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■ Abstract Protein degradation is deployed tomodulate the steady-state abundance
of proteins and to switch cellular regulatory circuits from one state to another by abrupt
elimination of control proteins. In eukaryotes, the bulk of the protein degradation that
occurs in the cytoplasm and nucleus is carried out by the 26S proteasome. In turn,
most proteins are thought to be targeted to the 26S proteasome by covalent attachment
of a multiubiquitin chain. Ubiquitination of proteins requires a multienzyme system.
A key component of ubiquitination pathways, the ubiquitin ligase, controls both the
specificity and timing of substrate ubiquitination. This review is focused on a conserved
ubiquitin ligase complex known as SCF that plays a key role in marking a variety of
regulatory proteins for destruction by the 26S proteasome.
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INTRODUCTION

Proteolysis in the eukaryotic cytosol typically involves the assembly of a substrate-

linked ubiquitin chain, which targets specific proteins for degradation by the 26S

proteasome (Hochstrasser 1995). Ubiquitin is activated for transfer to substrate

through the ATP-dependent formation of a thioester bond with the ubiquitin-

activating enzyme, E1. Ubiquitin is subsequently transferred to a member of a

family of ubiquitin-conjugating (E2) enzymes. Finally, thioesterified ubiquitin is

transferred from E2 enzyme to a lysine residue of the target protein, either di-

rectly or with the assistance of a ubiquitin ligase (E3). E3s bind directly to sub-

strate, suggesting that they provide specificity in ubiquitination reactions. One

well-characterized E3, known as E6-AP, also forms a thioester with ubiquitin as

an intermediate in the transfer of ubiquitin from E2 to substrate (Scheffner et al

1995). Because E3s dictate the specificity of ubiquitination reactions, it is likely

that protein degradation in vivo is controlled primarily by regulating E3 activity

or E3-substrate interaction.

SCFCdc4, the prototype of the SCF (for Skp1, Cdc53/Cullin, F box receptor; the

superscript denotes the identity of the F box subunit) family of ubiquitin ligases,

was first defined in budding yeast by in vitro reconstitution (Feldman et al 1997,

Skowyra et al 1997). Over the past few years, SCF pathway components have

been identified and linked to diverse cellular processes in many eukaryotes. In

this review, I describe the multiple lines of research that led to the discovery of

SCF ubiquitin ligases and review what is known about the subunits, architecture,

regulation, substrates, mechanism of action, and functional diversification of SCF

complexes. Several excellent reviews focused on various roles of the SCF complex

have been published recently (Elledge & Harper 1998, Krek 1998, Patton et al

1998a). It is the goal of this article to provide a comprehensive review of current

knowledge. The SCF pathway was originally discovered in the budding yeast

Saccharomyces cerevisiae and has been most thoroughly characterized in this

organism. For the sake of simplicity, this review concentrates on budding yeast

SCF, but draws extensively on the rapidly expanding literature onmammalian SCF

to supplement the findings that have emerged from study of yeast SCF. In instances

where budding yeast and human SCF subunits have the same name, the protein

is preceded by either y or h to indicate the organism from which the protein is

derived.
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IDENTIFICATION OF SCF UBIQUITIN

LIGASE ACTIVITY

Identification of the SCFCdc4 ubiquitin ligase complex stemmed from a genetic

analysis of theG1/S transition by Schwob et al (1994). These authors demonstrated

that budding yeast cdc4ts, cdc34ts, and cdc53tsmutants fail to enter S phase because

they are unable to eliminate the S phase cyclin/cyclin-dependent kinase (CDK)

inhibitor Sic1. Sic1 is normally destroyed as wild-type cells progress from G1 to S

phase but persists indefinitely in the cdcmutants. Subsequently, it was shown that

skp1ts mutants have a similar phenotype (Bai et al 1996). yCdc34 was a logical

candidate for a Sic1 destabilizing factor because it possesses ubiquitin-conjugating

enzyme activity (Goebl et al 1988). In contrast, although genetic analysis suggested

a role for Cdc4, Cdc53, and Skp1 in Sic1 degradation, it was unclear what these

proteins might be doing, as they bore no resemblance to any known component of

ubiquitin-dependent proteolytic pathways.

The components of the SCF pathway were discovered and characterized in

several laboratories. cdc4ts and cdc34ts mutants were identified in screens for cell

cycle mutants by Hartwell and colleagues (Pringle & Hartwell 1981), and the

correspondinggeneswere clonedby complementation of the tsmutants (Goebl et al

1988, Peterson et al 1984). The cdc53tsmutantwas identified in a screen formutants

with a cdc34ts-like phenotype, andCDC53was cloned by complementation of this

mutant (Mathias et al 1996). The sequence of Cdc53 revealed that it is homologous

to a family of proteins called cullins. The first reported cullin, cul-1, was identified

in nematodes as a gene required for developmentally programmed transitions from

G1 phase of the cell cycle to G0 phase (Kipreos et al 1996). Cdc53 and Cdc4 were

shown to coprecipitate from yeast cell lysates with Cdc34, suggesting that these

proteins directly participate in protein ubiquitination (Mathias et al 1996). Cdc53

was independently identified as a protein that copurified with the unstable G1

cyclin Cln2 (Willems et al 1996). These authors demonstrated that Cdc53 binds

Cln2 and that cdc53ts mutants are defective in Cln2 turnover. Lastly, ySKP1 was

identified in a screen for genes that suppress cdc4ts mutants upon overexpression

(Bai et al 1996). This screen also revealed the gene that encodes human cyclin

F (Bai et al 1994). ySkp1 was also identified by Connelly & Hieter (1996) as

a component of the centromere-binding CBF3 complex. The human orthologue

of ySkp1 had previously been identified as a cyclin A/CDK2-associated protein,

but its biochemical function was not known (Zhang et al 1995). Remarkably, the

otherwise dissimilar Cdc4 and human cyclin F proteins were shown to share a

small sequence motif designated the F box (Bai et al 1996). The F box, which is

found in a large number of proteins, mediates binding of both Cdc4 and cyclin F

to ySkp1.

The final discovery key to identification of SCF ubiquitin ligase stemmed from

biochemical reconstitution of Sic1 ubiquitination. First, ubiquitination of Sic1 in

crude yeast extracts was shown to depend upon yCdc34, Cdc4, andG1 cyclin/CDK
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activity (Verma et al 1997b). These data suggested that the role identified for these

proteins in Sic1 turnover in vivo (Schneider et al 1996, Schwob et al 1994) was

likely to be direct. Skowyra et al (1997) and Feldman et al (1997) next demon-

strated that Cdc4, Cdc53, and ySkp1 expressed in insect cells assemble into a

complex and that the purified complex functions as a ubiquitin ligase, promoting

ubiquitination of phosphorylated Sic1 by the yCdc34 ubiquitin-conjugating en-

zyme. Skowyra et al (1997) also demonstrated that a distinct SCF complex can

be formed by replacing Cdc4 with another F box–containing protein, Grr1. This

important finding suggested that SCFCdc4 may be the prototype for a broad array

of SCF-like ubiquitin ligases whose substrate specificity is dictated by the identity

of the F box subunit (see DIVERSIFICATIONOF SCF FUNCTION for a detailed

discussion). In parallel with the reconstitution efforts, phosphorylation of Sic1 on

a set of CDK consensus sites was shown to be necessary and sufficient to trigger its

ubiquitination in vitro and degradation in vivo (Verma et al 1997a). Taken together,

the results demonstrate that the G1/S transition in budding yeast is triggered by

the phosphorylation of Sic1 by G1 cyclin/CDK, followed by the ubiquitination of

phosphorylated Sic1 through the combined efforts of SCFCdc4 and yCdc34.

Very recently, a fourth essential subunit of SCF, referred to as Roc1, Rbx1, or

Hrt1, was reported (Kamura et al 1999, Ohta et al 1999, Seol et al 1999, Tan et al

1999). Throughout the remainder of this review I refer to the mammalian versions

of this protein as Roc1/Rbx1 and to the highly homologous budding yeast version

as Hrt1. This new protein was identified as a fourth subunit of SCFSKP2 complexes

purified from HeLa cells (Tan et al 1999), as a hCul1-binding protein in a two-

hybrid screen (Ohta et al 1999), as a fifth subunit of purified rat VHL/elongin

C/elongin B/Cul2 complexes (Kamura et al 1999), and as a specific component of

ySkp1 and Cdc53 immunoprecipitates (Seol et al 1999). Roc1/Rbx1/Hrt1 is ho-

mologous to the Apc11 subunit of the Anaphase-Promoting Complex/Cyclosome

(APC/C) (Zachariae et al 1998), and shares with both yeast and human Apc11 a

highly conserved zinc-binding RING-H2 domain.

Budding yeastHRT1 is essential, and the lethal phenotype of an hrt1∆ allele can

be rescued by the highly homologous murine or human ROC1/RBX1 (Kamura et al

1999, Ohta et al 1999, Seol et al 1999). Analysis of Hrt1-depleted cells and hrt1ts

mutants revealed that turnover of the SCF substrates Sic1 and Cln2 requiresHRT1

function, resulting in accumulation of these proteins in mutant cells (Kamura

et al 1999, Ohta et al 1999, Seol et al 1999). Hrt1 is also important for SCF

function in vitro in that recombinant Hrt1 dramatically stimulates the ability of

SCF to ubiquitinate Cln1, Cln2, Sic1, and IκB, as well as to assemble unanchored

multiubiquitin chains and promote autoubiquitination of yCdc34 (Kamura et al

1999, Ohta et al 1999, Seol et al 1999, Skowyra et al 1999, Tan et al 1999). These

observations provoke a simple question—Why did the original reconstitution of

SCFCdc4 work in the absence of Hrt1 (Feldman et al 1997, Skowyra et al 1997)?

Given the high degree of structural and functional conservation of this protein, it

is likely that recombinant SCF complexes produced with the baculovirus system

incorporate an insect homolog of Hrt1. Assembly of active SCF complexes with
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subunits from different species has been noted before (Feldman et al 1997, Lyapina

et al 1998).

SUBUNITS OF SCF

Many putative SCF subunits, including a large number of F box proteins, have

been identified in eukaryotes by database searches, genetic screens, and two-hybrid

screens. These proteins contribute to a broad spectrum of cellular activities ranging

from the auxin response in plants, withdrawal from the cell cycle in nematodes,

entry into S phase and M phase of the cell cycle in budding yeast, signaling via

theWnt and hedgehog pathways inDrosophila and Xenopus, and innate immunity

in human cells. Rather than discuss each of these proteins in detail, the basic

properties of those that have been described in the literature are summarized in

Table 1. It is important to note that most of these proteins have not been confirmed

to be members of functional ubiquitin ligase complexes. This may be especially

critical for the F box proteins, since at least one known F box protein (Ctf13)

appears to function primarily as a component of the budding yeast kinetochore

(Connelly & Hieter 1996, Kaplan et al 1997, Stemmann & Lechner 1996).

ARCHITECTURE OF SCF COMPLEXES AND SCF

PATHWAY COMPONENTS

The four subunits of SCFCdc4 assemble together to form a heterotetrameric ubiq-

uitin ligase (Figure 1). Within this complex, the F box–containing Cdc4 subunit

directly binds substrate, the Cdc53 and Hrt1 subunits recruit the Cdc34 ubiquitin-

conjugating enzyme, andSkp1 helps to link theCdc4 andCdc53 subunits (Feldman

et al 1997, Skowyra et al 1997, Willems et al 1996, Patton et al 1998, Seol et al

1999, Skowra et al 1999). Together, these four subunits make up the minimal SCF

ubiquitin ligase complex. Affinity purification of SCF complexes from budding

yeast suggests that other proteins associate with ySkp1 and Cdc53 (JH Seol, per-

sonal communication), but it remains unclear whether these represent substrates,

proteins restricted to specific SCF complexes, components of multisubunit F box

receptors, or uncharacterized members of the core complex.

In the following sections, the domain organization and properties of each SCF

subunit and how they contribute to the architecture of the complex are discussed

(see Figure 2 for a summary of the structural organization of Skp1, Cdc53, Hrt1,

and Cdc34). All known SCF subunits are highly conserved throughout eukaryotes.

As evidence of the functional conservation of these proteins, hSKP1, hCUL1, and

ROC1/RBX1 have been shown to complement the corresponding budding yeast

mutants and can assemble with yeast SCF subunits to form active complexes (Bai

et al 1996, Lyapina et al 1998, Kamura et al 1999, Ohta et al 1999, Seol et al 1999,

Skowyra et al 1999). Thus unless interactions between recombinant SCF subunits
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Figure 1 Anatomy of the SCFCdc4 complex. The figure summarizes what is known

about protein-protein interactions in the SCFCdc4 complex. Sic1 binds to Cdc4 only

when it is phosphorylated. By analogy to the interaction of β-TrCP with IκB (Yaron

et al 1998), it is likely that the phosphate groups on Sic1 directly serve as part of

the ligand that contacts Cdc4. The mechanism by which ubiquitin is transferred from

Cdc34 to substrate is not understood. H, Hrt1; F, F box.

Figure 2 Domain organization of SCF subunits. See text for details. Numbers above

each protein refer to positions in the amino acid sequence. The arrow in the Skp1

diagram is intended to convey the notion that F boxes bind to the N-terminal domain of

Skp1 but that the interaction is stabilized by the C-terminal domain. The asterisk in the

Cdc53 diagram indicates the position of the cdc53-1mutation and the arrow marks the

site of attachment of Rub1. The asterisks in the Cdc34 diagram refer to the positions

of four lysine residues that are targets of autoubiquitination.
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are tested with highly purified proteins or proteins isolated from a prokaryotic

source, it is difficult to exclude the possibility that the interaction involves other

proteins (or post-translational modifications) common to eukaryotic cells.

Architecture of Skp1

Multiple F box–containing proteins have been shown to bind Skp1, and the human

F box protein Skp2 binds to hSkp1 upon expression of both proteins in bacteria,

indicating that the interaction is direct (Yam et al 1999). Skp1 binds Cdc53/hCul1

upon expression of both proteins in either insect cells (Skowyra et al 1997) or

Escherichia coli (Lyapina et al 1998), indicating that these two subunits also

interact directly.

Sequence comparisons and deletion analyses suggest that hSkp1 is divided

into two domains: an ∼110 amino acid N-terminal domain related to elongin

C and an ∼53 amino acid unique C-terminal domain (ySkp1 contains a 30 amino

acid insertion within the N-terminal domain, but skp1ts mutants are nonetheless

complemented by hSKP1). Amino acids 1–91 of hSkp1 [i.e. hSkp1(1–91)] bind

hCul1 in a two-hybrid assay (Michel & Xiong 1998). Likewise, hSkp1(37–163)

and hSkp1(1–65) bind the F box protein Skp2 with 15 to 20% the efficiency of

full-length hSkp1, respectively (Ng et al 1998). Taken together, these data suggest

that the first 91 residues of hSkp1 contain both an F box–binding determinant and

a cullin-binding site. It is instructive to view these data in light of protein-protein

interaction and X-ray crystallographic analyses of the VHL-elongin C-elongin

B-Cul2 complex. Elongin C appears to bind directly to the hCul1 homolg hCul2

(Lonergan et al 1998). The crystal structure of the VHL-elongin C-elongin B

subcomplex reveals that elongin C also binds directly to VHL (Stebbins et al

1999). Comparison of F box sequences with the elongin C-binding domain of

VHL reveals a similar pattern of hydrophobic residues, suggesting that F boxes

may bind Skp1 similarly to how VHL contacts elongin C. However, residues in

Skp1 analogous to those in elongin C that make key contacts with VHL map

downstream of a Skp2-binding domain (Ng et al 1998).

Sequence analysis of skp1ts alleles revealed that skp1-11 (G160E and R167K)

skp1-12 (L8G), skp1-3 (I172N), and skp1-4 (L146S) carry the indicated substitu-

tions (Bai et al 1996, Connelly & Hieter 1996). Since all of Skp1’s partners and

Skp1 itself appear to be destabilized in skp1-12 cells, this allele may in part perturb

the folding or stability of the mutant protein (Patton et al 1998). Interestingly, the

skp1-11 and skp1-12 alleles have differential effects on proteolysis. Whereas the

SCFCdc4 substrate Sic1 is stable in skp1-11 cells, the SCFGrr1 substrates Cln2 and

Gic2 are unstable in skp1-11 but stable in skp1-12 cells (Bai et al 1996, Jacquenoud

et al 1998). Although the N-terminal domain of Skp1 probably contains a major F

box–binding determinant (Ng et al 1998, Stebbins et al 1999), these observations

suggest that sequences downstream of this element stabilize association of ySkp1

with different F box proteins.
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Because ySkp1 can link Cdc4 to Cdc53, it has been suggested that it serves

primarily to link the cullin and F box subunits of SCF. Two observations suggest

that this view may be too simple. First, the F box protein Grr1 assembles with

Cdc53 in insect cells in the absence of ySkp1 (although it is difficult to rule out a

contribution by insect Skp1) (Skowyra et al 1997). Second, hCul1 assembles with

the F box protein Skp2 in the absence of any other eukaryotic proteins (Lyapina

et al 1998), and a mutation in Skp2 that blocks binding of both human cyclin A

and hSkp1 has no effect on binding to hCul1 in human cells (Lisztwan et al 1998).

Perhaps a more subtle function of Skp1 is to position the F box and cullin subunits

so that they are optimally placed to mediate transfer of ubiquitin from E2 enzyme

to substrate.

Architecture of Cdc53

Cdc53 is subdivided into three domains: an N-terminal domain that binds ySkp1,

an internal domain that recruits yCdc34 and Hrt1, and a short C-terminal domain

of unknown function. Cdc53 lacking amino acids 448–748 [i.e. Cdc53(�448–

748)] binds to both ySkp1 and F box proteins in coimmunoprecipitation assays,

whereas Cdc53(�9–280) binds neither (Patton et al 1998). Moreover, a point

mutation in the conserved N-terminal domain residue Y133 disrupts association

between Cdc53 and ySkp1 (M Tyers, personal communication). Finally, the first

219 amino acids of hCul1 bind both hSkp1 and hSkp2 in two-hybrid and GST

pull-down assays (Michel & Xiong 1998). Taken together, these data indicate that

the first 219 amino acids of hCul1/Cdc53 comprise a Skp1-binding domain. The

bound Skp1 in turn facilitates association with F box proteins. Because bacterially

expressed hCul1 and hSkp1 interact, binding is likely to be direct (Lyapina et al

1998). Interestingly, the N-terminal domain shows the lowest conservation among

cullins of the three domains discussed here, and hCul2-hCul5 do not bind hSkp1

in a two-hybrid assay (Michel & Xiong 1998). This observation is considered in

more detail in the section Diversification of SCF Function.

Whereas N-terminal deletionmutants of Cdc53 and hCul1 no longer bind Skp1,

they do bind to yCdc34 and Roc1/Rbx1, respectively (Ohta et al 1999, Patton

et al 1998). Thus the region C-terminal to the Skp1-binding domain constitutes

a Cdc34/RING-H2 subunit-recruiting domain. The cdc53–1 mutation (R488C)

lies within this segment and specifically disrupts Cdc53-yCdc34 interaction

(Patton et al 1998). This region of Cdc53 is conserved with the APC/C subunit

Apc2, and is called the cullin homology (CH) domain (H Yu et al 1998, Zachariae

et al 1998). The CH domain likely represents a conserved module for linking

a ubiquitin-conjugating enzyme to a ubiquitin ligase. Given that (a) Hrt1 binds

directly to yCdc34 (Seol et al 1999), (b) Hrt1/Roc1/Rbx1 appears to bind directly

to Cdc53/hCul1 (Ohta et al 1999, Seol et al 1999, Tan et al 1999), (c) Hrt1 stabi-

lizes the association of yCdc34 with Cdc53 (Skowyra et al 1999), and (d ) yCdc34

and Roc1/Rbx1 bind overlapping regions of Cdc53/hCul1 (Ohta et al 1999, Patton
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et al 1998), it seems likely that Hrt1 helps tether yCdc34 to the CH domain by

binding directly to both proteins.

The most confounding element of Cdc53 is its extreme C terminus. Whereas

this is the most highly conserved region of cullin proteins and is required for

attachment of Rub1 (Lammer et al 1998, Patton et al 1998, Wada et al 1999), a

mutant that lacks this segment (e.g. amino acids 757–814) can complement cdc53∆

(Lammer et al 1998, Patton et al 1998) and actively mediates Sic1 ubiquitination

in vitro (Feldman et al 1997).

Architecture of Hrt1

Hrt1 is a 121-amino acid protein that can be divided into two domains: a 54-amino

acid N-terminal domain and a 67-amino acid C-terminal domain that contains the

RING-H2 finger. Both domains are conserved among eukaryotic Hrt1 homologs.

Despite being such a small protein, Hrt1 binds Cdc53, yCdc34, and the F box

proteins Grr1 and Cdc4 (Kamura et al 1999, Seol et al 1999, Skowyra et al 1999).

Binding of Hrt1 to yCdc34 is direct since it can be reconstituted with proteins

isolated from E. coli (Seol et al 1999). Binding of Hrt1/Roc1/Rbx1 to cullins and

F box proteins is also likely to be direct. Roc1/Rbx1 and the related hRoc2 bind

hCul1-hCul5 in both two-hybrid and co-immunoprecipitation assays (Ohta et al

1999). Likewise, hApc11 binds the cullin-related hApc2. Thus all known proteins

that contain cullin homology domains can assemble with RING-H2 proteins. CH

and RING-H2 proteins may comprise a conserved heterodimeric core that lies

at the heart of a diverse array of ubiquitin ligase complexes (see section titled

F Boxes, SOCS Boxes, and Others).

Mutation of conserved cysteine and histidine residues in the RING-H2 domain

abrogates the ability of Roc1/Rbx1 to complement yeast hrt1∆ mutants and sustain

ubiquitin ligase activity in vitro (Kamura et al 1999, Ohta et al 1999). TheRING-H2

mutants still bind Cdc53/hCul1, suggesting that their defect arises from impaired

interaction with Cdc34. An intriguing feature of the RING-H2 domain is that it

contains three cysteines (at positions 66, 69, and 81 in Hrt1) that are not part of

the canonical RING motif but are nevertheless conserved in all Hrt1/Roc1/Rbx1

and Apc11 homologs. However, Roc1/Rbx1 lacking the first two cysteines can

still complement hrt1∆ cells, and hrt1 K72R C81R double mutants are viable

(Kamura et al 1999, Skowyra et al 1999). Thus these additional cysteines are not

absolutely essential for activity.

Architecture of F Box Proteins

F box proteins come in many different forms. All F box proteins share the ∼45

amino acid F box domain, but are otherwise very dissimilar. For example, Cdc4

and hβ-TrCP/E3RS contain sevenWD-40 repeats in addition to the F box domain,

whereas Grr1 and Skp2 each contain multiple leucine-rich repeats. Other repeat

domains are found in F box proteins, and some F box proteins are composed of

only unique sequences outside of the F box (Patton et al 1998a).
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Numerous mutagenesis studies have confirmed that an intact F box is required

for association with Skp1. The most highly conserved residue in the F box is a

proline near the N-terminal boundary that is typically preceded by a leucine. The

Leu-Pro dipeptide is required for association of Cdc4 (Bai et al 1996) and Ctf13

(Kaplan et al 1997) with ySkp1. However, the conserved proline is not required

for interaction of Skp2 with hSkp1 (Yam et al 1999). The conserved Leu-Pro

dipeptide is absent from several F box family members identified in database

searches (Patton et al 1998a; K Hofmann, personal communication). It remains

unclear whether these proteins bind Skp1. A more detailed understanding of the

F box-Skp1 interface awaits a systematic mutagenesis of the F box and structural

studies.

Although the F box is required to bind Skp1, it may not be sufficient. For

example, the minimal F box of Grr1 does not bind ySkp1 in a two-hybrid as-

say (Li & Johnston 1997), and an N-terminal fragment of Cdc4 that contains an

F box but lacks theC-terminalWD-40 repeat domain coimmunoprecipitates poorly

with ySkp1 (Zhou & Howley 1998). Lastly, mutation of two residues near the

C terminus of Skp2 (far downstream of the F box) disrupts binding of both human

cyclin A and hSkp1 (Lisztwan et al 1998). Thus stable interaction between F box

proteins and Skp1 may typically require sequences lying outside the F box.

Architecture of F Box Proteins: Cdc4

Domain analyses have been performed on four F box proteins: Cdc4, hβ-TrCP/

E3RS, Grr1, and Skp2. The results obtained for Cdc4 are discussed here. Cdc4

can be divided into four domains: a unique N-terminal domain, the F box, a

C-terminal domain that contains seven WD40 repeats, and an ∼50 amino acid

segment between the F box and WD-40 domains that appears to control turnover

of Cdc4 (Matthias et al 1999). An intact WD-40 domain is required for Cdc4 to

bind Sic1 but not ySkp1 (Skowyra et al 1997), and the WD-40 region by itself

is sufficient to bind phosphorylated Sic1 (C Correll, personal communication).

Whereas binding of phosphorylated Sic1 substrate to full-length Cdc4 is strongly

stimulated by ySkp1 (Feldman et al 1997, Skowyra et al 1997), Skp1 has no effect

on the binding of phospho-Sic1 to the isolatedWD-40 domain (C Correll, personal

communication). Taken together, these observations suggest that the unoccupied

F box antagonizes the substrate-binding activity of the WD-40 domain. Such an

autoinhibitory mechanism would insure that free F box subunits do not compete

with intact SCF complexes for access to substrates.

The WD-40 domain of the F box protein hβ-TrCP/E3RS has also been shown

to recruit substrates for ubiquitination (Margottin et al 1998, Yaron et al 1998).

This activity has been exploited to construct dominant-negative mutations that se-

lectively interfere with the destruction of hβ-TrCP/E3RS targets. The idea is that a

WD-40 domain that lacks an associated F box competes with the intact protein for

binding substrate, but does not deliver bound substrates to SCF due to its inability

to bind Skp1. Although this tactic has been applied successfully to stabilize CD4
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(Margottin et al 1998), IκB (Yaron et al 1998, Kroll et al 1999, Hatakeyama et al

1999, Fuchs et al 1999), and β-catenin (Marikawa & Elinson 1998, Latres et al

1999, Fuchs et al 1999, Hart et al 1999), overexpression of Cdc4’sWD-40 domain

appears to have no effect on destruction of Sic1 (Zhou &Howley 1998). Neverthe-

less, deletion of the F box from SCF substrate receptors is an attractive strategy for

producing dominant-negative proteins that interfere with the degradation of only

those substrates that utilize the mutated F box protein as a receptor. In contrast, a

dominant-negative strategy aimed at the other subunits of SCF is likely to disable

the entire spectrum of SCF complexes present in the cell.

Cdc4 expressed in insect cells is multimeric and is able to direct assembly of

a multimeric SCF complex (C Correll, personal communication). Likewise, the

Schizosaccharomyces pombe Cdc4 homologs Pop1 and Pop2/Sud1 form hetero-

and homo-oligomers (Kominami et al 1998, Wolf et al 1999). Although it re-

mains unclear whether Pop1/Pop2 heterodimers assemble into multimeric SCF

complexes, deletion analysis and characterization of Pop1/Pop2 chimeras suggest

that interaction of these proteins is important for their genetic function (Wolf et al

1999). It remains unclear if higher-order assembly of SCF is crucial for its func-

tion and if all F box-containing proteins oligomerize. In contrast to Cdc4, Pop1,

and Pop2, the Cdc53 and ySkp1 subunits do not form stable homo-oligomers

(C Correll, personal communication).

Architecture of yCdc34

Unlike most E2 enzymes, yCdc34 contains an extensive C-terminal tail in addition

to the core enzymatic domain. Domain-swapping experiments demonstrated that

the unique tail domain is able to confer yCdc34’s cell cycle regulatory function

upon the heterologous E2 enzyme Rad6 (Kolman et al 1992, Silver et al 1992).

yCdc34(�210–295), which contains the catalytic domain and the first 39 residues

of the tail domain, complements cdc34∆ (Mathias et al 1998, Ptak et al 1994).

Although yCdc34 does not behave as a stable multimer in hydrodynamic analyses,

it can readily be cross-linked into dimers and higher-order oligomers, and this in-

teraction requires amino acids 185–209 (Ptak et al 1994). Moreover, coexpressed

catalytic and tail domain fragments suppress cdc34-1tsmutants (Silver et al 1992).

Recently, Mathias et al (1998) showed that yCdc34(171–209) recruits Cdc53 and

Cdc4. Taken together, these data indicate that the proximal portion of the tail do-

main contacts the catalytic domain and mediates both multimerization of yCdc34

and its assembly with SCF.

POST-TRANSLATIONAL CONTROL OF SCF

PATHWAY COMPONENTS

Since SCF activity can be reconstituted in vitro with Cdc4, ySkp1, Hrt1, and

yCdc34 proteins produced in E. coli (Feldman et al 1997, Seol et al 1999),

eukaryote-specific post-translational modifications cannot be essential for the
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activity of these subunits. However, post-translational modifications of SCF sub-

units may regulate SCF activity in vivo, modulate the shuttling of SCF complexes

or components to different parts of the cell, or influence the remodeling of SCF

complexes in response to cellular or environmental signals. The following sections

describe what is known about the modification state, post-translational regulation,

and localization of SCF subunits.

Post-Translational Regulation of Skp1

Skp1 purified from Dictyostelium discoideum cells contains a linear pentasac-

charide chain attached to a hydroxylated proline at position 143 (Teng-umnuay

et al 1998). Although this residue is conserved in budding yeast, Arabidopsis, and

C. elegans Skp1, it is not present in the human or mouse proteins. Skp1 is also

phosphorylated upon expression in insect cells, but the significance of this modifi-

cation has not been evaluated (Kaplan et al 1997). ySkp1 is stable (Zhou&Howley

1998), and the levels of hSkp1 (Lisztwan et al 1998) and ySkp1 (JH Seol, per-

sonal communication) do not vary during the cell cycle. Interestingly, both Skp1

and Cul1 colocalize to the centrosome in animal cells (Freed et al 1999, Gstaiger

et al 1999). It has been well established that proteolysis triggers the separation of

sister chromatids at the beginning of anaphase. SCF-dependent degradation may

play an analogous role in centrosome duplication, since the proteasome inhibitor

lactacystin and antibodies against hSkp1 and hCul1 block separation of centrioles

in vitro (Freed et al 1999).

Post-Translational Regulation of Cdc53/Cullin

The best-characterized post-translational modification of SCF is the attachment

of the ubiquitin-related protein Rub1 (known as Nedd8 in humans) to Cdc53

(Lammer et al 1998, Liakopoulos et al 1998), rabbit Cul-4A (Osaka et al 1998),

and hCul2 (Wada et al 1999). Strikingly, Cdc53 and Cul-4A appear to be the

most prominent attachment sites for Rub1/Nedd8 in budding yeast cells and rabbit

reticulocyte lysates, respectively. Attachment of Rub1/Nedd8 to proteins (i.e. ru-

binylation)mimics attachment of ubiquitin, and requires E1- and E2-like activities.

The Rub1-activating enzyme is divided into two subunits that are homologous to

the N- and C-terminal halves of E1. The N-terminal subunit is known as Ula1/Enr2

in budding yeast andAPP-BP1 in human, whereas the C-terminal subunit is known

as Uba3 in both organisms (Liakopoulos et al 1998, Osaka et al 1998, Gong &

Yeh 1999). Genes encoding these subunits have been identified in a broad range of

eukaryotes (Lammer et al 1998). A Rub1/Nedd8-conjugating enzyme, Ubc12, has

also been reported (Liakopoulos et al 1998, Osaka et al 1998, Gong & Yeh 1999).

Human and yeast Ubc12 are homologous and are clearly related to ubiquitin-

conjugating enzymes. It remains unclear whether rubinylation involves an E3-like

activity. Accumulation of Rub1-Cdc53 conjugates in vivo is diminished in skp1ts

mutants (Lammer et al 1998), but this may be due either to stabilization of Cdc53

by ySkp1 (Patton et al 1998) or to an E3-like function of ySkp1 in the rubinylation

pathway.
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Yeast cells that lack the genes encoding Rub1, Ula1/Enr2, or yUbc12 are vi-

able and display no obvious phenotype (Lammer et al 1998, Liakopoulos et al

1998). Thus decoration of Cdc53 with Rub1 is not crucial for SCF activity. How-

ever, mutations that disable the rubinylation pathway render cells more sensitive

to the effects of mutations in SCF subunits (Lammer et al 1998). Thus Rub1

appears to enhance SCF activity, at least under conditions in which SCF is crip-

pled. Rubinylation of Cdc53 in turn may be governed by the assembly or ac-

tivity of the SCF complex because the cdc53-1 mutation increases the fraction

of Cdc53 that is conjugated with Rub1, whereas skp1ts mutations have the op-

posite effect (Lammer et al 1998). The residues in hCul1 and hCul2 that are

linked to Rub1 have been mapped to the lysine in the conserved VRIMK se-

quence (K686) (Wada et al 1999; S Schwartz, personal communication). Dele-

tion of sequences downstream of the VRIMK element eliminates rubinylation of

Cdc53, suggesting that other C-terminal domain sequences are required for proper

modification.

The ubiquitin-like modifier SUMO-1 is thought to influence localization of the

proteins to which it is attached. Centrosomal fractions have significant amounts

of modified Cul1 but are devoid of the unmodified protein (Freed et al 1999),

suggesting that rubinylation may likewise influence subcellular localization of

SCF complexes (see also Post-Translational Regulation of Skp1).

Other than rubinylation, the cullins have not been reported to receive other post-

translationalmodifications.Moreover, Cdc53 is stable (Zhou&Howley 1998), and

the levels of hCul1 (Lisztwan et al 1998) and Cdc53 (JH Seol, personal commu-

nication) do not vary during the cell cycle.

Post-Translational Regulation of Hrt1

Covalent modification, stability, and subcellular localization of Hrt1 proteins have

yet to be investigated. Hrt1 expressed in bacteria binds SCF components and stim-

ulates SCFCdc4 ubiquitin ligase, indicating that no post-translational modifications

specific to eukaryotic cells are absolutely required for Hrt1 activity (Seol et al

1999).

Post-Translational Regulation of F Box Proteins

Protein degradation may play a key role in sculpting the repertoire of SCF com-

plexes in vivo. The F box proteins Cdc4, Grr1, and Met30 are unstable, and the

turnover of Cdc4 and Grr1 has been investigated in detail (Galan & Peter 1999,

Zhou&Howley 1998, Mathias et al 1999). Cdc4 and Grr1 are unstable throughout

the cell cycle, and both proteins are stabilized in proteasome, cdc53ts, cdc34ts, and

skp1tsmutants. Both Cdc4 and Grr1 are ubiquitinated and are stabilized by expres-

sion of mutant ubiquitin. Interestingly, an intact F box is required for turnover of

both Cdc4 and Grr1.

Based on these data, Zhou & Howley (1998) proposed that F box receptors and

their bound substrates are degraded as a unit to ensure a continuous release of free

A
n
n
u
. 
R

ev
. 
C

el
l.

 D
ev

. 
B

io
l.

 1
9
9
9
.1

5
:4

3
5
-4

6
7
. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o
u
rn

al
s.

an
n
u
al

re
v
ie

w
s.

o
rg

b
y
 C

A
L

IF
O

R
N

IA
 I

N
S

T
IT

U
T

E
 O

F
 T

E
C

H
N

O
L

O
G

Y
 o

n
 0

9
/0

8
/0

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.



?
SCF UBIQUITIN LIGASES 451

ySkp1/Cdc53/Hrt1 subcomplexes able to assemble with newly synthesized F box

receptor subunits. Their hypothesis predicts that the rate of degradation of an F box

protein should be directly proportional to the concentration of its substrates. This

prediction has not been tested. I suggest an alternative model that predicts the rate

of degradation of F box proteins to be inversely proportional to the concentration

of their substrates. According to this view, binding of substrate shields the F box

subunit from autoubiquitination, and overexpression of substrate is thus predicted

to stabilize the corresponding F box receptor. This substrate shield model is at-

tractive in that it would ensure a direct correlation between the concentration of a

given F box protein and the concentration of its targets. Thus there would be no

need for the cell to regulate with a high degree of accuracy the synthesis of every

F box protein. If a given F box protein were synthesized in excess, its levels would

be quickly pared down to match substrate demand.

Aside from the yeast F box proteins discussed above, Skp2 is also likely to be

unstable, since its levels fluctuate during the cell cycle, reaching a peak during S

phase (Lisztwan et al 1998).

Post-Translational Regulation of Cdc34

yCdc34 is phosphorylated on serine residues in vivo (Goebl et al 1994), but it

remains unclear if this modification regulates its activity. yCdc34 isolated from E.

coli supports SCF-dependent ubiquitination in a purified system (Feldman et al

1997), indicating that phosphorylation is not required for its catalytic activity or

interaction with SCF. yCdc34 ubiquitinates itself both in vitro and in vivo (Baner-

jee et al 1993, Goebl et al 1994). Autoubiquitination of yCdc34 requires a cluster

of four lysine residues in the extreme C terminus (Banerjee et al 1993), deletion of

which has no apparent effect on yCdc34 function (Goebl et al 1994). Immunoblot

analyses reveal that yCdc34 levels are equivalent in cells arrested in G1, S, or

M phase (Mathias et al 1998) and remain constant during progression through

a synchronous cell cycle (Galan & Peter 1999; JH Seol, personal communica-

tion). In short, there is no evidence that yCdc34 activity is regulated by either

post-translational modification or degradation.

SUBSTRATES OF THE SCF PATHWAY

Many proteins have been implicated as substrates of SCF by a variety of criteria,

including stabilization or accumulation in SCF pathway mutants, stabilization

upon expression of dominant-negative F box proteins, and reconstitution of SCF-

dependent ubiquitination with either purified proteins or in a crude system. These

substrates represent a broad spectrum of proteins that participate in a variety of

cellular functions, including regulation ofCDKactivity, activation of transcription,

signal transduction, assembly of kinetochores, and DNA replication. Rather than

discuss each substrate in detail, those known to date are described briefly in Table 2.
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MECHANISMOF ACTION OF SCF

How Does Substrate Bind SCF?

In all the examples studied thus far in detail (ubiquitination of Cln1 and 2 by

SCFGrr1, Sic1 by SCFCdc4, and IκB plus β-catenin by SCFβ−TrCP/E3RS; consult

Table 2 for references), the target must be phosphorylated before it can bind and

serve as a substrate for SCF. This common requirement for phosphorylation is

remarkable given that the substrate-binding domains of Cdc4 and β-TrCP/E3RS

are constructed of WD-40 repeats, whereas that of Grr1 is constructed of com-

pletely dissimilar leucine-rich repeats (Kishi et al 1998). All known substrates of

SCFCdc4 –Sic1 (Feldman et al 1997, Skowyra et al 1997, Verma et al 1997), Gcn4

(Y Chi, personal communication), Far1 (Henchoz et al 1997), and Cdc6 (Elsasser

et al 1999) must be phosphorylated before they can be ubiquitinated. How does

phosphate drive the interaction of diverse substrates with SCF? Phosphopeptides

(but not their unmodified counterparts) derived from IκB are able to compete with

full-length IκB for binding to β-TrCP/E3RS (Yaron et al 1998, Winston et al

1999). These data suggest that the WD-40 domain of β-TrCP/E3RS constitutes a

phospho-serine recognition module. It remains an open question whether all SCF

complexes will prove to be specific for phosphorylated substrates.

Several F box proteins contain WD-40 repeats. The properties of this domain

may allow SCF complexes to bind a diverse spectrum of substrates. The WD-40

repeats of Cdc4 are predicted to fold into a β-propeller based on the crystal struc-

ture of the WD-40 repeat domain of the Gβ subunit of heterotrimeric G proteins

(Lambright et al 1996, Sondek et al 1996, Wall et al 1995). The face of the β-

propeller in Gβ presents a broad platform for protein-protein interaction. Different

signaling proteins interact with the face of Gβ’s propeller domain by forming sta-

bilizing contacts with different residues on the propeller’s face, such that each

effector makes a slightly different footprint on the platform (Ford et al 1998).

This plasticity may explain why the known substrates of Cdc4 do not show any

apparent sequence homology with each other in their destabilizing domains. How-

ever, since all SCFCdc4 substrates must be phosphorylated before they can bind,

Cdc4’s β-propeller domain likely contains a phosphate-binding pocket that aligns

the substrate on the propeller’s surface.

The requirement for substrate phosphorylation creates an opportunity to differ-

entially regulate the stability of distinct SCFCdc4 substrates.Whereas Sic1 and Far1

are activated to bind Cdc4 following their phosphorylation by G1 cyclin/Cdc28

(Feldman et al 1997, Henchoz et al 1997, Skowyra et al 1997), Cdc6 is targeted

to SCF upon its phosphorylation by S cyclin/Cdc28 (Elsasser et al 1999). The

Cdc42 GTPase effector Gic2 (Jaquenoud et al 1998) and the transcriptional ac-

tivator Gcn4 (Y Chi, personal communication) are phosphorylated and targeted

for SCF-dependent ubiquitination by protein kinases other than Cdc28. By link-

ing the SCF-dependent ubiquitination of substrates to the action of distinct ki-

nases, it is possible to achieve substrate-specific degradation in response to diverse
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environmental or intracellular cues. For example, although SCFCdc4 is active in pre-

START G1 extracts, Sic1 is stable until Cln/Cdc28 protein kinase is activated at

START (Schneider et al 1996, Verma et al 1997a). Besides allowing for tempo-

ral regulation, the requirement for substrate phosphorylation can be exploited in

other ways. A Cln2 mutant that cannot bind Cdc28 is not phosphorylated and

consequently stabilized (Deshaies et al 1995, Lanker et al 1996), and a mutant

of Gic2 that fails to bind yCdc42 is likewise not phosphorylated and is stabilized

(Jaquenoud et al 1998). In both cases, the requirement for substrate phosphory-

lation ensures that the attention of the degradation machinery is focused on the

specific subset of substrate molecules.

How is Ubiquitin Transferred From Cdc34 to Substrate?

The ubiquitin ligase best characterized to date, the HECT domain family mem-

ber E6-AP, contains an essential cysteine residue that accepts ubiquitin from E2

enzyme and subsequently transfers it to a lysine residue of the substrate p53

(Scheffner et al 1995). Because HECT domain family members are the only ubiq-

uitin ligases known to form a thioester intermediate with ubiquitin, it remains un-

clear whether other ubiquitin ligases operate via a similar mechanism. All cysteine

residues in Cdc53 and ySkp1 are dispensable for function (Patton et al 1998), as

are three conserved cysteines in Hrt1/Roc1/Rbx1 that are not part of the RING-H2

consensus (Kamura et al 1999, Skowyra et al 1999). Thus if SCF forms an obligate

covalent intermediate with ubiquitin during its transfer from yCdc34 to substrate,

the catalytic site must either be present on a prosthetic group (similar to the reac-

tive thiol group in the acyl carrier protein of the fatty acid synthase complex), or

there must be an essential ubiquitin-accepting residue of SCF that remains to be

identified.

Recentwork suggests that the cullin/RING-H2 subunits serve as the core ubiqui-

tin ligase module of the SCF complex. This conclusion stems from the observation

that cullin/RING-H2 heterodimers appear to be sufficient to activate assembly of

either free (Ohta et al 1999, Tan et al 1999) or Cdc34-bound (Seol et al 1999,

Skowyra et al 1999) multiubiquitin chains (note that it has not been rigorously

excluded that the free multiubiquitin chains reported by Tan, Ohta, and colleagues

are in fact not anchored to hCdc34 or hCul1).

Intriguingly, whereas enzymes that use cysteine residues for catalysis (including

E1 enzyme) are sensitive to alkylating agents such as N-ethylmaleimide (NEM),

Cdc53/Hrt1 pretreated with NEM retains its ability to activate autoubiquitination

of yCdc34 (Seol et al 1999).Moreover, polycations that lack sulfhydryls can substi-

tute for SCF and promote yCdc34-dependent ubiquitination of Gcn4 or autoubiq-

uitination of yCdc34. Based on these observations, Seol et al (1999) proposed that

cullin and RING-H2 proteins form a ubiquitin ligase module that operates by a

mechanismdistinct from that of theHECTdomain ligases. Cdc53/Hrt1may trigger

a conformational change in yCdc34-S-Ub that reduces the energy barrier to form-

ing the oxyanionic intermediate that occurs in the transition state as the C terminus
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of ubiquitin is transferred from the catalytic cysteine of yCdc34 to the ε-amino

group of a substrate lysine. A conformational switch in yCdc34 driven by specific

interaction with Cdc53/Hrt1 would minimize the possibility that yCdc34 (which

is present in substantial excess in vivo compared with SCF complexes; JH Seol,

personal communication) would gratuitously ubiquitinate proteins with which it

inevitably collides in the densely packed cell. A logical extension of this argument

is that the ubiquitination-promoting activity of Cdc53/Hrt1 may be gated within

the SCF complex such that it is maximally expressed upon docking of substrate

to the F box receptor subunit. Besides SCF and APC/C, a number of known or

suspected ubiquitin ligases contain a RING or RING-H2 domain, including Ubr1

(Kwon et al 1998), Hrd1/Der3 (Bordallo et al 1998, Hampton et al 1996), SINA

(Hu & Fearon 1999), Rad18 (Bailly et al 1997) and Mdm2 (Honda et al 1997). It

will be interesting to see whether all RING-bearing ubiquitin ligases operate by a

common mechanism.

It is worth noting that SCF occasionally associates with E2 enzymes other than

Cdc34. The β-TrCP/E3RS-dependent ubiquitination of IκB, for example, involves

a member of the hUbc5 family of E2 enzymes (Yaron et al 1998, Spencer et al

1999). In addition, the Grr1-, ySkp1-, and Cdc53-dependent regulation of glucose-

repressible genes in yeast does not require yCdc34, suggesting that another E2

enzyme is involved (Li & Johnston 1997).

How Does SCF Promote the Assembly

of aMultiubiquitin Chain?

At first glance, it is difficult to envision how the assembly of a multiubiquitin

chain occurs in three dimensions. If one’s reference point is the SCF complex,

the substrate (i.e. the end of the growing ubiquitin chain) should move farther

away with each cycle of ubiquitin addition. Nevertheless, SCF/yCdc34 rapidly

assembles multiubiquitin chains upon Sic1. One can envision several explanations

to account for processive assembly of multiubiquitin chains. For example, SCF

may trigger the assembly of an oligomer of yCdc34 that provides a template for

the assembly of a multiubiquitin chain. Because a tetraubiquitin chain is thought

to be capable of targeting an appended protein for degradation (Piotrowski et al

1997), induced tetramerization of yCdc34would be sufficient to yield degradation-

competent substrate. Pure yCdc34 has already been shown to form dimers and

higher-order oligomers in vitro (Ptak et al 1994). An alternative possibility is that

the growing multiubiquitin chain spools away from SCF/yCdc34 as a loop, such

that the relative positions of yCdc34, SCF, and the growing end of the ubiquitin

chain remain constant throughout the process of chain assembly. The ability to

processively assemble a multiubiquitin chain is likely to be a crucial aspect of

SCF activity. If chain synthesis were to occur by a purely distributive mechanism,

ubiquitin isopeptidases might disassemble the multiubiquitin chains before they

grew to a length sufficient to mediate high-affinity interaction of substrate with the

26S proteosome.
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DIVERSIFICATION OF SCF FUNCTION

The F Box Hypothesis

Based on previous observations that the F box–containing proteins Cdc4 and Grr1

are involved in the degradation of Sic1 (Schwob et al 1994) and G1 cyclins (Barral

et al 1995), respectively, Bai et al (1996) proposed that F box–containing pro-

teins serve to link different substrates to Skp1 and the ubiquitination machinery

(Figure 3). The generality of their hypothesis has been tested for two members of

the F box family of proteins, Cdc4 and Grr1. SCFCdc4 binds tightly to and catalyzes

ubiquitination of phosphorylated Sic1, but binds poorly to phosphorylated Cln1

(Feldman et al 1997, Skowyra et al 1997). In contrast, SCFGrr1 binds tightly to and

catalyzes ubiquitination of phosphorylated Cln1 and Cln2 but fails to bind phos-

phorylated Sic1 (Skowyra et al 1997, 1999; Seol et al 1999). Patton et al (1998)

demonstrated that the F box proteins Cdc4, Grr1, and Met30 each form SCF com-

plexes in vivo by assembling with Cdc53 and ySkp1, but that these proteins do

not cross-assemble with each other, suggesting that each SCF complex is limited

to a single form of F box receptor (however, see Kominami et al 1998, Wolf et al

1999). Moreover, whereas cdc53ts and cdc34ts mutants are defective in turnover

of all known SCF substrates, grr1∆ mutants degrade Sic1 with normal kinetics

but accumulate stable Cln2, and cdc4 mutants can degrade Cln2 but accumulate

stable Sic1.

Given that the budding yeast genome potentially encodes 17 F box proteins,

17 different SCF ubiquitin ligase complexes may exist in this organism (for a

comprehensive display of budding yeast F box proteins, see Patton et al 1998a).

However, at least one F box protein (the Ctf13 subunit CBF3) assembles into a

macromolecular complex distinct from SCF (Connelly & Hieter 1996, Kaplan

et al 1997, Stemmann & Lechner 1996). It remains to be seen how many F box

proteins assemble into ubiquitin ligase complexes. Nevertheless, even a subset of

the known F box proteins might yield far more than 17 distinct SCF complexes,

since there are two additional Cdc53-like proteins encoded in the budding yeast

genome, and at least some F box proteins can form heterodimers with each other

(Kominami et al 1998, Wolf et al 1999).

F Boxes, SOCS Boxes, and Others

Recent work suggests that SCF may be a paradigm for a family of modular cullin-

based ubiquitin ligases.Whereas Cdc53 and hCul1 bind tightly to Skp1, the hCul2,

hCul3, mouse Cul4A, and hCul5 proteins do not detectably bind hSkp1 (Michel

& Xiong 1998). In contrast, hCul2 binds elongin C, which shares homology with

the N-terminal region of Skp1 (Lonergan et al 1998). Elongin C in turn binds

directly to both the ubiquitin-related protein elongin B (Takagi et al 1996) and the

VHL tumor suppressor protein (Takagi et al 1997). VHL shares with a number of

other proteins part of a sequence referred to as the suppressor of cytokine signaling
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Figure 3 The F box hypothesis. ySkp1/Cdc53/Hrt1 can interact with any one of a

number of different proteins that contain F boxes to yield distinct SCF complexes with

different substrate specificities. As shown, SCFCdc4 targets phospho-Sic1 for ubiquiti-

nation (A), whereas SCFGrr1 targets phospho-Cln1 and phospho-Cln2 (B). Genetic data

suggest that Met4 may be a target of SCFMet30 (C ), but this has not yet been shown. It

is also not known whether SCFMet30 is specific for phosphoprotein substrates. H, Hrt1;

F, F box.
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(SOCS) box, which was originally identified in proteins that negatively regulate

cytokine-inducible signaling through the Jak/STAT pathway. SOCS box sequences

from VHL, SOCS-1 and SOCS-3 are necessary and sufficient to mediate binding

to elongin C (Kamura et al 1998, Kibel et al 1995, Zhang et al 1999). Taken to-

gether, these observations suggest that hCul2 and elongin C may form the core of

a ubiquitin ligase complex (although this complex has not been shown to contain

ubiquitin ligase activity) that also contains elongin B, Roc1/Rbx1 (Kamura et al

1999), and any one of a number of SOCS box–containing proteins. The analogy

to the SCF pathway, with its constellation of distinct F box receptors, is striking.

Similarly, the APC/C, which contains both CH domain and RING-H2 subunits

(Zacharine et al 1998, HYu et al 1998), interactswith at least two distinct substrate-

targeting proteins (Cdc20 and Hct1/Cdh1). It will be interesting to see whether all

cullins serve as core subunits of multicomponent ubiquitin ligases whose sub-

strate specificity is diversified via a repertoire of interchangeable receptor subunits

(Figure 4).

A tantalizing glimpse of how cullin/RING-H2 based ubiquitin ligases might

be constructed is presented by the recently solved structure of the VHL-elongin

C-elongin B (VCB) complex (Stebbins et al 1999). In the VCB complex, VHL

and elongin C serve as analogs of the F box receptor and Skp1 subunits of SCF,

respectively. There is no known subunit of SCF corresponding to the ubiquitin-like

elonginB, except perhaps theRub1modification uponCdc53. Stebbins et al (1999)

raise the appealing notion that the interaction of VHL with elongin C mimics the

interaction of F box proteins with Skp1. An important goal will be to map the

binding sites for hCul2 (Lonergan et al 1998) and Roc1/Rbx1 (Kamura et al 1999)

upon the surface of elongin C. It seems likely that they will be oriented in the same

direction as a putative substrate-docking site on VHL.

CONCLUSION AND PERSPECTIVES

Rapid progress has been made over the past few years in identifying and charac-

terizing cullin-based ubiquitin ligases. Emerging evidence suggests that there is

a broad array of distinct ubiquitin ligases based on the cullin/RING-H2 module

and that these ligases participate in diverse regulatory pathways. Over the next

few years, it is likely that progress will accelerate and that the list of distinct SCF

complexes will expand as new F box proteins are identified.Wemay also witness a

similar expansion in the number of ubiquitin ligases based onCul2-Cul5.As the list

of SCFand cullin-basedubiquitin ligase complexes grows longer, itwill be comple-

mented by two parallel tracks of research. First, specific ubiquitin ligase complexes

will be linked to specific processes via gene knockout studies or by investigators

who fortuitously isolate SCF components or cullins in forward genetic screens.

Second, researchers studying proteins that are known to be unstable (e.g. tran-

scription factors, signaling proteins, etc) will establish links between specific SCF

complexes and the turnover of these proteins.
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?Figure 4 Do cullins define a diverse family of multisubunit ubiquitin ligases?

Whereas hCul1 binds hSkp1 and assembles into SCF complexes (A), hCul2 assem-

bles with the Skp1-like protein elongin C, which in turn binds to a group of proteins,

including the von-Hippel-Lindau (VHL) tumor supressor protein, that share a small

sequence motif known as the SOCS box (B). The SOCS box may function like the F

box to diversify the repertoire of receptor subunits for hCul2-based ubiquitin ligase

complexes. Cul3-Cul5 may also assemble into modular ubiquitin ligase complexes

with an array of different substrate receptors (C ). It is not known whether ubiquitin

ligases based on Cul2-Cul5 are specific for phosphoprotein substrates. H, Hrt1; F, F

box; S, SOCS box; B/C, elongins B and C.
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Against this backdrop of anticipated progress, two lines of directed research

may prove to be of particular value. First, there is currently no general method for

identifying SCF substrates. Given that each SCF complex is likely to havemultiple

substrates, any expansion in the repertoire of known ubiquitin ligase complexes

will intensify the need for efficient methods to identify substrates. Second, rapid

evaluation of the function of newly discovered SCF or cullin/RING-H2 complexes

in different cell lines, tissues, etc will require novel chemical or genetic strategies

to inhibit ubiquitin ligase activity. Since SCF has already been linked to a number

of important signaling pathways, a side benefit is that specific inhibitors may prove

to have significant therapeutic benefits. Although there are no specific inhibitors

available for any known ubiquitination pathway, the great success of the various

proteasome inhibitors makes clear how valuable such drugs can be.
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