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m Abstract Protein degradation is deployed to modulate 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.

SCFAe4 the prototype of the SCF (foikp1, Qdc53/Cullin, Foox 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, | 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 cerevisiamd 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 on mammalian 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 SCF°* ubiquitin ligase complex stemmed from a genetic
analysis of the G1/S transition by Schwob et al (1994). These authors demonstrated
that budding yeasidc4®, cdc34°, andcdc53° mutants fail to enter S phase because
they are unable to eliminate the S phase cyclin/cyclin-dependent kinase (CDK)
inhibitor Sicl. Sicl is normally destroyed as wild-type cells progress from G1to S
phase but persists indefinitely in thédcmutants. Subsequently, it was shown that
skp?® 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 etal 1988). In contrast, although genetic analysis suggested
arole for Cdc4, Cdc53, and Skp1l in Sicl 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 laboratoriegdc4® andcdc34° mutants were identified in screens for cell
cycle mutants by Hartwell and colleagues (Pringle & Hartwell 1981), and the
corresponding genes were cloned by complementation tfthetants (Goebl et al
1988, Peterson et al 1984). Ttac53 mutant was identified in a screen for mutants
with acdc34%like phenotype, an@DC53was 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 cultnl-1, was identified
in nematodes as a gene required for developmentally programmed transitions from
G1 phase of the cell cycle to GO 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 CIn2 (Willems et al 1996). These authors demonstrated that Cdc53 binds
CIn2 and thatdc53° mutants are defective in CIn2 turnover. LasjigKP1was
identified in a screen for genes that suppress4® mutants upon overexpression
(Bai et al 1996). This screen also revealed the gene that encodes human cyclin
F (Bai et al 1994). ySkpl was also identified by Connelly & Hieter (1996) as
a component of the centromere-binding CBF3 complex. The human orthologue
of ySkpl had previously been identified as a cyclin A/ICDK2-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 ySkp1l.

The final discovery key to identification of SCF ubiquitin ligase stemmed from
biochemical reconstitution of Sicl ubiquitination. First, ubiquitination of Sicl in
crude yeast extracts was shown to depend upon yCdc34, Cdc4, and G1 cyclin/CDK
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activity (Verma et al 1997b). These data suggested that the role identified for these
proteins in Sicl 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 ySkpl expressed in insect cells assemble into a
complex and that the purified complex functions as a ubiquitin ligase, promoting
ubiquitination of phosphorylated Sicl 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, Grrl. This
important finding suggested that S€F* 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 DIVERSIFICATION OF SCF FUNCTION for a detailed
discussion). In parallel with the reconstitution efforts, phosphorylation of Sicl 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 Sicl by G1 cyclin/CDK, followed by the ubiquitination of
phosphorylated Sic1 through the combined efforts of $€fand yCdc34.

Very recently, a fourth essential subunit of SCF, referred to as Roc1, Rbx1, or
Hrtl, was reported (Kamura et al 1999, Ohta et al 1999, Seol et al 1999, Tan et al
1999). Throughout the remainder of this review | 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<5§€€omplexes
purified from HelLa cells (Tan et al 1999), as a hCull-binding protein in a two-
hybrid screen (Ohta et al 1999), as a fifth subunit of purified rat VHL/elongin
Clelongin B/Cul2 complexes (Kamura et al 1999), and as a specific component of
ySkpl and Cdc53 immunoprecipitates (Seol et al 1999). Roc1/Rbx1/Hrtl 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 Apcll a
highly conserved zinc-binding RING-H2 domain.

Budding yeastiRT1is essential, and the lethal phenotype ofitiA allele can
be rescued by the highly homologous murine or huR@C1/RBXIKamura et al
1999, Ohta et al 1999, Seol et al 1999). Analysis of Hrt1-depleted cellbratiti
mutants revealed that turnover of the SCF substrates Sicl and CIn2 rddfifés
function, resulting in accumulation of these proteins in mutant cells (Kamura
et al 1999, Ohta et al 1999, Seol et al 1999). Hrtl is also important for SCF
function in vitro in that recombinant Hrtl dramatically stimulates the ability of
SCF to ubiquitinate CIn1, CIn2, Sicl, aneB, 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
SCF-4work in the absence of Hrtl (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 Hrtl. Assembly of active SCF complexes with
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subunits from different species has been noted before (Feldman etal 1997, Lyapina
et al 1998).

SUBUNITS OF SCF

Many putative SCF subunits, including a large number of F box proteins, have
beenidentified 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
the Wnt and hedgehog pathway$irosophilaandXenopusand 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. Itis 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 SC¥°*assemble together to form a heterotetrameric ubig-
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, and Skp1 helpsto link the Cdc4 and Cdc53 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 prot&i8&P1, hCULland
ROC1/RBXlhave been shown to complement the corresponding budding yeast
mutants and can assemble with yeast SCF subunits to form active complexes (Bai
etal 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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Figure1l Anatomy of the SCFC9* complex. The figure summarizes what is known
about protein-protein interactions in the SCFC9* complex. Sicl binds to Cdc4 only
when it is phosphorylated. By analogy to the interaction of g-TrCP with I« B (Yaron
et al 1998), it is likely that the phosphate groups on Sicl 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.
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Figure2 Domain organization of SCF subunits. Seetext for details. Numbers above
each protein refer to positions in the amino acid sequence. The arrow in the Skpl
diagramisintended to convey the notion that F boxes bind to the N-terminal domain of
Skpl but that the interaction is stabilized by the C-terminal domain. The asterisk in the
Cdc53 diagram indicates the position of the cdc53-1 mutation and the arrow marks the
site of attachment of Rubl. 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 Skpl

Multiple F box—containing proteins have been shown to bind Skp1, and the human
F box protein Skp2 binds to hSkpl upon expression of both proteins in bacteria,
indicating that the interaction is direct (Yam et al 1999). Skp1 binds Cdc53/hCull
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 hSkpl is divided
into two domains: am~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, bskp?® mutants are nonetheless
complemented baSKPJ. Amino acids 1-91 of hSkp1 [i.e. hSkp1(1-91)] bind
hCull in a two-hybrid assay (Michel & Xiong 1998). Likewise, hSkp1(37-163)
and hSkpl1(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 hCull 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
Skpl 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 ekp ¥ alleles revealed thatkpl-11(G160E and R167K)
skpl-12L8G), skp1-3(1172N), andskp1-4(L146S) carry the indicated substitu-
tions (Bai et al 1996, Connelly & Hieter 1996). Since all of Skpl’s partners and
Skpl itself appear to be destabilizegkpl-1Zells, this allele may in part perturb
the folding or stability of the mutant protein (Patton et al 1998). Interestingly, the
skpl-1landskpl-12alleles have differential effects on proteolysis. Whereas the
SCF4substrate Sicl is stable skpl-11cells, the SCP™ substrates CIn2 and
Gic2 are unstable iskpl-11but stable irskpl-12ells (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 ySkpl
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 Grrl assembles with
Cdc53 in insect cells in the absence of ySkpl (although it is difficult to rule out a
contribution by insect Skp1) (Skowyra et al 1997). Second, hCull 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 hCull 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 Cdcb53

Cdc53 is subdivided into three domains: an N-terminal domain that binds ySkp1,
an internal domain that recruits yCdc34 and Hrtl, and a short C-terminal domain
of unknown function. Cdc53 lacking amino acids 448-748 [i.e. Cdc838—
748)] binds to both ySkpl 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 ySkpl (M Tyers, personal communication). Finally, the first
219 amino acids of hCull bind both hSkpl 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 hCull/Cdc53 comprise a Skpl-binding domain. The
bound Skpl in turn facilitates association with F box proteins. Because bacterially
expressed hCull and hSkpl 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 deletion mutants of Cdc53 and hCull no longer bind Skp1,
they do bind to yCdc34 and Rocl1/Rbx1, respectively (Ohta et al 1999, Patton
et al 1998). Thus the region C-terminal to the Skpl1-binding domain constitutes
a Cdc34/RING-H2 subunit-recruiting domain. Théc53-1mutation (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 tlaatHrtl binds
directly to yCdc34 (Seol et al 1999))(Hrt1/Roc1/Rbx1 appears to bind directly
to Cdc53/hCull (Ohta et al 1999, Seol et al 1999, Tan et al 1989Hr(1 stabi-
lizes the association of yCdc34 with Cdc53 (Skowyra et al 1999), édnhgqdc34
and Roc1/Rbx1 bind overlapping regions of Cdc53/hCull (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 Rubl (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 complein&at
(Lammer et al 1998, Patton et al 1998) and actively mediates Sicl ubiquitination
in vitro (Feldman et al 1997).

Architecture of Hrtl

Hrtlis 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 Hrtl homologs.
Despite being such a small protein, Hrtl binds Cdc53, yCdc34, and the F box
proteins Grrl and Cdc4 (Kamura et al 1999, Seol et al 1999, Skowyra et al 1999).
Binding of Hrtl to yCdc34 is direct since it can be reconstituted with proteins
isolated fromE. coli (Seol et al 1999). Binding of Hrtl/Roc1/Rbx1 to cullins and
F box proteins is also likely to be direct. Roc1/Rbx1 and the related hRoc2 bind
hCull-hCul5 in both two-hybrid and co-immunoprecipitation assays (Ohta et al
1999). Likewise, hApcl1 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 yeetdit mutants and sustain
ubiquitin ligase activity in vitro (Kamura etal 1999, Ohta etal 1999). The RING-H2
mutants still bind Cdc53/hCull, 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 Hrtl) that are not part of
the canonical RING maotif but are nevertheless conserved in all Hrtl/Roc1/Rbx1
and Apcll homologs. However, Roc1/Rbx1 lacking the first two cysteines can
still complementhrtla cells, andhrtl 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~thg

amino acid F box domain, but are otherwise very dissimilar. For example, Cdc4
and IB-TrCP/E3RS contain seven WD-40 repeats in addition to the F box domain,
whereas Grrl 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 Skpl. 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 ySkpl. However, the conserved proline is not required
for interaction of Skp2 with hSkpl (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 Skpl. A more detailed understanding of the
F box-Skpl 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 Grrl does not bind ySkpl in a two-hybrid as-
say (Li & Johnston 1997), and an N-terminal fragment of Cdc4 that contains an
F box but lacks the C-terminal WD-40 repeat domain coimmunoprecipitates poorly
with ySkpl (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 hSkp1l (Lisztwan et al 1998). Thus stable interaction between F box
proteins and Skpl 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: CAefirGP/
E3RS, Grrl, 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, and5hamino 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 Sicl but not ySkpl (Skowyra et al 1997), and the WD-40 region by itself
is sufficient to bind phosphorylated Sicl (C Correll, personal communication).
Whereas binding of phosphorylated Sicl substrate to full-length Cdc4 is strongly
stimulated by ySkp1l (Feldman et al 1997, Skowyra et al 1997), Skp1 has no effect
on the binding of phospho-Sic1 to the isolated WD-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 proteirBiTrfCP/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 oRTrCP/E3RS targets. The ideais 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 Skp1l. Although this tactic has been applied successfully to stabilize CD4
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(Margottin et al 1998),4B (Yaron et al 1998, Kroll et al 1999, Hatakeyama et al
1999, Fuchs et al 1999), artdcatenin (Marikawa & Elinson 1998, Latres et al
1999, Fuchs et al 1999, Hart et al 1999), overexpression of Cdc4’'s WD-40 domain
appears to have no effect on destruction of Sicl (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 ponbdc4 homologs Popl and Pop2/Sudl 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, Popl,
and Pop2, the Cdc53 and ySkpl subunits do not form stable homo-oligomers
(C Caorrell, 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(A210-295), which contains the catalytic domain and the first 39 residues
of the tail domain, complementsic344 (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 suppreds34-1 mutants (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, ySkpl, Hrtl, and
yCdc34 proteins produced iBE. 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 Skpl

Skpl purified fromDictyostelium discoideumells 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 y@aahidopsisand

C. elegansSkp1, it is not present in the human or mouse proteins. Skpl is also
phosphorylated upon expression in insect cells, but the significance of this modifi-
cation has not been evaluated (Kaplan etal 1997). ySkpl is stable (Zhou & Howley
1998), and the levels of hSkpl (Lisztwan et al 1998) and ySkpl (JH Seol, per-
sonal communication) do not vary during the cell cycle. Interestingly, both Skpl
and Cull 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 hCull 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 Rubl (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 Rubl-activating enzyme is divided into two subunits that are homologous to
the N- and C-terminal halves of E1. The N-terminal subunitis known as Ulal/Enr2
in budding yeast and APP-BP1in 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 Ubcl2 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 diminishegkp?®
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 Rubl, Ulal/Enr2, or yUbcl2 are vi-
able and display no obvious phenotype (Lammer et al 1998, Liakopoulos et al
1998). Thus decoration of Cdc53 with Rubl 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 Rubl
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 tledc53-1mutation increases the fraction
of Cdc53 that is conjugated with Rubl, whereskg$® mutations have the op-
posite effect (Lammer et al 1998). The residues in hCull 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 Cull but are devoid of the unmodified protein (Freed et al 1999),
suggesting that rubinylation may likewise influence subcellular localization of
SCF complexes (see alfost-Translational Regulation of SKpl

Other than rubinylation, the cullins have not been reported to receive other post-
translational modifications. Moreover, Cdc53is stable (Zhou & Howley 1998), and
the levels of hCull (Lisztwan et al 1998) and Cdc53 (JH Seol, personal commu-
nication) do not vary during the cell cycle.

Post-Translational Regulation of Hrtl

Covalent modification, stability, and subcellular localization of Hrt1 proteins have
yet to be investigated. Hrtl expressed in bacteria binds SCF components and stim-
ulates SCE94ubiquitin ligase, indicating that no post-translational modifications
specific to eukaryotic cells are absolutely required for Hrtl 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, Grrl, and Met30 are unstable, and the
turnover of Cdc4 and Grrl has been investigated in detail (Galan & Peter 1999,
Zhou & Howley 1998, Mathias et al 1999). Cdc4 and Grrl are unstable throughout
the cell cycle, and both proteins are stabilized in proteasodu3®, cdc34°, and
skp® mutants. Both Cdc4 and Grrl are ubiquitinated and are stabilized by expres-
sion of mutant ubiquitin. Interestingly, an intact F box is required for turnover of
both Cdc4 and Grrl.

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
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ySkp1/Cdc53/Hrtl 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. | 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 Eom

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 (