Mosley, J. Lakshmanan, B.K. Aryal, S. Ozcan, Glucose-

mediated phosphorylation converts the transcription factor Rgt1 from

a repressor to an activator, J. Biol. Chem. 278 (2003) 10322–10327.

[190] I. Iraqui, S. Vissers, F. Bernard, J.O. de Craene, E. Boles, A.

Urrestarazu, B. Andre, Amino acid signaling in Saccharomyces

cerevisiae: a permease-like sensor of external amino acids and F-box

protein Grr1p are required for transcriptional induction of the AGP1

gene, which encodes a broad-specificity amino acid permease, Mol.

Cell. Biol. 19 (1999) 989–1001.

[191] D. Thomas, L. Kuras, R. Barbey, H. Cherest, P.L. Blaiseau, K.Y.

Surdin, Met30p, a yeast transcriptional inhibitor that responds to S-

adenosylmethionine, is an essential protein with WD40 repeats, Mol.

Cell. Biol. 15 (1995) 6526–6534.

[192] D. Thomas, Y. Surdin-Kerjan, Metabolism of sulfur amino acids in

Saccharomyces cerevisiae, Microbiol. Mol. Biol. Rev. 61 (1997)

503–532.

[193] A. Rouillon, R. Barbey, E.E. Patton, M. Tyers, D. Thomas,

Feedback-regulated degradation of the transcriptional activator

Met4 is triggered by the SCFMet30 complex, EMBO J. 19 (2000)

282–294.

[194] P. Kaiser, K. Flick, C. Wittenberg, S.I. Reed, Regulation of

transcription by ubiquitination without proteolysis: Cdc34/

SCFMet30-mediated inactivation of the transcription factor Met4,

Cell 102 (2000) 303–314.

[195] L. Kuras, A. Rouillon, T. Lee, R. Barbey, M. Tyers, D. Thomas, Dual

regulation of the met4 transcription factor by ubiquitin-dependent

degradation and inhibition of promoter recruitment, Mol. Cell 10

(2002) 69–80.

[196] E.E. Patton, C. Peyraud, A. Rouillon, Y. Surdin-Kerjan, M. Tyers,

D. Thomas, SCFMet30-mediated control of the transcriptional

activator Met4 is required for the G1–S transition, EMBO J. 19

(2000) 1613–1624.

[197] D.B. Smothers, L. Kozubowski, C. Dixon, M.G. Goebl, N. Mathias,

The abundance of Met30p limits SCFMet30p complex activity and is

regulated by methionine availability, Mol. Cell. Biol. 20 (2000)

7845–7852.

[198] K. Flick, I. Ouni, J.A. Wohlschlegel, C. Capati, W.H. McDonald,

J.R. Yates, P. Kaiser, Proteolysis-independent regulation of the
transcription factor Met4 by a single Lys 48-linked ubiquitin chain,

Nat. Cell Biol. 6 (2004) 634–641.

[199] M.M. Schumacher, J.Y. Choi, D.R. Voelker, Phosphatidylserine

transport to the mitochondria is regulated by ubiquitination, J. Biol.

Chem. 277 (2002) 51033–51042.

[200] B.M. Kus, C.E. Caldon, R. Andorn-Broza, A.M. Edwards, Func-

tional interaction of 13 yeast SCF complexes with a set of yeast E2

enzymes in vitro, Proteins 54 (2004) 455–467.

[201] D.M. Koepp, L.K. Schaefer, X. Ye, K. Keyomarsi, C. Chu, J.W.

Harper, S.J. Elledge, Phosphorylation-dependent ubiquitination of

cyclin E by the SCFFbw7 ubiquitin ligase, Science 294 (2001)

173–177.

[202] L. Kaplun, Y. Ivantsiv, A. Bakhrat, D. Raveh, DNA damage

response-mediated degradation of Ho endonuclease via the ubiquitin

system involves its nuclear export, J. Biol. Chem. 278 (2003)

48727–48734.

[203] S. Fritz, N. Weinbach, B. Westermann, Mdm30 is an F-box protein

required for maintenance of fusion-competent mitochondria in yeast,

Mol. Biol. Cell 14 (2003) 2303–2313.

[204] Y. Wang, T. Shirogane, D. Liu, J.W. Harper, S.J. Elledge, Exit from

exit: resetting the cell cycle through Amn1 inhibition of G protein

signaling, Cell 112 (2003) 697–709.

[205] K. Kominami, T. Toda, Fission yeast WD-repeat protein Pop1

regulates genome ploidy through ubiquitin–proteasome-mediated

degradation of the CDK inhibitor Rum1 and the S-phase initiator

Cdc18, Genes Dev. 11 (1997) 1548–1560.

[206] P.V. Jallepalli, D. Tien, T.J. Kelly, sud1+ targets cyclin-dependent

kinase-phosphorylated Cdc18 and Rum1 proteins for degradation

and stops unwanted diploidization in fission yeast, Proc. Natl. Acad.

Sci. U. S. A. 95 (1998) 8159–8164.

[207] D.A. Wolf, F. McKeon, P.K. Jackson, Budding yeast Cdc6p induces

re-replication in fission yeast by inhibition of SCFPop-mediated

proteolysis, Mol. Gen. Genet. 262 (1999) 473–480.

[208] D.A. Wolf, F. McKeon, P.K. Jackson, F-box/WD-repeat proteins

pop1p and Sud1p/Pop2p form complexes that bind and direct the

proteolysis of Cdc18p, Curr. Biol. 9 (1999) 373–376.

[209] P.V. Jallepalli, G.W. Brown, M. Muzi-Falconi, D. Tien, T.J. Kelly,

Regulation of the replication initiator protein p65cdc18 by CDK

phosphorylation, Genes Dev. 11 (1997) 2767–2779.

[210] V. Seibert, C. Prohl, I. Schoultz, E. Rhee, R. Lopez, K.

Abderazzaq, C. Zhou, D.A. Wolf, Combinatorial diversity of

fission yeast SCF ubiquitin ligases by homo- and heterooligomeric

assemblies of the F-box proteins Pop1p and Pop2p, BMC

Biochem. 3 (2002) 22.

[211] H. Yamano, K. Kominami, C. Harrison, K. Kitamura, S. Katayama,

S. Dhut, T. Hunt, T. Toda, Requirement of the SCFPop1/Pop2 Ubiquitin

ligase for degradation of the fission yeast S phase cyclin Cig2, J.

Biol. Chem. 279 (2004) 18974–18980.

[212] S. Katayama, K. Kitamura, A. Lehmann, O. Nikaido, T. Toda,

Fission yeast F-box protein Pof3 is required for genome integrity and

telomere function, Mol. Biol. Cell 13 (2002) 211–224.

[213] A. Kumar, J.V. Paietta, An additional role for the F-box motif: gene

regulation within the Neurospora crassa sulfur control network,

Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 2417–2422.

[214] S.T. Sizemore, J.V. Paietta, Cloning and characterization of scon-3+,

a new member of the Neurospora crassa sulfur regulatory system,

Eukaryot. Cell 1 (2002) 875–883.

[215] R. Natorff, M. Piotrowska, A. Paszewski, The Aspergillus nidulans

sulfur regulatory gene sconB encodes a protein with WD40 repeats

and an F-box, Mol. Gen Genet. 257 (1998) 255–263.

[216] M. Piotrowska, R. Natorff, A. Paszewski, sconC, a gene involved

in the regulation of sulfur metabolism in Aspergillus nidulans,

belongs to the SKP1 gene family, Mol. Gen Genet. 264 (2000)

276–282.

[217] A. Kumar, J.V. Paietta, The sulfur controller-2 negative regulatory

gene of Neurospora crassa encodes a protein with h-transducin
repeats, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 3343–3347.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170164
[218] Q. He, P. Cheng, Y. Yang, H. Yu, Y. Liu, FWD1-mediated

degradation of FREQUENCY in Neurospora establishes a conserved

mechanism for circadian clock regulation, EMBO J. 22 (2003)

4421–4430.

[219] T. Maniatis, A ubiquitin ligase complex essential for the NFnB, Wnt/

Wingless, and Hedgehog signaling pathways, Genes Dev. 13 (1999)

505–510.

[220] A. Yaron, A. Hatzubai, M. Davis, I. Lavon, S. Amit, A.M. Manning,

J.S. Andersen, M. Mann, F. Mercurio, Y. Ben-Neriah, Identification

of the receptor component of the InBa-ubiquitin ligase, Nature 396

(1998) 590–594.

[221] J.T. Winston, P. Strack, P. Beer-Romero, C.Y. Chu, S.J. Elledge, J.W.

Harper, The SCFh-TRCP ubiquitin ligase complex associates specif-

ically with phosphorylated destruction motifs in InBa and h-catenin
and stimulates InBa ubiquitination in vitro, Genes Dev. 13 (1999)

270–283.

[222] E. Spencer, J. Jiang, Z.J. Chen, Signal-induced ubiquitination of

InBa by the F-box protein Slimb/h-TrCP, Genes Dev. 13 (1999)

284–294.

[223] H. Suzuki, T. Chiba, T. Suzuki, T. Fujita, T. Ikenoue, M. Omata, K.

Furuichi, H. Shikama, K. Tanaka, Homodimer of two F-box proteins

h-TrCP1 or h-TrCP2 binds to InBa for signal-dependent ubiquiti-

nation, J. Biol. Chem. 275 (2000) 2877–2884.

[224] A. Orian, H. Gonen, B. Bercovich, I. Fajerman, E. Eytan, A. Israel,

F. Mercurio, K. Iwai, A.L. Schwartz, A. Ciechanover, SCFh-TrCP

ubiquitin ligase-mediated processing of NFnB p105 requires

phosphorylation of its C-terminus by InB kinase, EMBO J. 19

(2000) 2580–2591.

[225] C. Lee, M.P. Schwartz, S. Prakash, M. Iwakura, A. Matouschek,

ATP-dependent proteases degrade their substrates by processively

unraveling them from the degradation signal, Mol. Cell 7 (2001)

627–637.

[226] F. Margottin, S.P. Bour, H. Durand, L. Selig, S. Benichou, V.

Richard, D. Thomas, K. Strebel, R. Benarous, A novel human WD

protein, hh-TrCP, that interacts with HIV-1 Vpu connects CD4 to the

ER degradation pathway through an F-box motif, Mol. Cell 1 (1998)

565–574.

[227] I. Lassot, E. Segeral, C. Berlioz-Torrent, H. Durand, L. Groussin, T.

Hai, R. Benarous, F. Margottin-Goguet, ATF4 degradation relies on a

phosphorylation-dependent interaction with the SCFh-TrCP ubiquitin

ligase, Mol. Cell. Biol. 21 (2001) 2192–2202.

[228] M. Fukuchi, T. Imamura, T. Chiba, T. Ebisawa, M. Kawabata, K.

Tanaka, K. Miyazono, Ligand-dependent degradation of Smad3 by a

ubiquitin ligase complex of ROC1 and associated proteins, Mol.

Biol. Cell 12 (2001) 1431–1443.

[229] M. Wan, Y. Tang, E.M. Tytler, C. Lu, B. Jin, S.M. Vickers, L. Yang,

X. Shi, X. Cao, Smad4 protein stability is regulated by ubiquitin

ligase SCFh-TrCP1, J. Biol. Chem. 279 (2004) 14484–14487.

[230] L. Busino, M. Donzelli, M. Chiesa, D. Guardavaccaro, D. Ganoth,

N.V. Dorrello, A. Hershko, M. Pagano, G.F. Draetta, Degradation of

Cdc25A by h-TrCP during S phase and in response to DNA damage,

Nature 426 (2003) 87–91.

[231] J. Jin, T. Shirogane, L. Xu, G. Nalepa, J. Qin, S.J. Elledge, J.W.

Harper, SCFh-TrCP links Chk1 signaling to degradation of the

Cdc25A protein phosphatase, Genes Dev. 17 (2003) 3062–3074.

[232] L. Busino, M. Chiesa, G.F. Draetta, M. Donzelli, Cdc25A

phosphatase: combinatorial phosphorylation, ubiquitylation and

proteolysis, Oncogene 23 (2004) 2050–2056.

[233] D. Guardavaccaro, Y. Kudo, J. Boulaire, M. Barchi, L. Busino, M.

Donzelli, F. Margottin-Goguet, P.K. Jackson, L. Yamasaki, M.

Pagano, Control of meiotic and mitotic progression by the F Box

Protein h-TrCP1 in vivo, Dev. Cell 4 (2003) 799–812.

[234] S.Y. Fuchs, V.S. Spiegelman, K.G. Kumar, The many faces of h-
TrCP E3 ubiquitin ligases: reflections in the magic mirror of cancer,

Oncogene 23 (2004) 2028–2036.

[235] J.M. Trimarchi, J.A. Lees, Sibling rivalry in the E2F family, Nat.

Rev., Mol. Cell Biol. 3 (2002) 11–20.
[236] A. Marti, C. Wirbelauer, M. Scheffner, W. Krek, Interaction between

ubiquitin-protein ligase SCFSKP2 and E2F-1 underlies the regulation

of E2F-1 degradation, Nat. Cell Biol. 1 (1999) 14–19.

[237] G. Hateboer, R.M. Kerkhoven, A. Shvarts, R. Bernards, R.L.

Beijersbergen, Degradation of E2F by the ubiquitin–proteasome

pathway: regulation by retinoblastoma family proteins and adenovi-

rus transforming proteins, Genes Dev. 10 (1996) 2960–2970.

[238] F. Hofmann, F. Martelli, D.M. Livingston, Z. Wang, The

retinoblastoma gene product protects E2F-1 from degradation

by the ubiquitin–proteasome pathway, Genes Dev. 10 (1996)

2949–2959.

[239] M.R. Campanero, E.K. Flemington, Regulation of E2F through

ubiquitin–proteasome-dependent degradation: stabilization by the

pRB tumor suppressor protein, Proc. Natl. Acad. Sci. U. S. A. 94

(1997) 2221–2226.

[240] K. Nakayama, H. Nagahama, Y.A. Minamishima, M. Matsumoto, I.

Nakamichi, K. Kitagawa, M. Shirane, R. Tsunematsu, T. Tsukiyama,

N. Ishida, M. Kitagawa, S. Hatakeyama, Targeted disruption of Skp2

results in accumulation of cyclin E and p27, polyploidy and

centrosome overduplication, EMBO J. 19 (2000) 2069–2081.

[241] M.L. Fero, E. Randel, K.E. Gurley, J.M. Roberts, C.J. Kemp, The

murine gene p27 is haplo-insufficient for tumour suppression, Nature

396 (1998) 177–180.

[242] A.C. Carrano, E. Eytan, A. Hershko, M. Pagano, SKP2 is required

for ubiquitin-mediated degradation of the CDK inhibitor p27, Nat.

Cell Biol. 1 (1999) 193–199.

[243] H. Sutterluty, E. Chatelain, A. Marti, C. Wirbelauer, M. Senften, U.

Muller, W. Krek, p45SKP2 promotes p27 degradation and induces S

phase in quiescent cells, Nat. Cell Biol. 1 (1999) 207–214.

[244] A. Montagnoli, F. Fiore, E. Eytan, A.C. Carrano, G.F. Draetta, A.

Hershko, M. Pagano, Ubiquitination of p27 is regulated by Cdk-

dependent phosphorylation and trimeric complex formation, Genes

Dev. 13 (1999) 1181–1189.

[245] L.M. Tsvetkov, K.H. Yeh, S.J. Lee, H. Sun, H. Zhang, p27

ubiquitination and degradation is regulated by the SCFSkp2

complex through phosphorylated Thr187 in p27, Curr. Biol. 9

(1999) 661–664.

[246] D. Ganoth, G. Bornstein, T.K. Ko, B. Larsen, M. Tyers, M. Pagano,

A. Hershko, The cell-cycle regulatory protein Cks1 is required for

SCFSkp2-mediated ubiquitinylation of p27, Nat. Cell Biol. 3 (2001)

321–324.

[247] C. Spruck, H. Strohmaier, M. Watson, A.P. Smith, A. Ryan, T.W.

Krek, S.I. Reed, A CDK-independent function of mammalian Cks1:

targeting of SCFSkp2 to the CDK inhibitor p27, Mol. Cell 7 (2001)

639–650.

[248] K. Xu, C. Belunis, W. Chu, D. Weber, F. Podlaski, K.S. Huang, S.I.

Reed, L.T. Vassilev, Protein–protein interactions involved in the

recognition of p27 by E3 ubiquitin ligase, Biochem. J. 371 (2003)

957–964.

[249] D. Sitry, M.A. Seeliger, T.K. Ko, D. Ganoth, S.E. Breward, L.S.

Itzhaki, M. Pagano, A. Hershko, Three different binding sites of

Cks1 are required for p27–ubiquitin ligation, J. Biol. Chem. 277

(2002) 42233–42240.

[250] M.A. Seeliger, S.E. Breward, A. Friedler, O. Schon, L.S. Itzhaki,

Cooperative organization in a macromolecular complex, Nat. Struct.

Biol. 10 (2003) 718–724.

[251] W. Wang, D. Ungermannova, L. Chen, X. Liu, A negatively charged

amino acid in Skp2 is required for Skp2–Cks1 interaction and

Ubiquitination of p27, J. Biol. Chem. (2003).

[252] N.P. Malek, H. Sundberg, S. McGrew, K. Nakayama, T.R.

Kyriakides, J.M. Roberts, T.R. Kyriakidis, A mouse knock-in model

exposes sequential proteolytic pathways that regulate p27 in G1 and

S phase, Nature 413 (2001) 323–327.

[253] K. Hirano, M. Hirano, Y. Zeng, J. Nishimura, K. Hara, K. Muta, H.

Nawata, H. Kanaide, Cloning and functional expression of a

degradation-resistant novel isoform of p27, Biochem. J. 353 (2001)

51–57.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 165
[254] L. Furstenthal, C. Swanson, B.K. Kaiser, A.G. Eldridge, P.K.

Jackson, Triggering ubiquitination of a CDK inhibitor at origins of

DNA replication, Nat. Cell Biol. 3 (2001) 715–722.

[255] G. Bornstein, J. Bloom, D. Sitry-Shevah, K. Nakayama, M. Pagano,

A. Hershko, Role of the SCFSkp2 Ubiquitin Ligase in the

Degradation of p21Cip1 in S Phase, J. Biol. Chem. 278 (2003)

25752–25757.

[256] J. Mendez, X.H. Zou-Yang, S.Y. Kim, M. Hidaka, W.P. Tansey, B.

Stillman, Human origin recognition complex large subunit is

degraded by ubiquitin-mediated proteolysis after initiation of DNA

replication, Mol. Cell 9 (2002) 481–491.

[257] X. Li, Q. Zhao, R. Liao, P. Sun, X. Wu, The SCFSkp2 ubiquitin ligase

complex interacts with the human replication licensing factor Cdt1

and regulates Cdt1 degradation, J. Biol. Chem. (2003).

[258] E. Liu, X. Li, F. Yan, Q. Zhao, X. Wu, Cyclin-dependent kinases

phosphorylate human Cdt1 and induce its degradation, J. Biol.

Chem. 279 (2004) 17283–17288.

[259] D. Tedesco, J. Lukas, S.I. Reed, The pRb-related protein p130 is

regulated by phosphorylation-dependent proteolysis via the protein-

ubiquitin ligase SCFSkp2, Genes Dev. 16 (2002) 2946–2957.

[260] J.A. Diehl, F. Zindy, C.J. Sherr, Inhibition of cyclin D1 phosphor-

ylation on threonine-286 prevents its rapid degradation via the

ubiquitin–proteasome pathway, Genes Dev. 11 (1997) 957–972.

[261] Z.K. Yu, J.L. Gervais, H. Zhang, Human CUL-1 associates with the

SKP1/SKP2 complex and regulates p21CIP1/WAF1 and cyclin D

proteins, Proc. Natl. Acad. Sci. USA 95 (1998) 11324–11329.

[262] A. Russell, M.A. Thompson, J. Hendley, L. Trute, J. Armes, D.

Germain, Cyclin D1 and D3 associate with the SCF complex and

are coordinately elevated in breast cancer, Oncogene 18 (1999)

1983–1991.

[263] S. Pelengaris, M. Khan, G. Evan, c-MYC: more than just a matter of

life and death, Nat. Rev. Cancer 2 (2002) 764–776.

[264] A. Orian, B. van Steensel, J. Delrow, H.J. Bussemaker, L. Li, T.

Sawado, E. Williams, L.W. Loo, S.M. Cowley, C. Yost, S. Pierce,

B.A. Edgar, S.M. Parkhurst, R.N. Eisenman, Genomic binding by

the Drosophila Myc, Max, Mad/Mnt transcription factor network,

Genes Dev. 17 (2003) 1101–1114.

[265] S. Pelengaris, T. Littlewood, M. Khan, G. Elia, G. Evan,

Reversible activation of c-Myc in skin: induction of a complex

neoplastic phenotype by a single oncogenic lesion, Mol. Cell 3

(1999) 565–577.

[266] S.E. Salghetti, S.Y. Kim, W.P. Tansey, Destruction of Myc by

ubiquitin-mediated proteolysis: cancer-associated and transforming

mutations stabilize Myc, EMBO J. 18 (1999) 717–726.

[267] D. Thomas, M. Tyers, Transcriptional regulation: kamikaze activa-

tors, Curr. Biol. 10 (2000) R341–R343.

[268] S.E. Salghetti, A.A. Caudy, J.G. Chenoweth, W.P. Tansey, Regu-

lation of transcriptional activation domain function by ubiquitin,

Science 293 (2001) 1651–1653.

[269] S.Y. Kim, A. Herbst, K.A. Tworkowski, S.E. Salghetti, W.P. Tansey,

Skp2 regulates Myc protein stability and activity, Mol. Cell 11

(2003) 1177–1188.

[270] N. von der Lehr, S. Johansson, S. Wu, F. Bahram, A. Castell, C.

Cetinkaya, P. Hydbring, I. Weidung, K. Nakayama, K.I. Nakayama,

O. Soderberg, T.K. Kerppola, L.G. Larsson, The F-Box protein

Skp2 participates in c-Myc proteosomal degradation and acts as a

cofactor for c-Myc-regulated transcription, Mol. Cell 11 (2003)

1189–1200.

[271] R.C. O’Hagan, M. Ohh, G. David, I.M. de Alboran, F.W. Alt, W.G.

Kaelin Jr., R.A. DePinho, Myc-enhanced expression of Cul1

promotes ubiquitin-dependent proteolysis and cell cycle progression,

Genes Dev. 14 (2000) 2185–2191.

[272] S. Charrasse, I. Carena, V. Brondani, K.H. Klempnauer, S. Ferrari,

Degradation of B-Myb by ubiquitin-mediated proteolysis: involve-

ment of the Cdc34–SCFp45Skp2 pathway, Oncogene 19 (2000)

2986–2995.
[273] K.A. Won, S.I. Reed, Activation of cyclin E/CDK2 is coupled to

site-specific autophosphorylation and ubiquitin-dependent degrada-

tion of cyclin E, EMBO J. 15 (1996) 4182–4193.

[274] B.E. Clurman, R.J. Sheaff, K. Thress, M. Groudine, J.M. Roberts,

Turnover of cyclin E by the ubiquitin–proteasome pathway is

regulated by Cdk2 binding and cyclin phosphorylation, Genes Dev.

10 (1996) 1979–1990.

[275] M.J. Dealy, K.V. Nguyen, J. Lo, M. Gstaiger, W. Krek, D. Elson, J.

Arbeit, E.T. Kipreos, R.S. Johnson, Loss of Cul1 results in early

embryonic lethality and dysregulation of cyclin E, Nat. Genet. 23

(1999) 245–248.

[276] Y. Wang, S. Penfold, X. Tang, N. Hattori, P. Riley, J.W. Harper, J.C.

Cross, M. Tyers, Deletion of Cul1 in mice causes arrest in early

embryogenesis and accumulation of cyclin E, Curr. Biol. 9 (1999)

1191–1194.

[277] H. Strohmaier, C.H. Spruck, P. Kaiser, K.A. Won, O. Sangfelt, S.I.

Reed, Human F-box protein hCdc4 targets cyclin E for proteolysis and

is mutated in a breast cancer cell line, Nature 413 (2001) 316–322.

[278] K.H. Moberg, D.W. Bell, D.C. Wahrer, D.A. Haber, I.K. Hariharan,

Archipelago regulates Cyclin E levels in Drosophila and is mutated

in human cancer cell lines, Nature 413 (2001) 311–316.

[279] M.T. Tetzlaff, W. Yu, M. Li, P. Zhang, M. Finegold, K. Mahon, J.W.

Harper, R.J. Schwartz, S.J. Elledge, Defective cardiovascular

development and elevated cyclin E and Notch proteins in mice

lacking the Fbw7 F-box protein, Proc. Natl. Acad. Sci. U. S. A. 101

(2004) 3338–3345.

[280] R. Tsunematsu, K. Nakayama, Y. Oike, M. Nishiyama, N. Ishida, S.

Hatakeyama, Y. Bessho, R. Kageyama, T. Suda, K.I. Nakayama,

Mouse Fbw7/Sel-10/Cdc4 is required for notch degradation during

vascular development, J. Biol. Chem. 279 (2004) 9417–9423.

[281] M. Welcker, J. Singer, K.R. Loeb, J. Grim, A. Bloecher, M. Gurien-

West, B.E. Clurman, J.M. Roberts, Multisite phosphorylation by

Cdk2 and GSK3 controls cyclin E degradation, Mol. Cell 12 (2003)

381–392.

[282] J.D. Singer, M. Gurian-West, B. Clurman, J.M. Roberts, Cullin-3

targets cyclin E for ubiquitination and controls S phase in

mammalian cells, Genes Dev. 13 (1999) 2375–2387.

[283] R. Sears, F. Nuckolls, E. Haura, Y. Taya, K. Tamai, J.R. Nevins,

Multiple Ras-dependent phosphorylation pathways regulate Myc

protein stability, Genes Dev. 14 (2000) 2501–2514.

[284] M. Welcker, A. Orian, J. Jin, J.A. Grim, J.W. Harper, R.N. Eisenman,

B.E. Clurman, The Fbw7 tumor suppressor regulates glycogen

synthase kinase 3 phosphorylation-dependent c-Myc protein degra-

dation, Proc. Natl. Acad. Sci. U. S. A. (2004).

[285] M. Yada, S. Hatakeyama, T. Kamura, M. Nishiyama, R. Tsunematsu,

H. Imaki, N. Ishida, F. Okumura, K. Nakayama, K.I. Nakayama,

Phosphorylation-dependent degradation of c-Myc is mediated by the

F-box protein Fbw7, EMBO J. 23 (2004) 2116–2125.

[286] K.H. Moberg, A. Mukherjee, A. Veraksa, S. Artavanis-Tsakonas,

I.K. Hariharan, The Drosophila F box protein archipelago regulates

dMyc protein levels in vivo, Curr. Biol. 14 (2004) 965–974.

[287] E. Moreno, K. Basler, dMyc transforms cells into super-competitors,

Cell 117 (2004) 117–129.

[288] C. de la Cova, M. Abril, P. Bellosta, P. Gallant, L.A. Johnston,

Drosophila myc regulates organ size by inducing cell competition,

Cell 117 (2004) 107–116.

[289] E. Hubbard, G. Wu, J. Kitajewski, I. Greenwald, sel-10, a negative

regulator of lin-12 activity in Caenorhabditis elegans, encodes a

member of the CDC4 family of proteins, Genes Dev. 11 (1997)

3182–3193.

[290] M.E. Fortini, Notch and presenilin: a proteolytic mechanism

emerges, Curr. Opin. Cell Biol. 13 (2001) 627–634.

[291] N. Gupta-Rossi, O. Le Bail, H. Gonen, C. Brou, F. Logeat, E. Six, A.

Ciechanover, A. Israel, Functional interaction between SEL-10, an F-

box protein, and the nuclear form of activated Notch1 receptor, J.

Biol. Chem. 276 (2001) 34371–34378.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170166
[292] C. Oberg, J. Li, A. Pauley, E. Wolf, M. Gurney, U. Lendahl, The

Notch intracellular domain is ubiquitinated and negatively regulated

by the mammalian Sel-10 homolog, J. Biol. Chem. 276 (2001)

35847–35853.

[293] G. Wu, S. Lyapina, I. Das, J. Li, M. Gurney, A. Pauley, I. Chui, R.J.

Deshaies, J. Kitajewski, SEL-10 is an inhibitor of notch signaling

that targets notch for ubiquitin-mediated protein degradation, Mol.

Cell. Biol. 21 (2001) 7403–7415.

[294] E.C. Lai, Protein degradation: four E3s for the notch pathway, Curr.

Biol. 12 (2002) R74–R78.

[295] G. Wu, E.J. Hubbard, J.K. Kitajewski, I. Greenwald, Evidence for

functional and physical association between Caenorhabditis elegans

SEL-10, a Cdc4p-related protein, and SEL-12 presenilin, Proc. Natl.

Acad. Sci. U. S. A. 95 (1998) 15787–15791.

[296] J. Li, A.M. Pauley, R.L. Myers, R. Shuang, J.R. Brashler, R. Yan,

A.E. Buhl, C. Ruble, M.E. Gurney, SEL-10 interacts with presenilin

1, facilitates its ubiquitination, and alters A-beta peptide production,

J. Neurochem. 82 (2002) 1540–1548.

[297] A.S. Nateri, L. Riera-Sans, C. Da Costa, A. Behrens, The ubiquitin

ligase SCFFbw7 antagonizes apoptotic JNK signaling, Science 303

(2004) 1374–1378.

[298] Y. Yoshida, T. Chiba, F. Tokunaga, H. Kawasaki, K. Iwai, T. Suzuki,

Y. Ito, K. Matsuoka, M. Yoshida, K. Tanaka, T. Tai, E3 ubiquitin

ligase that recognizes sugar chains, Nature 418 (2002) 438–442.

[299] L. Ellgaard, A. Helenius, Quality control in the endoplasmic

reticulum, Nat. Rev., Mol. Cell Biol. 4 (2003) 181–191.

[300] W.G. Kaelin Jr., Molecular basis of the VHL hereditary cancer

syndrome, Nat. Rev., Cancer 2 (2002) 673–682.

[301] J. Lisztwan, G. Imbert, C. Wirbelauer, M. Gstaiger, W. Krek, The von

Hippel–Lindau tumor suppressor protein is a component of an E3

ubiquitin-protein ligase activity, Genes Dev. 13 (1999) 1822–1833.

[302] K. Iwai, K. Yamanaka, T. Kamura, N. Minato, R.C. Conaway,

J.W. Conaway, R.D. Klausner, A. Pause, Identification of the von

Hippel–Lindau tumor-suppressor protein as part of an active E3

ubiquitin ligase complex, Proc. Natl. Acad. Sci. U. S. A. 96

(1999) 12436–12441.

[303] M. Ohh, C.W. Park, M. Ivan, M.A. Hoffman, T.Y. Kim, L.E. Huang,

N. Pavletich, V. Chau, W.G. Kaelin, Ubiquitination of hypoxia-

inducible factor requires direct binding to the h-domain of the von

Hippel–Lindau protein, Nat. Cell Biol. 2 (2000) 423–427.

[304] T. Kamura, S. Sato, K. Iwai, M. Czyzyk-Krzeska, R.C. Conaway,

J.W. Conaway, Activation of HIF-1a ubiquitination by a reconsti-

tuted von Hippel–Lindau (VHL) tumor suppressor complex, Proc.

Natl. Acad. Sci. U. S. A. 97 (2000) 10430–10435.

[305] K. Kondo, J. Klco, E. Nakamura, M. Lechpammer, W.G. Kaelin Jr.,

Inhibition of HIF is necessary for tumor suppression by the von

Hippel–Lindau protein, Cancer Cell 1 (2002) 237–246.

[306] M. Ivan, K. Kondo, H. Yang, W. Kim, J. Valiando, M. Ohh, A. Salic,

J.M. Asara, W.S. Lane, W.G. Kaelin Jr., HIFa targeted for VHL-

mediated destruction by proline hydroxylation: implications for O2

sensing, Science 292 (2001) 464–468.

[307] P. Jaakkola, D.R. Mole, Y.M. Tian, M.I. Wilson, J. Gielbert, S.J.

Gaskell, A. Kriegsheim, H.F. Hebestreit, M. Mukherji, C.J. Scho-

field, P.H. Maxwell, C.W. Pugh, P.J. Ratcliffe, Targeting of HIF-a to

the von Hippel–Lindau ubiquitylation complex by O2-regulated

prolyl hydroxylation, Science 292 (2001) 468–472.

[308] N. Masson, C. Willam, P.H. Maxwell, C.W. Pugh, P.J. Ratcliffe,

Independent function of two destruction domains in hypoxia-

inducible factor-a chains activated by prolyl hydroxylation, EMBO

J. 20 (2001) 5197–5206.

[309] J. Huang, Q. Zhao, S.M. Mooney, F.S. Lee, Sequence determinants

in hypoxia-inducible factor-1a for hydroxylation by the prolyl

hydroxylases PHD1, PHD2, and PHD3, J. Biol. Chem. 277 (2002)

39792–39800.

[310] D.A. Chan, P.D. Sutphin, N.C. Denko, A.J. Giaccia, Role of prolyl

hydroxylation in oncogenically stabilized hypoxia-inducible factor-

1a, J. Biol. Chem. 277 (2002) 40112–40117.
[311] K. Nakayama, I.J. Frew, M. Hagensen, M. Skals, H. Habelhah, A.

Bhoumik, T. Kadoya, H. Erdjument-Bromage, P. Tempst, P.B.

Frappell, D.D. Bowtell, Z. Ronai, Siah2 regulates stability of

prolyl-hydroxylases, controls HIF1a abundance, and modulates

physiological responses to hypoxia, Cell 117 (2004) 941–952.

[312] D. Lando, D.J. Peet, D.A. Whelan, J.J. Gorman, M.L. Whitelaw,

Asparagine hydroxylation of the HIF transactivation domain a

hypoxic switch, Science 295 (2002) 858–861.

[313] Z. Li, D. Wang, X. Na, S.R. Schoen, E.M. Messing, G. Wu, The

VHL protein recruits a novel KRAB-A domain protein to repress

HIF-1a transcriptional activity, EMBO J. 22 (2003) 1857–1867.

[314] T.T. Tang, L.A. Lasky, The forkhead transcription factor FOXO4

induces the down-regulation of hypoxia-inducible factor-1a by a von

Hippel–Lindau protein-independent mechanism, J. Biol. Chem.

(2003).

[315] J.S. Isaacs, Y.J. Jung, E.G. Mimnaugh, A. Martinez, F. Cuttitta, L.M.

Neckers, Hsp90 regulates a von Hippel Lindau-independent hypo-

xia-inducible factor-1 a-degradative pathway, J. Biol. Chem. 277

(2002) 29936–29944.

[316] C.C. Wykoff, C.W. Pugh, P.H. Maxwell, A.L. Harris, P.J.

Ratcliffe, Identification of novel hypoxia dependent and independ-

ent target genes of the von Hippel–Lindau (VHL) tumour

suppressor by mRNA differential expression profiling, Oncogene

19 (2000) 6297–6305.

[317] L. Bemis, D.A. Chan, C.V. Finkielstein, L. Qi, P.D. Sutphin, X.

Chen, K. Stenmark, A.J. Giaccia, W. Zundel, Distinct aerobic and

hypoxic mechanisms of HIF–a regulation by CSN5, Genes Dev. 18

(2004) 739–744.

[318] A.V. Kuznetsova, J. Meller, P.O. Schnell, J.A. Nash, M.L. Ignacak,

Y. Sanchez, J.W. Conaway, R.C. Conaway, M.F. Czyzyk–Krzeska,

von Hippel–Lindau protein binds hyperphosphorylated large subunit

of RNA polymerase II through a proline hydroxylation motif and

targets it for ubiquitination, Proc. Natl. Acad. Sci. U. S. A. 100

(2003) 2706–2711.

[319] H. Okuda, K. Saitoh, S. Hirai, K. Iwai, Y. Takaki, M. Baba, N.

Minato, S. Ohno, T. Shuin, The von Hippel–Lindau tumor

suppressor protein mediates ubiquitination of activated atypical

protein kinase C, J. Biol. Chem. 276 (2001) 43611–43617.

[320] Z. Li, X. Na, D. Wang, S.R. Schoen, E.M. Messing, G. Wu,

Ubiquitination of a novel deubiquitinating enzyme requires direct

binding to von Hippel–Lindau tumor suppressor protein, J. Biol.

Chem. 277 (2002) 4656–4662.

[321] L. Pintard, T. Kurz, S. Glaser, J.H. Willis, M. Peter, B. Bowerman,

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 (2003) 911–921.

[322] J. Pellettieri, V. Reinke, S.K. Kim, G. Seydoux, Coordinate

activation of maternal protein degradation during the egg-to-embryo

transition in C. elegans, Dev. Cell 5 (2003) 451–462.

[323] M.A. Cook, M. Tyers, Cellular differentiation: the violin strikes up

another tune, Curr. Biol. 14 (2004) R11–R13.

[324] J.C. del Pozo, M. Estelle, F-box proteins and protein degradation: an

emerging theme in cellular regulation, Plant Mol. Biol. 44 (2000)

123–128.

[325] M. Ruegger, E. Dewey, W.M. Gray, L. Hobbie, J. Turner, M.

Estelle, The TIR1 protein of Arabidopsis functions in auxin

response and is related to human SKP2 and yeast Grr1p, Genes

Dev. 12 (1998) 198–207.

[326] W.M. Gray, S. Kepinski, D. Rouse, O. Leyser, M. Estelle, Auxin

regulates SCFTIR1-dependent degradation of AUX/IAA proteins,

Nature 414 (2001) 271–276.

[327] D.X. Xie, B.F. Feys, S. James, M. Nieto-Rostro, J.G. Turner, COI1:

an Arabidopsis gene required for jasmonate-regulated defense and

fertility, Science 280 (1998) 1091–1094.

[328] A. Sasaki, H. Itoh, K. Gomi, M. Ueguchi-Tanaka, K. Ishiyama,

M. Kobayashi, D.H. Jeong, G. An, H. Kitano, M. Ashikari,

M. Matsuoka, Accumulation of phosphorylated repressor for



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 167
gibberellin signaling in an F-box mutant, Science 299 (2003)

1896–1898.

[329] H. Itoh, M. Matsuoka, C.M. Steber, A role for the ubiquitin–26S-

proteasome pathway in gibberellin signaling, Trends Plant Sci. 8

(2003) 492–497.

[330] M. Dieterle, Y.C. Zhou, E. Schafer, M. Funk, T. Kretsch, EID1, an F-

box protein involved in phytochrome A-specific light signaling,

Genes Dev. 15 (2001) 939–944.

[331] T. Imaizumi, H.G. Tran, T.E. Swartz, W.R. Briggs, S.A. Kay, FKF1

is essential for photoperiodic-specific light signalling in Arabidopsis,

Nature 426 (2003) 302–306.

[332] F.G. Harmon, S.A. Kay, The F box protein AFR is a positive

regulator of phytochrome A-mediated light signaling, Curr. Biol. 13

(2003) 2091–2096.

[333] H. Hellmann, M. Estelle, Plant development: regulation by protein

degradation, Science 297 (2002) 793–797.

[334] E.T. Kipreos, S.P. Gohel, E.M. Hedgecock, The C. elegans F-box/

WD-repeat protein LIN-23 functions to limit cell division during

development, Development 127 (2000) 5071–5082.

[335] N. Mehta, P.M. Loria, O. Hobert, A genetic screen for neurite

outgrowth mutants in Caenorhabditis elegans reveals a new function

for the F-box ubiquitin ligase component LIN-23, Genetics 166

(2004) 1253–1267.

[336] R. Clifford, M.H. Lee, S. Nayak, M. Ohmachi, F. Giorgini, T.

Schedl, FOG-2, a novel F-box containing protein, associates with the

GLD-1 RNA binding protein and directs male sex determination in

the C. elegans hermaphrodite germline, Development 127 (2000)

5265–5276.

[337] E.H. Liao, W. Hung, B. Abrams, M. Zhen, An SCF-like ubiquitin

ligase complex that controls presynaptic differentiation, Nature 430

(2004) 345–350.

[338] H. Feng, W. Zhong, G. Punkosdy, S. Gu, L. Zhou, E.K. Seabolt, E.T.

Kipreos, CUL-2 is required for the G1-to-S-phase transition and

mitotic chromosome condensation in Caenorhabditis elegans, Nat.

Cell Biol. 1 (1999) 486–492.

[339] C. DeRenzo, K.J. Reese, G. Seydoux, Exclusion of germ plasm

proteins from somatic lineages by cullin-dependent degradation,

Nature 424 (2003) 685–689.

[340] R. Sonneville, P. Gonczy, zyg-11 and cul-2 regulate progression

through meiosis II and polarity establishment in C. elegans,

Development (2004).

[341] J. Liu, S. Vasudevan, E.T. Kipreos, CUL-2 and ZYG-11 promote

meiotic anaphase II and the proper placement of the anterior–

posterior axis in C. elegans, Development (2004).

[342] J. Taipale, P.A. Beachy, The Hedgehog and Wnt signalling pathways

in cancer, Nature 411 (2001) 349–354.

[343] J. Jiang, G. Struhl, Regulation of the Hedgehog and Wingless

signalling pathways by the F-box/WD40-repeat protein Slimb,

Nature 391 (1998) 493–496.

[344] H.W. Ko, J. Jiang, I. Edery, Role for Slimb in the degradation of

Drosophila Period protein phosphorylated by Doubletime, Nature

420 (2002) 673–678.

[345] B. Grima, A. Lamouroux, E. Chelot, C. Papin, B. Limbourg-

Bouchon, F. Rouyer, The F-box protein Slimb controls the

levels of clock proteins period and timeless, Nature 420 (2002)

178–182.

[346] J.K. Heriche, D. Ang, E. Bier, P.H. O’Farrell, Involvement of an

SCFSlimb complex in timely elimination of E2F upon initiation of

DNA replication in Drosophila, BMC Genet. 4 (2003) 9.

[347] E.J. Wojcik, D.M. Glover, T.S. Hays, The SCF ubiquitin ligase

protein Slimb regulates centrosome duplication in Drosophila, Curr.

Biol. 10 (2000) 1131–1134.

[348] T.D. Murphy, Drosophila SkpA, a component of SCF ubiquitin

ligases, regulates centrosome duplication independently of cyclin E

accumulation, J. Cell. Sci. 116 (2003) 2321–2332.

[349] L. Raj, P. Vivekanand, T.K. Das, E. Badam, M. Fernandes, R.L.

Finley, R. Brent, L.F. Appel, S.D. Hanes, M. Weir, Targeted localized
degradation of Paired protein in Drosophila development, Curr. Biol.

10 (2000) 1265–1272.

[350] J.P. Wing, B.A. Schreader, T. Yokokura, Y. Wang, P.S. Andrews, N.

Huseinovic, C.K. Dong, J.L. Ogdahl, L.M. Schwartz, K. White, J.R.

Nambu, Drosophila Morgue is an F box/ubiquitin conjugate domain

protein important for grim-reaper mediated apoptosis, Nat. Cell Biol.

4 (2002) 451–456.

[351] Z. Zhu, M. Kirschner, Regulated proteolysis of Xom mediates

dorsoventral pattern formation during early Xenopus development,

Dev. Cell 3 (2002) 557–568.

[352] J.D. Regan-Reimann, Q.V. Duong, P.K. Jackson, Identification of

novel F-box proteins in Xenopus laevis, Curr. Biol. 9 (1999)

R762–R763.

[353] E. Freed, K.R. Lacey, P. Huie, S.A. Lyapina, R.J. Deshaies, T.

Stearns, P.K. Jackson, Components of an SCF ubiquitin ligase

localize to the centrosome and regulate the centrosome duplication

cycle, Genes Dev. 13 (1999) 2242–2257.

[354] S. Mohanty, S. Lee, N. Yadava, M.J. Dealy, R.S. Johnson, R.A.

Firtel, Regulated protein degradation controls PKA function and

cell-type differentiation in Dictyostelium, Genes Dev. 15 (2001)

1435–1448.

[355] H.L. Ennis, D.N. Dao, S.U. Pukatzki, R.H. Kessin, Dictyostelium

amoebae lacking an F-box protein form spores rather than stalk in

chimeras with wild-type, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)

3292–3297.

[356] C.Y. Chung, T.B. Reddy, K. Zhou, R.A. Firtel, A novel, putative

MEK kinase controls developmental timing and spatial patterning in

Dictyostelium and is regulated by ubiquitin-mediated protein

degradation, Genes Dev. 12 (1998) 3564–3578.

[357] P. Teng-Umnuay, H.R. Morris, A. Dell, M. Panico, T. Paxton, C.M.

West, The cytoplasmic F-box binding protein SKP1 contains a novel

pentasaccharide linked to hydroxyproline in Dictyostelium, J. Biol.

Chem. 273 (1998) 18242–18249.

[358] F. Li, T. Long, Y. Lu, Q. Ouyang, C. Tang, The yeast cell-cycle

network is robustly designed, Proc. Natl. Acad. Sci. U. S. A. 101

(2004) 4781–4786.

[359] W. Wei, N.G. Ayad, Y. Wan, G.J. Zhang, M.W. Kirschner, W.G.

Kaelin Jr., Degradation of the SCF component Skp2 in cell-cycle

phase G1 by the anaphase-promoting complex, Nature 428 (2004)

194–198.

[360] T. Bashir, N.V. Dorrello, V. Amador, D. Guardavaccaro, M. Pagano,

Control of the SCFSkp2-Cks1 ubiquitin ligase by the APC/CCdh1

ubiquitin ligase, Nature 428 (2004) 190–193.

[361] G. Rodier, A. Montagnoli, L. Di Marcotullio, P. Coulombe, G.F.

Draetta, M. Pagano, S. Meloche, p27 cytoplasmic localization is

regulated by phosphorylation on Ser10 and is not a prerequisite for

its proteolysis, EMBO J. 20 (2001) 6672–6682.

[362] N. Ishida, T. Hara, T. Kamura, M. Yoshida, K. Nakayama, K.I.

Nakayama, Phosphorylation of p27 on serine 10 is required for its

binding to CRM1 and nuclear export, J. Biol. Chem. 277 (2002)

14355–14358.

[363] N. Fujita, S. Sato, K. Katayama, T. Tsuruo, Akt-dependent

phosphorylation of p27 promotes binding to 14-3-3 and cytoplasmic

localization, J. Biol. Chem. 277 (2002) 28706–28713.

[364] M. Boehm, T. Yoshimoto, M.F. Crook, S. Nallamshetty, A. True,

G.J. Nabel, E.G. Nabel, A growth factor-dependent nuclear kinase

phosphorylates p27 and regulates cell cycle progression, EMBO J.

21 (2002) 3390–3401.

[365] J.Y. Hsu, J.D. Reimann, C.S. Sorensen, J. Lukas, P.K. Jackson, E2F-

dependent accumulation of hEmi1 regulates S phase entry by

inhibiting APCCdh1, Nat. Cell Biol. 4 (2002) 358–366.

[366] X. Dong, K.H. Zavitz, B.J. Thomas, M. Lin, S. Campbell, S.L.

Zipursky, Control of G1 in the developing Drosophila eye: rca1

regulates Cyclin A, Genes Dev. 11 (1997) 94–105.

[367] R. Grosskortenhaus, F. Sprenger, Rca1 inhibits APC-Cdh1/Fzr and

is required to prevent cyclin degradation in G2, Dev. Cell 2 (2002)

29–40.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170168
[368] R. Ohi, K.L. Gould, Regulating the onset of mitosis, Curr. Opin. Cell

Biol. 11 (1999) 267–273.

[369] Y.W. Qian, E. Erikson, F.E. Taieb, J.L. Maller, The polo-like kinase

Plx1 is required for activation of the phosphatase Cdc25C and cyclin

B–Cdc2 in Xenopus oocytes, Mol. Biol. Cell 12 (2001) 1791–1799.

[370] C.G. Takizawa, D.O. Morgan, Control of mitosis by changes in the

subcellular location of cyclin-B1-Cdk1 and Cdc25C, Curr. Opin.

Cell Biol. 12 (2000) 658–665.

[371] M. Donzelli, M. Squatrito, D. Ganoth, A. Hershko, M. Pagano, G.F.

Draetta, Dual mode of degradation of Cdc25 A phosphatase, EMBO

J. 21 (2002) 4875–4884.

[372] J.R. Pomerening, E.D. Sontag, J.E. Ferrell Jr., Building a cell cycle

oscillator: hysteresis and bistability in the activation of Cdc2, Nat.

Cell Biol. 5 (2003) 346–351.

[373] W. Sha, J. Moore, K. Chen, A.D. Lassaletta, C.S. Yi, J.J. Tyson, J.C.

Sible, Hysteresis drives cell-cycle transitions in Xenopus laevis egg

extracts, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 975–980.

[374] N. Watanabe, H. Arai, Y. Nishihara, M. Taniguchi, T. Hunter, H.

Osada, M-phase kinases induce phospho-dependent ubiquitination of

somatic Wee1 by SCFh-TrC, Proc. Natl. Acad. Sci. U. S. A. 101

(2004) 4419–4424.

[375] W.M. Michael, J. Newport, Coupling of mitosis to the completion of

S phase through Cdc34-mediated degradation of Wee1, Science 282

(1998) 1886–1889.

[376] H. Bastians, L.M. Topper, G.L. Gorbsky, J.V. Ruderman, Cell cycle-

regulated proteolysis of mitotic target proteins, Mol. Biol. Cell 10

(1999) 3927–3941.

[377] N.G. Ayad, S. Rankin, M. Murakami, J. Jebanathirajah, S. Gygi,

M.W. Kirschner, Tome-1, a trigger of mitotic entry, is degraded

during G1 via the APC, Cell 113 (2003) 101–113.

[378] K.G. Wirth, R. Ricci, J.F. Gimenez-Abian, S. Taghybeeglu, N.R.

Kudo, W. Jochum, M. Vasseur-Cognet, K. Nasmyth, Loss of the

anaphase-promoting complex in quiescent cells causes unsched-

uled hepatocyte proliferation, Genes Dev. 18 (2004) 88–98.

[379] K. Sakchaisri, S. Asano, L.R. Yu, M.J. Shulewitz, C.J. Park, J.E.

Park, Y.W. Cho, T.D. Veenstra, J. Thorner, K.S. Lee, Coupling

morphogenesis to mitotic entry, Proc. Natl. Acad. Sci. U. S. A. 101

(2004) 4124–4129.

[380] P. Kaiser, R.A. Sia, E.G. Bardes, D.J. Lew, S.I. Reed, Cdc34 and

the F-box protein Met30 are required for degradation of the Cdk-

inhibitory kinase Swe1, Genes Dev. 12 (1998) 2587–2597.

[381] J.N. McMillan, C.L. Theesfeld, J.C. Harrison, E.S. Bardes, D.J. Lew,

Determinants of Swe1p degradation in Saccharomyces cerevisiae,

Mol. Biol. Cell 13 (2002) 3560–3575.

[382] C.L. Theesfeld, T.R. Zyla, E.G. Bardes, D.J. Lew, A monitor for bud

emergence in the yeast morphogenesis checkpoint, Mol. Biol. Cell

14 (2003) 3280–3291.

[383] C.J. Park, S. Song, P.R. Lee, W. Shou, R.J. Deshaies, K.S. Lee, Loss

of CDC5 function in Saccharomyces cerevisiae leads to defects in

Swe1p regulation and Bfa1p/Bub2p-independent cytokinesis, Genet-

ics 163 (2003) 21–33.

[384] S.L. Harvey, D.R. Kellogg, Conservation of mechanisms control-

ling entry into mitosis: budding yeast wee1 delays entry into

mitosis and is required for cell size control, Curr. Biol. 13 (2003)

264–275.

[385] F. Margottin-Goguet, J.Y. Hsu, A. Loktev, H.M. Hsieh, J.D.

Reimann, P.K. Jackson, Prophase destruction of emi1 by the

SCFh-TrCP/Slimb ubiquitin ligase activates the anaphase promoting

complex to allow progression beyond prometaphase, Dev. Cell 4

(2003) 813–826.

[386] Y. Moshe, J. Boulaire, M. Pagano, A. Hershko, Role of Polo-like

kinase in the degradation of early mitotic inhibitor 1, a regulator of

the anaphase promoting complex/cyclosome, Proc. Natl. Acad. Sci.

U. S. A. 101 (2004) 7937–7942.

[387] J. Bembenek, H. Yu, Regulation of the anaphase-promoting complex

by the dual specificity phosphatase human Cdc14a, J. Biol. Chem.

276 (2001) 48237–48242.
[388] T. Listovsky, A. Zor, A. Laronne, M. Brandeis, Cdk1 is essential for

mammalian cyclosome/APC regulation, Exp. Cell Res. 255 (2000)

184–191.

[389] T.J. McGarry, M.W. Kirschner, Geminin, an inhibitor of DNA

replication, is degraded during mitosis, Cell 93 (1998) 1043–1053.

[390] J.A. Wohlschlegel, B.T. Dwyer, S.K. Dhar, C. Cvetic, J.C. Walter, A.

Dutta, Inhibition of eukaryotic DNA replication by geminin binding

to Cdt1, Science 290 (2000) 2309–2312.

[391] C. Lukas, C.S. Sorensen, E. Kramer, E. Santoni-Rugiu, C. Lindeneg,

J.M. Peters, J. Bartek, J. Lukas, Accumulation of cyclin B1 requires

E2F and cyclin-A-dependent rearrangement of the anaphase-promot-

ing complex, Nature 401 (1999) 815–818.

[392] S.I. Reed, Ratchets and clocks: the cell cycle, ubiquitylation and

protein turnover, Nat. Rev., Mol. Cell Biol. 4 (2003) 855–864.

[393] F.A. Barr, H.H. Sillje, E.A. Nigg, Polo-like kinases and the

orchestration of cell division, Nat. Rev., Mol. Cell Biol. 5 (2004)

429–440.

[394] T. Reis, B.A. Edgar, Negative regulation of dE2F1 by cyclin-

dependent kinases controls cell cycle timing, Cell 117 (2004)

253–264.

[395] W. Wang, D. Ungermannova, J. Jin, J.W. Harper, X. Liu, Negative

regulation of SCFSkp2 ubiquitin ligase by TGF-h signaling,

Oncogene 23 (2004) 1064–1075.

[396] G. Nalepa, J. Wade Harper, Therapeutic anti-cancer targets

upstream of the proteasome, Cancer Treat. Rev. 29 (Suppl. 1)

(2003) 49–57.

[397] J. Bloom, M. Pagano, Deregulated degradation of the Cdk inhibitor

p27 and malignant transformation, Semin. Cancer Biol. 13 (2003)

41–47.

[398] M. Gstaiger, R. Jordan, M. Lim, C. Catzavelos, J. Mestan, J. Slingerl,

W. Krek, Skp2 is oncogenic and overexpressed in human cancers,

Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 5043–5048.

[399] A.V. Gerstein, T.A. Almeida, G. Zhao, E. Chess, M. Shih Ie, K.

Buhler, K. Pienta, M.A. Rubin, R. Vessella, N. Papadopoulos, APC/

CTNNB1 (h-catenin) pathway alterations in human prostate cancers,

Genes Chromosomes Cancer 34 (2002) 9–16.

[400] K. Keyomarsi, S.L. Tucker, T.A. Buchholz, M. Callister, Y. Ding,

G.N. Hortobagyi, I. Bedrosian, C. Knickerbocker, W. Toyofuku, M.

Lowe, T.W. Herliczek, S.S. Bacus, Cyclin E and survival in patients

with breast cancer, N. Engl. J. Med. 347 (2002) 1566–1575.

[401] C.H. Spruck, H. Strohmaier, O. Sangfelt, H.M. Muller, M.

Hubalek, E. Muller-Holzner, C. Marth, M. Widschwendter, S.I.

Reed, hCDC4 gene mutations in endometrial cancer, Cancer Res.

62 (2002) 4535–4539.

[402] S. Ekholm-Reed, C.H. Spruck, O. Sangfelt, F. van Drogen, E.

Mueller-Holzner, M. Widschwendter, A. Zetterberg, S.I. Reed,

Mutation of hCDC4 leads to cell cycle deregulation of cyclin E in

cancer, Cancer Res. 64 (2004) 795–800.

[403] H. Rajagopalan, P.V. Jallepalli, C. Rago, V.E. Velculescu, K.W.

Kinzler, B. Vogelstein, C. Lengauer, Inactivation of hCDC4 can

cause chromosomal instability, Nature 428 (2004) 77–81.

[404] S. Orlicky, X. Tang, A. Willems, M. Tyers, F. Sicheri, Structural

basis for phosphodependent substrate selection and orientation by the

SCFCdc4 ubiquitin ligase, Cell 112 (2003) 243–256.

[405] H. Akari, S. Bour, S. Kao, A. Adachi, K. Strebel, The human

immunodeficiency virus type 1 accessory protein Vpu induces

apoptosis by suppressing the nuclear factor nB-dependent
expression of antiapoptotic factors, J. Exp. Med. 194 (2001)

1299–1311.

[406] C. Besnard-Guerin, N. Belaidouni, I. Lassot, E. Segeral, A. Jobart,

C. Marchal, R. Benarous, HIV-1 Vpu sequesters h-transducin
repeat-containing protein (h-TrCP) in the cytoplasm and provokes

the accumulation of h-catenin and other SCFh-TrCP substrates, J.

Biol. Chem. 279 (2004) 788–795.

[407] X. Yu, Y. Yu, B. Liu, K. Luo, W. Kong, P. Mao, X.F. Yu, Induction

of APOBEC3G ubiquitination and degradation by an HIV-1 Vif–

Cul5–SCF complex, Science 302 (2003) 1056–1060.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170 169
[408] E. Querido, P. Blanchette, Q. Yan, T. Kamura, M. Morrison, D.

Boivin, W.G. Kaelin, R.C. Conaway, J.W. Conaway, P.E. Branton,

Degradation of p53 by adenovirus E4orf6 and E1B55K proteins

occurs via a novel mechanism involving a Cullin-containing

complex, Genes Dev. 15 (2001) 3104–3117.

[409] J.N. Harada, A. Shevchenko, D.C. Pallas, A.J. Berk, Analysis of

the adenovirus E1B-55K-anchored proteome reveals its link to

ubiquitination machinery, J. Virol. 76 (2002) 9194–9206.

[410] C.M. Ulane, C.M. Horvath, Paramyxoviruses SV5 and HPIV2

assemble STAT protein ubiquitin ligase complexes from cellular

components, Virology 304 (2002) 160–166.

[411] S.H. Ali, J.S. Kasper, T. Arai, J.A. DeCaprio, Cul7/p185/p193

binding to simian virus 40 large T antigen has a role in cellular

transformation, J. Virol. 78 (2004) 2749–2757.

[412] C.Y. Eom,W.D. Heo,M.L. Craske, T.Meyer, I.R. Lehman, The neural

F-box protein NFB42 mediates the nuclear export of the herpes

simplex virus type 1 replication initiator protein (UL9 protein) after

viral infection, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 4036–4040.

[413] D.J. Glass, Molecular mechanisms modulating muscle mass, Trends

Mol. Med. 9 (2003) 344–350.

[414] S.C. Bodine, E. Latres, S. Baumhueter, V.K. Lai, L. Nunez, B.A.

Clarke, W.T. Poueymirou, F.J. Panaro, E. Na, K. Dharmarajan, Z.Q.

Pan, D.M. Valenzuela, T.M. DeChiara, T.N. Stitt, G.D. Yancopoulos,

D.J. Glass, Identification of ubiquitin ligases required for skeletal

muscle atrophy, Science 294 (2001) 1704–1708.

[415] M.D. Gomes, S.H. Lecker, R.T. Jagoe, A. Navon, A.L. Goldberg,

Atrogin-1, a muscle-specific F-box protein highly expressed

during muscle atrophy, Proc. Natl. Acad. Sci. USA 98 (2001)

14440–14445.

[416] J. den Engelsman, V. Keijsers, W.W. de Jong, W.C. Boelens, The

small heat-shock protein aB-crystallin promotes FBX4-dependent

ubiquitination, J. Biol. Chem. 278 (2003) 4699–4704.

[417] A. Sidow, M.S. Bulotsky, A.W. Kerrebrock, B.W. Birren, D.

Altshuler, R. Jaenisch, K.R. Johnson, E.S. Lander, A novel member

of the F-box/WD40 gene family, encoding dactylin, is disrupted in the

mouse dactylaplasia mutant, Nat. Genet. 23 (1999) 104–107.

[418] K. Kawakami, A. Amsterdam, N. Shimoda, T. Becker, J. Mugg, A.

Shima, N. Hopkins, Proviral insertions in the zebrafish hagoromo

gene, encoding an F-box/WD40-repeat protein, cause stripe pattern

anomalies, Curr. Biol. 10 (2000) 463–466.

[419] J.F. Staropoli, C. McDermott, C. Martinat, B. Schulman, E.

Demireva, A. Abeliovich, Parkin is a component of an SCF-like

ubiquitin ligase complex and protects postmitotic neurons from

kainate excitotoxicity, Neuron 37 (2003) 735–749.

[420] G. Wu, G. Xu, B.A. Schulman, P.D. Jeffrey, J.W. Harper, N.P.

Pavletich, Structure of a h-TrCP1–Skp1–h-catenin complex:

destruction motif binding and lysine specificity of the SCFh-TrCP1

ubiquitin ligase, Mol. Cell 11 (2003) 1445–1456.

[421] D.C. Swinney, Y.Z. Xu, L.E. Scarafia, I. Lee, A.Y. Mak, Q.F. Gan,

C.S. Ramesha, M.A. Mulkins, J. Dunn, O.Y. So, T. Biegel, M.

Dinh, P. Volkel, J. Barnett, S.A. Dalrymple, S. Lee, M. Huber, A

small molecule ubiquitination inhibitor blocks NFnB-dependent
cytokine expression in cells and rats, J. Biol. Chem. 277 (2002)

23573–23581.

[422] P. Zhou, R. Bogacki, L. McReynolds, P.M. Howley, Harnessing the

ubiquitination machinery to target the degradation of specific cellular

proteins, Mol. Cell 6 (2000) 751–756.

[423] J. Zhang, N. Zheng, P. Zhou, Exploring the functional complexity of

cellular proteins by protein knockout, Proc. Natl. Acad. Sci. U. S. A.

100 (2003) 14127–14132.

[424] F. Cong, J. Zhang, W. Pao, P. Zhou, H. Varmus, A protein

knockdown strategy to study the function of h-catenin in tumori-

genesis, BMC Mol. Biol. 4 (2003) 10.

[425] K.M. Sakamoto, K.B. Kim, A. Kumagai, F. Mercurio, C.M. Crews,

R.J. Deshaies, Protacs: chimeric molecules that target proteins to the

Skp1–Cullin–F box complex for ubiquitination and degradation,

Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 8554–8559.
[426] K.M. Sakamoto, K.B. Kim, R. Verma, A. Ransick, B. Stein, C.M.

Crews, R.J. Deshaies, Development of Protacs to target cancer-

promoting proteins for ubiquitination and degradation, Mol. Cell.

Proteomics 2 (2003) 1350–1358.

[427] N. Zheng, B.A. Schulman, L. Song, J.J. Miller, P.D. Jeffrey, P. Wang,

C. Chu, D.M. Koepp, S.J. Elledge, M. Pagano, R.C. Conaway, J.W.

Conaway, J.W. Harper, N.P. Pavletich, Structure of the Cul1–Rbx1–

Skp1–F boxSkp2 SCF ubiquitin ligase complex, Nature 416 (2002)

703–709.

[428] N. Zheng, P. Wang, P.D. Jeffrey, N.P. Pavletich, Structure of a c-Cbl–

UbcH7 complex: RING domain function in ubiquitin-protein ligases,

Cell 102 (2000) 533–539.

[429] T.F. Smith, C. Gaitatzes, K. Saxena, E.J. Neer, The WD repeat: a

common architecture for diverse functions, Trends Biochem. Sci. 24

(1999) 181–185.

[430] K. Kominami, I. Ochotorena, T. Toda, Two F-box/WD-repeat

proteins Pop1 and Pop2 form hetero- and homo-complexes together

with cullin-1 in the fission yeast SCF (Skp1–Cullin-1–F-box)

ubiquitin ligase, Genes Cells 3 (1998) 721–735.

[431] C. Dixon, L.E. Brunson, M.M. Roy, D. Smothers, M.G. Sehorn, N.

Mathias, 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 (2003)

123–133.

[432] T. Aviv, Z. Lin, S. Lau, L.M. Rendl, F. Sicheri, C.A. Smibert, The

RNA-binding SAM domain of Smaug defines a new family of post-

transcriptional regulators, Nat. Struct. Biol. 10 (2003) 614–621.

[433] T. Mizushima, T. Hirao, Y. Yoshida, S.J. Lee, T. Chiba, K. Iwai, Y.

Yamaguchi, K. Kato, T. Tsukihara, K. Tanaka, Structural basis of

sugar-recognizing ubiquitin ligase, Nat. Struct. Mol. Biol. 11 (2004)

365–370.

[434] T. Aso, D. Haque, R.J. Barstead, R.C. Conaway, J.W. Conaway, The

inducible Elongin A elongation activation domain: structure,

function and interaction with the Elongin BC complex, EMBO J.

15 (1996) 5557–5566.

[435] Y. Ho, A. Gruhler, A. Heilbut, G.D. Bader, L. Moore, S.L. Adams,

A. Millar, P. Taylor, K. Bennett, K. Boutilier, L. Yang, C. Wolting,

I. Donaldson, S. Schandorff, J. Shewnarane, M. Vo, J. Taggart, M.

Goudreault, B. Muskat, C. Alfarano, D. Dewar, Z. Lin, K.

Michalickova, A.R. Willems, H. Sassi, P.A. Nielsen, K.J.

Rasmussen, J.R. Andersen, L.E. Johansen, L.H. Hansen, H.

Jespersen, A. Podtelejnikov, E. Nielsen, J. Crawford, V. Poulsen,

B.D. Sorensen, J. Matthiesen, R.C. Hendrickson, F. Gleeson, T.

Pawson, M.F. Moran, D. Durocher, M. Mann, C.W. Hogue, D.

Figeys, M. Tyers, Systematic identification of protein complexes in

Saccharomyces cerevisiae by mass spectrometry, Nature 415

(2002) 180–183.

[436] E.M. Marcotte, M. Pellegrini, H.L. Ng, D.W. Rice, T.O. Yeates, D.

Eisenberg, Detecting protein function and protein–protein interac-

tions from genome sequences, Science 285 (1999) 751–753.

[437] P. Klein, T. Pawson, M. Tyers, Mathematical modeling suggests

cooperative interactions between a disordered polyvalent ligand and

a single receptor site, Curr. Biol. 13 (2003) 1669–1678.

[438] J.H. Min, H. Yang, M. Ivan, F. Gertler, W.G. Kaelin Jr., N.P.

Pavletich, Structure of an HIF-1a–pVHL complex: hydroxyproline

recognition in signaling, Science 296 (2002) 1886–1889.

[439] W.C. Hon, M.I. Wilson, K. Harlos, T.D. Claridge, C.J. Schofield,

C.W. Pugh, P.H. Maxwell, P.J. Ratcliffe, D.I. Stuart, E.Y. Jones,

Structural basis for the recognition of hydroxyproline in HIF-1 alpha

by pVHL, Nature 417 (2002) 975–978.

[440] A.E. Deffenbaugh, K.M. Scaglione, L. Zhang, J.M. Moore, T.

Buranda, L.A. Sklar, D. Skowyra, Release of ubiquitin-charged

Cdc34-S-Ub from the RING domain is essential for ubiquitination of

the SCFCdc4-bound substrate Sic1, Cell 114 (2003) 611–622.

[441] M.D. Petroski, R.J. Deshaies, Context of multiubiquitin chain

attachment influences the rate of Sic1 degradation, Mol. Cell 11

(2003) 1435–1444.



A.R. Willems et al. / Biochimica et Biophysica Acta 1695 (2004) 133–170170
[442] A.H. Huber, W.J. Nelson, W.I. Weis, Three-dimensional structure

of the armadillo repeat region of h-catenin, Cell 90 (1997)

871–882.

[443] X. Varelas, C. Ptak, M.J. Ellison, Cdc34 self-association is facilitated

by ubiquitin thiolester formation and is required for its catalytic

activity, Mol. Cell. Biol. 23 (2003) 5388–5400.

[444] M. Davis, A. Hatzubai, J.S. Andersen, E. Ben-Shushan, G.Z. Fisher,

A. Yaron, A. Bauskin, F. Mercurio, M. Mann, Y. Ben-Neriah,

Pseudosubstrate regulation of the SCFh-TrCP ubiquitin ligase by

hnRNP-U, Genes Dev. 16 (2002) 439–451.

[445] R. Verma, R. Oania, J. Graumann, R.J. Deshaies, Multiubiquitin

chain receptors define a layer of substrate selectivity in the ubiquitin–

proteasome system, Cell 118 (2004) 99–110.

[446] A.R. Willems, Substrate recognition, structure/function analysis, and

regulation of SCF ubiquitin protein ligases in budding yeast, Thesis,
Department of Medical Genetics and Microbiology, University of

Toronto, 2002, pp 282.

[447] A. Breitkreutz, M. Tyers, MAPK signaling specificity: it takes two to

tango, Trends Cell Biol. 12 (2002) 254–257.

[448] K.F. Ahmad, C.K. Engel, G.G. Prive, Crystal structure of the BTB

domain from PLZF, Proc. Natl. Acad. Sci. U. S. A. 95 (1998)

12123–12128.

[449] E.P. Risseeuw, T.E. Daskalchuk, T.W. Banks, E. Liu, J. Cotelesage,

H. Hellmann, M. Estelle, D.E. Somers, W.L. Crosby, Protein

interaction analysis of SCF ubiquitin E3 ligase subunits from

Arabidopsis, Plant J. 34 (2003) 753–767.

[450] C.M. Koth, M.V. Botuyan, R.J. Moreland, D.B. Jansma, J.W.

Conaway, R.C. Conaway, W.J. Chazin, J.D. Friesen, C.H. Arrow-

smith, A.M. Edwards, Elongin from Saccharomyces cerevisiae, J.

Biol. Chem. 275 (2000) 11174–11180.


	A hitchhiker's guide to the cullin ubiquitin ligases: SCF and its kin
	Introduction
	A brief history of SCF
	Neddylation, the CSN complex and Cand1
	Other SCF interactions
	The cullin-RING ubiquitin ligase superfamily
	APC/C
	EC2S
	BC3B
	Other cullin complexes
	Non-cullin complexes

	Budding yeast SCF complexes and substrates
	SCFCdc4
	SCFGrr1
	SCFMet30
	Other fungal SCF complexes

	A survey of metazoan cullin complexes and substrates
	SCFbeta-TrCP
	SCFSkp2
	SCFFbw7
	SCFFbx2
	EC2SVHL
	BC3BMEL26

	Cullin complexes in development
	Plants
	C. elegans
	D. melanogaster
	Other metazoans

	SCF circuits in cell cycle control
	SCF pathways and disease
	Cancer
	Subversion of host SCF pathways
	Other genetic disorders
	Therapeutic intervention

	SCF structural analysis
	Subunit orientation
	The Rbx1-Cul1 subcomplex
	The Cul1-Skp1 subcomplex
	The Skp1-F-box protein subcomplex
	Plasticity of the Skp1-F-box interface
	Structural basis for substrate recognition
	SCF catalytic mechanism

	Current issues
	Acknowledgements
	References


