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Abstract. A signature feature of all living organisms is
their utilization of proteins to construct molecular
machineries that undertake the complex network of
cellular activities. The abundance of a protein element
is temporally and spatially regulated in two opposing
aspects: de novo synthesis to manufacture the re-
quired amount of the protein, and destruction of the
protein when it is in excess or no longer needed. One
major route of protein destruction is coordinated by a
set of conserved molecules, the F-box proteins, which

promote ubiquitination in the ubiquitin-proteasome
pathway. Here we discuss the functions of F-box
proteins in several cellular scenarios including cell
cycle progression, synapse formation, plant hormone
responses, and the circadian clock. We particularly
emphasize the mechanisms whereby F-box proteins
recruit specific substrates and regulate their abun-
dance in the context of SCF E3 ligases. For some
exceptions, we also review how F-box proteins func-
tion through non-SCF mechanisms.
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Introduction

The F-box hypothesis

Traced back to the 1990, a region of homology was
initially observed in proteins containing f-transducin
repeats like Cdc4, Met30, and B-TrCP [1]. This
homologous sequence was not characterized until
the discovery of a novel gene, Skp1p, via a suppressor
screen for cdc4—-1 [2]. Two-hybrid searches conducted
for Cyclin F-binding proteins have also identified the
human counterpart Skp1 [3, 4]. SkpI genes are crucial
for cell cycle regulation and influential in determining
the stability of certain proteins. Alignments of Skp1p-
interacting protein sequences by Elledge and collea-
gues have revealed a degenerate 40-amino-acid se-
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quence required for binding to Skplp [2]. It was not
until then that a name, ‘F-box’ was coined for this
motif, subsequent to which, the ‘F-box hypothesis’
arose.

The term F-box was named after Cyclin F., the first
defined F-box protein (FBP) [2]. Soon after, proteins
carrying the F-box motif were found to be evolutio-
narily conserved in various species. To date, numbers
of identified FBPs range from ~11 in Saccharomyces
cerevisiae, ~30 in Drosophila melanogaster, to ~ 600 in
Arabidopsis thaliana. Previous characterizations have
revealed that FBPs possess diverse functions and are
often implicated in the ubiquitin-proteasome system
which mediates protein destruction by covalently
attaching ubiquitin moieties (Ub) onto a substrate
[5—8]. In this system, the E1 enzyme activates the Ub
moiety whereas the E2 enzyme is responsible for the
conjugation. FBP is a component of an E3 ligase, the
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Figure 1. The FBP is a component of the SCF complex and possesses diverse functions. (A) The SCF complex is an E3 ligase that mediates
the ubiquitin (Ub) transfer from the E2 conjugating enzyme to the targeted substrate. It is composed of the scaffold protein Cull, which
interacts with Skp1 at the N terminus and the RING domain protein Rbx1/Roc1/Hrt1 at the C terminus. Cull is conjugated with the Ub-like
moiety Nedd8 (Nd8) important for its E3 ligase activity. Rbx1 recruits the E2 enzyme carrying the Ub, and Skp1 interacts with the FBP
(yellow; the F-box domain is highlighted in orange). The FBP possesses multiple functions (1) it binds to phosporylated substrates and
targets their ubiquitination; (2) it is capable of forming dimers; (3) it is involved in the neddylation of Cull and p53; (4) it itself is a
ubiquitination target. (B) Typical FBP protein structures. FBPs carry the F-box motif at the N terminus, and different protein-protein
interaction motifs like WD repeats or LRRs at the C terminus. (C) The FBP works independently of the SCF complex. (1) FBP Mfb1 and
Mdm30 regulate mitochondrial morphology. (2) FBP Ctf13 and Skp1 are parts of the yeast CBF3 complex for centromere binding. (3) FBP

Fbh1 is a helicase that unwinds DNA.

SCF complex (Skp_Cull_F-box), which mediates the
Ub transfer from E2 to a targeted substrate. Within
SCF complexes, FBP binds to Skpl which interacts
with the scaffold protein Cull at its N terminus. The C
terminus of Cull interacts with a RING domain
protein Rbx1/Rocl/Hrtl which binds to the Ub-
loaded E2 (Fig. 1A). An F-box hypothesis was then
established and refers to the action of FBPs that serve
as the variable adaptors to recruit specific protein
substrates to SCF complexes [9, 10]. In addition to the
shared F-box domains at the N terminus, FBPs often
carry other domains such as WD40 repeats (WD40) or
leucine-rich repeats (LRRs) at their C terminus for
substrate recognition. WD40 repeats display [ pro-

peller structures, and LRR repeats are arc-shaped o-3
repeats that mediate protein-protein interaction [11—
13]. Some other domains such as Kelch repeats,
CASH (carbohydrate-interacting), and proline-rich
domains are also present at the C terminus of FBPs
(Fig. 1B) [14].

Structures of SCF™" complexes

Crystal structures of SCF complexes have been solved
to understand the mechanism of Ub transfer from E2
to a targeted substrate [14-16]. In these structures,
components of the SCF complex are organized into a
single rigid C-shaped macromolecular structure span-
ning a distance of ~59 A from end to end. At one end
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of the structure is the E2 enzyme carrying the Ub,
while the substrate-recognition domain of FBP is
positioned on the other end. One of the current
models suggests that the 59-A distance is critical for
the Ub transfer. To maintain the rigidity of this
interface, Skp1, Cull, and FBP need to be correctly
oriented in space to allow the transfer reaction to
proceed. The FBP linker region between the F-box
and the substrate-recognition domain is also determi-
native. This flexible linker segment is suggested to
affect the coupling between the two domains and thus
alter the rigidity of the whole enzymatic surface [15].
Moreover, the interface between Skp1 and the F-box
domain is equally important in mediating the Ub
transfer. The F-box domain is envisioned as a trihelical
structure, and several key residues within the domain
are involved in the formation of a hydrophobic surface
for binding to Skpl [14]. In toto, these lines of
evidence suggest that the spatial position and the
structural function of FBPs are particularly crucial for
the organization and the activity of SCF enzymatic
complexes.

Phosphorylation is required for FBP target
recognition

FBPs in SCF complexes are known to provide the
specificity when deciding on which substrate to
degrade. In the majority of the model organisms,
substrate phosphorylation is one common prereq-
uisite for FBP target recognition (Fig. 1A). It is
crucial that one or more residues of the substrate
phosphodegron, a sequence with which FBPs spe-
cifically interact, are phosphorylated prior to the
FBP-substrate interaction. Analysis of a well-char-
acterized mammalian FBP, 3-TrCP, indicates that
most of its canonical substrates contain a
DpSG®XpS motif in which @ is a hydrophobic
amino acid and pS is a phosphoserine. The two
serine residues in the motif need to be phosphory-
lated sequentially before binding to B-TrCP. For
example, IxkBa carries a phosphodegron
EDpS;,GLDpS;4 and the IxB kinase complex is
required for the serine phosphorylation before (-
TrCP recognition [17-19]. Another well-known
mammalian FBP, Fbw7/hCdc4, recognizes the phos-
phodegron (CPD) of the consensus LLpTPPQSG
deduced from Cyclin E [15, 20-22]. Within the
Cyclin E CPD sequence, Thr-380 is the crucial
phospho residue with an immediately adjacent
proline residue [21]. Some Fbw7 substrates also
carry a phosphorylated serine at the +4 position
after the threonine. Sequential phosphorylation
events in some cases are important for substrate
binding. Many substrates include more than one
phosphodegron, as in the case of Siclp, the substrate
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of the yeast Cdc4p, the significance of which will be
discussed in more detail below.

FBP dimerization

Due to the presence of multiple phosphodegrons in
their substrates, some FBPs are proposed to act as
dimers (Fig. 1A). Mammalian FBPs 3-TrCP1 and f-
TrCP2 (also known as HOS) have been shown to form
homo- or heterodimers that regulate IxBa [23]. The
dimerization event requires the D-domain (a region
just upstream of the F-box), and only homodimers of
each participate in the ubiquitination and degradation
of IxkBa. On the other hand, Fbw7 contains three
differentially spliced isoforms: a, 3, and vy [21, 24 -26].
The Fbw7a isoform resides mainly in the nucleo-
plasm, while the Fbw7f} isoform is cytoplasmic. The y
isoform of Fbw7, however, is localized exclusively in
the nucleolus. Overexpression studies have shown
that Fbw7 isoforms form homo- or heterodimers [27].
Interaction assays have also narrowed the Fbw7
dimerization domain down to the region just upstream
of the F-box domain [27]. Since three isoforms were
found in different subcellular compartments, it is
tempting to speculate that heterodimer formation
alters the original localization of Fbw7 isoforms and
regulate each others’ activity. Moreover, dimerization
event has also been observed for the mammalian FBP
Skp2, the fission yeast FBPs Poplp, and Pop2p [28-
31]. Altogether, these observations suggest that FBP
dimerization is a general phenomenon and might be
conditionally required for its target recognition.

FBPs regulate neddylation of Cull and p53

An intriguing aspect of FBPs centers on how they
regulate other types of post-translational modifica-
tions. Neddylation, in particular, was found to be
regulated by the FBPs (Fig. 1A). Similar to ubiquiti-
nation, neddylation is a process that conjugates the
Ub-like moiety Nedd8 to cullins via Nedd8-specific
enzymes E1, E2, and E3. It is commonly accepted that
neddylation of Cull improves the E3 ligase activity
and that the Nedd8 moiety is detached from Cull by
the action of the COP9/signalosome (CSN) complex
[32-34]. By providing an extra amount of the FBP
Skp2, Skp1, and the substrate p27, Cull is increasingly
neddylated in human cells, suggesting that the pres-
ence of the FBP and its substrate alters Cull
neddylation levels [35]. Furthermore, the inhibitory
factor, CANDI, is required to bind to the non-
neddylated Cull to prevent its neddylation [36, 37].
Addition of Skp2 and substrate overpowers the effects
of CAND1 and prevents the deneddylation action
performed by CSN [35].

FBPs also regulate the neddylation of a non-cullin
substrate p53. FBXO11, an FBP that works in concert
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with the SCF complex, promotes the neddylation of
p53 at two lysines within its nuclear localization signal
[38]. Interestingly, FBXO11 does not promote p53
ubiquitination in vivo and the stability of p53 is not
affected. It is hypothesized that FBXO11 regulates
p53 localization, thus affecting its transcription activ-
ity and suppressing the function of p53.

FBPs as ubiquitination targets

As described above, FBPs are positioned in the
enzymatic interface to bridge substrates for accepting
Ub; this structural placement also allows FBPs
themselves to become ubiquitination targets
(Fig. 1A). For example the FBP Cdc4p within the S.
cerevisiae SCF“**? complexes was found to be short-
lived and subjected to autoubiquitination [39,40]. The
presence of a motif, termed the R-motif (for ‘reduced
abundance’), influences the half-life of Cdcdp [41].
These observations raise the possibility that, as the
stabilities of FBPs are dynamically regulated, they are
probably interchangeable within individual SCF com-
plexes. Once an FBP is ubiquitinated and degraded,
SCF complexes are available for a new FBP molecule
of the same or different kind for further action.
Similarly, the mammalian FBP Skp2 regulates the G1-
S transition during cell cycle progression and is
ubiquitinated through an autocatalytic mechanism
mediated by Cull-containing SCF complexes. The
suppression of Skp2 protein levels is crucial in the
quiescent fibroblasts during the GO-G1 phases of the
cell cycle [42].

Experiments have also shown that increased substrate
levels lead to the stabilization of the corresponding
FBP. For example the ubiquitination and degradation
of FBP pB-TrCP2 were found to be hindered when
protein levels of the phosphorylated substrate IxkBa
increase [43]. This result suggests that substrate
availability plays a role in protecting the FBP from
autoubiquitination. Presumably, when the substrate
levels are low, the FBP is no longer physically shielded
from the interaction with the substrate, and becomes
available for catalytic destruction by the SCF com-
plex. Furthermore, in addition to promoting the Cull
neddylation, the FBP is destabilized in CSN-deficient
cells [34, 44, 45]. This evidence suggests that the CSN
complex protects the FBP from autoubiquitination
and that CSN-protected FBPs might then be recycled
and available to generate another set of pools of
activated SCF complexes [34, 45].

FBPs possess SCF-independent functions

Some FBPs also act independently in an SCF-free
context, albeit associations betwee Skpl and FBP are
still commonly seen. Growing evidence has indicated
that FBP associates with Skpl but performs SCF-
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independent functions [7, 46]. For example, in bud-
ding yeast, the FBP Mfbl and Mdm30 regulate
mitochondrial morphology by controlling mitochon-
dria fusion and tubule formation (Fig. 1C) [47]. The
yeast CBF3 kinetochore-binding complex containing
the FBP Ctf13 and Skp1 is a fundamental centromere-
binding structure (Fig. 1C) [48]. Moreover, the FBP
Fbhl was the first one found to possess intrinsic
enzymatic activity and is a DNA-dependent ATPase
with a DNA-unwinding helicase activity (Fig. 1C) [49,
50]. Studies of the fission yeast FBPs also indicate that
they react to encountered stressors such as oxidative
or osmotic stresses [51, 52]. Thus, FBPs, as intrinsically
unstable proteins in many cases, exhibit diverse
functions in mediating environmental stress responses
and cell cycle regulation, in addition to serving as the
substrate adaptors for the core SCF E3 ligases.

It is known that ubiquitination of transcription factors
is tightly coupled to gene transcription [53, 54]. For
example, the turnover of the yeast transcription factor
Gal4 is mediated by the FBPs in two ways. Under non-
inducing conditions, Gal4 is destroyed via the FBP
Grrl. Grrl-mediated degradation of Gal4 has resulted
in the inactivation of Gal4-dependent gene tran-
scription. On the other hand, once Gal4 is activated in
galactose media, the FBP Dsg1/Mdm30 is required to
regulate Gal4 protein stability. When Dsg1/Mdm30 is
absent, Gal4 target genes are efficiently transcribed.
However, Dsg1/Mdm30 was found to be essential for
the production of functional messenger RNAs during
Gal4 transcription, indicating that Dsgl/Mdm30 is
involved in the cotranscriptional mRNA-processing
step instead [55].

In this review, we focus on FBP functions in the cell
cycle and genomic instability, synapse formation,
Drosophila tissue development, plant hormone re-
sponses, plant organ formation, light signaling and
circadian rhythm, viral and bacterial infection, and
glycoprotein quality control (Table 1). In an attempt
to cover the research as extensively as possible, we aim
to provide a thorough overview on how FBPs function
in various cellular settings, and apologize if some of
the work is not present due to the length limitation of
the article.

FBPs in cell cycle and genomic instability

Owing to their functional diversity, it is not surprising
that FBPs regulate the cell cycle, an orderly sequence
of events including DNA synthesis (S phase) and
mitosis (M phase). Distinct cycling phases enable cells
to divide correctly and maintain genome integrity,
whereas disruptions of normal cycling by inappropri-
ate timing in phase entry are detrimental. Cell cycle
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Table 1. FBPs discussed in this review.
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Name/species Substrate Special domains Function

Fbw7(hSEL-10, c-Myc, Cyclin E WD40 cell cycle and viral infection

hCdc4)/Hs

Cdcdp/Sc Siclp WD40 cell cycle

Ago/Dm Cyclin E., dMyc WD40 cell cycle

SEL-10/Ce ? WD40 synapse elimination

B-TrCP/Hs Emil, WeelA, Cdc25A WD40 cell cycle and viral infection

Slimb/Dm PER WD40 animal circadian clock

LIN-23/Ce BAR-1(B-catenin) and unknown WD40 WNT signaling, glutamate receptor stability, and axon
target outgrowth

Skp2/Hs p27, c-Myc, Cyclin E LRR cell cycle

TIR1/At AUX/TAA LRR auxin response

ABF5/At ? LRR synthetic auxin

EBF1 and 2/At EIN3 and EIL LRR ethylene response

UFO/At ? ? floral development

FIM/Antirrhinum ? ? floral development

MAX2/At ? LRR shoot branching

ARABIDILLO-1 and
2/At

arm-repeats

lateral root formation

CEGJ/At ? ? lateral root formation

VFB1-4/At ? LRR lateral root formation

ANhSLF-S2/ S-RNase ? self-imcompatibility

Antirrhinum

EID1/At ? leucine zipper PhyA signaling

AFR/At ? Kelch repeats PhyA signaling

ZTL/At TOCI1, PRRS LOV, Kelch plant circadian clock
repeats

FKF1/At CDF1 LOV, Kelch plant circadian clock
repeats

LKP2/At ? LOV, Kelch plant circadian clock
repeats

JET/Dm TIM LRR animal circadian clock

FBXL3/Hs CRY LRR Animal circadian clock

PO/Polerovirus AGO1 ? viral infection

VirF/Agrobacterium VIP1 ? bacterial infection

Fbs1(Fbx2, OCP1)/ pre-integrin 1, NMDA subunit  SBD glycoprotein quality control

mouse

NR1

Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Dm, Drosophila melanogaster; At, Arabidopsis thaliana.

defects such as abnormal cell divisions confer genomic
instability and might render cells oncogenic. There-
fore, organisms devise complex mechanisms to regu-
late cell cycle progression, entry, and exit. One
classical regulation is provided by the degradations
of cell cycle components such as cyclins and cyclin-
dependent kinases (Cdks), and we discuss in particular
the FBP-mediated degradation mechanism (an over-
view is illustrated in Fig. 2A).

Skp2 regulates Cdk inhibitors during the G1-S
transition

Skp2 binds and mediates the degradation of p27, its
first identified function in the cell cycle [S6—59]. p27 is
an inhibitor of Cdk2 (CKI) and forms a ternary
complex with Cyclin E-Cdk2. Further results showed
that Skp2 targets p27 with the Thr-187 residue
phosphorylated by Cyclin E-Cdk2 complexes [60,
61], suggesting that levels of p27 are regulated by a
feedback regulatory loop. Thus, the ubiquitination of
p27 by Skp2 frees and activates Cyclin E-Cdk2
complexes, thereby allowing cells to enter the S



1982 M.S. Hoet al. F-box proteins for destruction

A @0 Gl s G2 ™
v

v .
Emi1
Skp2 p27
/-| o Skp2 /i CycE Plk1

auto- \l
ubiquitination c-Myc p-TrcP —| Emi1-@
K cul1 1
+
gz PR —IGRE .

Skp2
(early G1 progression)

B E2F \ /\Cdkz-Cyc E u—>| S phase entrance |
APCIC——| Skp2 (—] P27

@ \/Cdlﬂ ||~| mitotic entrance |

auto-
ubiquitination

Skp2 ’{

c

) c-Myc target gene
transcription

Skp2 c-Myc P B

2

(2

c

%

l Erk
Fbw7a ( _
_Ser-620 : m— ¢
c-Myc somerization "
J by Pin1
GSK3p nucleolus

<«

c-M

ye ; -
-58) Fbw7
. Wik “ nucleoplasm

c-Myc protein destruction

Figure 2. FBPsin the cell cycle. (A) An overview on how FBPs regulate the cell cycle. During GO and G1 phases, the FBP Skp2 undergoes
autoubiquitination by Cull-containing SCF complexes and its protein levels are suppressed. During the G1 to S transition, Skp2 mediates
the degradation of p27 and Cyclin E (Cyc E) whereas Fbw7 controls the protein levels of Cyc E. For c-Myc, Skp2 serves as a transcriptional
activator to induce its activity. During the G2 to M progression, the APC/C complex inhibitor, Emil, is phosphorylated by the kinase Plk1
and degraded in a B-TrCP-dependent manner. §-TrCP-mediated Emil ubiquitination regulates the activity of APC/C complexes and
mitotic entry. The APC/C complex also regulates the protein levels of Skp2 in early G1 progression. (B) FBP Skp2 mediates the
degradation of p27. This action is important for both S phase and mitotic entrance since p27 is important for the activity of the Cdk2-Cyc E
complex and Cdk1, respectively. The Skp2 transcript level is regulated by E2F transcription factors, and the APC/C complex is known to
suppress the activity of Skp2. Skp2 autoubiquitination is prohibited when Cksl interacts with Skp2. However, Cksl promotes Skp2-
dependent p27 ubiquitination. (C) The degradation of c-Myc is mediated by two FBPs: Skp2 and Fbw7. (1) FBP Skp2 associates with c-Myc
at the promoter and regulates c-Myc target gene transcription. (2) c-Myc is phosphorylated by the Erk family kinases on Ser-62 prior to
phosphorylation on Thr-58 by GSK3p. After phosphorylation, c-Myc interacts with Fbw7a. for destruction. (D) Cyc E is also regulated by
Skp2 and Fbw7. (1) The free Cyc E is targeted by Skp2 and Cul3-containing E3 ligases and the Cyc E bound by Cdk2 is targeted by Fbw7a.
(2) The ubiquitination of Cyc E is mediated by a two-step activation mechanism. SCF™"’* complexes and the isomerase Pinl are first
required for the isomerization of the Cyc E CPD. Cyc E is then translocated into the nucleolus where SCF™"”" complexes mediate its
ubiquitination. (E) The FBP (-TrCP mediates the degradation of Emil, an inhibitor of the APC/C complex, Cdc25A, which
dephosphorylates Cdk1 and promotes its activity, and WeelA, a kinase that inhibits the function of Cdk1l. WeelA is also targeted by
another FBP Tome-1, which is targeted by the APC/C complex during the G1 phase.
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phase. It is now commonly believed that Skp2 is the
key player in mediating p27 degradation and regulates
the G1-S transition by this action.

Recently, Nakayama and colleagues have shown that
Skp2 is also involved in the inhibition of Cdk1 (Cdc2),
a kinase that functions to promote mitotic entry [62,
63]. Whereas extra centrosomes were seen in Skp2~'~
single knock-out mice, this replication phenotype was
not observed in cells of the Skp2™~; p27~~ mice,
suggesting that the accumulation of p27 during the G2
phase is responsible for the replication defects. It is
proposed that p27 associates with Cdk1 and that p27
accumulation results in the reduction of Cdk1 activity
in the Skp2~~ mice. Therefore, Skp2-mediated p27
degradation is important not only for the G1-S but
also for the G2-M transition via tuning the activities of
Cdk2 and Cdkl, respectively (Fig. 2B).

Skp2 is considered to be a growth promoter by
regulating the tumor suppressor proteins p27, p21,
pS7, and pl130, and cells have laborated multiple
strategies to regulate Skp2 activity. For example,
transcript levels of Skp2 are cellcycle regulated via
E2F factors [64, 65]. Skp2 itself is a target for Cull-
based SCF complexes and its protein levels are
controlled through an autocatalytic mechanism dur-
ing GO and G1 phases [42]. Moreover, Skp2 is
protected from the autoubiquitination by interacting
with the Cdc kinase subunit 1 (Cksl), a regulatory
factor that binds to Cdks and is essential for the
phosphorylation of some cell cycle components [66].
Interestingly, in the context of the SCF*** complex,
interaction between Cks1 and Skp2 is required for the
ubiquitination of p27 in vitro, suggesting that Cksl
serves as a cofactor for the SCF"* complex [67].
Furthermore, the anaphase-promoting complex or
cyclosome (APC/C) complex, and its coactivator
Cdh1 directly target Skp2 for degradation, providing
a means to regulate the activity of Skp2 during G1
progression (Fig. 2B) [68, 69].
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Skp2 and Fbw7 target c-Myc degradation via distinct
mechanisms

In addition to p27, Skp2 also regulates the stability of
the protein c-Myc, a basichelix-loop-helix/leucine
zipper (bHLH/Zip) transcription factor [70, 71].
Heterodimers of c-Myc and the other bHLH/Zip
protein Max bind to a consensus E-box sequence
essential for gene expressions involved in cellular
growth and differentiation. The transactivation do-
main of c-Myc consists of two conserved regions, Myc
box 1 (MB1) and MB2. Although two phosphoryla-
tion sites in MB1 were implicated in c-Myc stability
[72, 73], Skp2 interacts with the MB2 domain inde-
pendently to mediate the ubiquitination of c-Myc [71].
Itis conceivable that Skp2-mediated degradation of c-
Myc is inhibitory for the G1-S transition. Surprisingly,
however, Skp2-mediated c-Myc ubiquitination does
not prevent cells from entering the S phase. Rather,
Skp2 serves as a transcription coactivator which
dramatically increases c-Myc transactivation activity
and stimulates S phase entry. Moreover, Skp2 and c-
Myc are both localized in the nucleus where Skp2 and
subunits of the proteasome associate with a c-Myc-
targeted promoter [71]. This piece of evidence further
demonstrates that Skp2 is involved in inducing the
transcriptional activity of c-Myc (Fig. 2C).

The primary degradation mechanism of c-Myc was
established when the FBP Fbw7 was discovered to
bind c-Myc directly, and this interaction is a phos-
phorylation-dependent event [72, 73]. Unlike Skp2,
Fbw7 promotes the degradation of c-Myc by targeting
the MB1 domain. c-Myc is phosphorylated on Ser-62
by Erk family kinases before the kinase GSK3p acts
on the residue Thr-58 for the Fbw7 recognition
(Fig. 2C) [74]. Thr-58 mutations were seen frequently
in a number of human cancer cells where c-Myc
protein levels were elevated, suggesting that this
residue is critical for c-Myc protein stability [75].
Thus, Fbw7-mediated c-Myc destruction is implicated
in tumorgenesis and cell growth.

To summarize, the growth factor c-Myc is regulated by
two FBPs, Skp2 and Fbw7. Whereas Skp2 works to
stimulate the transactivation activity of c-Myc, Fbw7
mainly determines c-Myc protein levels.

Skp2 and Fbw7 target different pools of Cyclin E

Cyclin E forms a complex with Cdk2 to promote the
G1-S transition and ectopic Cyclin E expression has
caused premature S phase entry [76, 77]. Interestingly,
free Cyclin E is regulated differently from the Cyclin E
bound to Cdk2. A type of E3 ligase based on the
scaffold protein Cul3 has been shown to be essential
for the protein stability of free Cyclin E in a
phosphorylation-independent manner [78]. Further-
more, free phosphorylated Cyclin E is directly tar-
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geted by Skp2 for ubiquitination both in vitro and in
vivo (Fig.2D) [62, 79]. Collectively, these results
confirm that Skp2 plays key roles during the cell cycle
by mediating the destructions of substrates p27, c-
Myc, and Cyclin E (Fig. 2A).

In contrast, protein levels of Cyclin E bound to Cdk2
are regulated by the SCF™ complex (Fig. 2D). While
all three Fbw7 isoforms are involved in Cyclin E
turnover, details of the mechanisms remain elusive.
One current model suggests that when both Thr-380
and Ser-384 at the + 4 position of the Fbw7-interacting
CPD are phosphorylated, Cyclin E is targeted by the
SCF™ 7 complex. However, hypophosphorylated
Cyclin E with Ser-384 mutated to alanine is only
accessible by the dimeric Fbw7a, suggesting a condi-
tional requirement for Fbw7a dimerization [27].
Dimerization of Fbw7a could potentially recruit
additional SCF complexes to ubiquitinate and de-
grade the substrate, suggesting that differential Fbw7a
action provides another level of regulation on sub-
strate recognition and turnover. On a separate note,
the Fbw7 substrate c-Myc also consists of a CPD with a
negative charge provided by Ser-62 at the +4 position
and its ubiquitination is not dependent on the dimeric
Fbw7a. Phosphorylation of Ser-62 serves more as a
priming event for the subsequent Thr-58 phosphor-
ylation, instead of as a signal for dimeric Fbw7 action
as in the Cyclin E scenario.

Siclp, on the other hand, contains at least nine CPDs
to bind Fbw7/Cdcdp [15, 20, 22]. Even though these
CPDs have only a low affinity for Cdc4p, the presence
of multiple Siclp CPDs suggests that when gradual
phosphorylation of these CPDs has reached a thresh-
old, the recruitment of Cdcdp is induced. Alterna-
tively, the multiple Siclp CPDs facilitate the recruit-
ment of additional SCF complexes for optimal de-
struction. Paradoxically, in a recent paper by Hao
et al. [20], the crystal structure of the Fbw7-Skpl-
Cyclin E complex was solved. Not only were multiple
phosphorylation sites on Cyclin E defined, butSiclp
was also shown to contain at least three optimal dual-
phosphorylated CPDs, a subset of the previously
described nine singly phosphorylated weak CPDs
[20]. This piece of evidence argues a different mode of
Cdc4p action towards the Siclp substrate.
Fbw7vy/hCdc4y, distinctively, is involved in a different
aspect of Cyclin E degradation. SCF"*** and
SCF"* complexes act sequentially to inactivate
Cyclin E in vitro [80, 81]. Although both SCF"“**“ and
SCF"* complexes are capable of mediating the
Cyclin E ubiquitination, SCF"** complexes are
especially required for the prolyl isomeration between
two proline residues following the crucial threonine
(Thr-380) of the Cyclin E CPD. The peptidyl prolyl cis-
trans isomerase Pinl binds to Cyclin E and hCdc4a in
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vitro [81], and works in conjunction with SCF"©4***

complexes to isomerize the bond between the Pro-381
and Pro-382 residues of Cyclin E CPD. Significantly,
the prolyl isomeration was found to be prerequisite for
the action of SCF"* complexes. As mentioned
above, hCdc4a is localized in the nucleoplasm, while
hCdc4y is found exclusively in the nucleolus [82]. It is
tempting to speculate that a relocation event has
occurred after the isomeration by Pinl and SCF"¢
complexes in the nucleoplasm. Relocated Cyclin E is
ubiquitinated by the SCF"* complexes in the
nucleolus. Thus, isomeration of the CPD might serve
as a signal for Cyclin E nucleolar shuffling. To date,
CPDs of all characterized mammalian hCdc4 sub-
strates including c-Myc, c-Jun, Notch, and SREBP
contain the two prolines (Pro-Pro motif). Nonetheless,
the yeast SCF“** substrates do not contain such
motifs. Thus, this two-step inactivation mechanism is
probably most applicable for the destruction of
SCF"™“substrates in mammals (Fig. 2D).

B-TrCP bridges two cell cycle E3 ligases: APC/C and
SCF complexes

Two substantial and interrelated types of E3 ligase are
known to regulate cell cycle components. A relay
constructed by APC/C complexes with cofactors
Cdc20 and Cdhl provides the essential mechanism
to modulate mitosis. On the other hand, SCF®*
complexes govern the proteolytic event during G1
and S phases. Interestingly, the activities of both E3
ligases are mutually regulated. First, §-TrCP knock-
out fibroblasts exhibit cell cycle defects such as extra
centrosomes, impaired mitosis, and cell polyploidy
[83, 84]. Researchers have shown that these defects
are partially due to the accumulation of the specific
mitotic factor, Emil. Emil is an inhibitor of APC/C
complexes [85, 86]. It is phosphorylated by the mitotic
Polo-like 1 kinase (Plk1) and specifically targeted by
p-TrCP at the spindle poles during mitosis [87-89].
Once Emil is degraded, APC/C complexes carrying
Cdc20 are activated and mitosis proceeds accordingly.
This example illustrates the action that SCFFTF
complexes regulate APC/C complexes indirectly
through targeting an APC/C inhibitor (Fig. 2E).
Conversely, the FBP Tome-1 is targeted for destruc-
tion by APC/C complexes (Fig.2E) [90]. Tome-1
controls the stability of the protein Weel A, a tyrosine
kinase that phosphorylates and inhibits Cdk1 required
for the onset of mitosis. Thus, Tome-1 triggers mitotic
entry by removing the inhibitory effect of WeelA on
Cdk1. Destruction of Tome-1 by APC/C complexes
during G1 ensures that Weel A protein levels persist
and mitosis does not start prematurely. In addition,
WeelA is also a B-TrCP target [91]. Though there are
no typical B-TrCP recognition phosphodegrons on
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WeelA, two serine residues of WeelA, Ser-53 and
Ser-123, are important for the interaction, and are
phosphorylated by two kinases, Cdkl and Plkl.
WeelA becomes stabilized upon B-TrCP depletion
by RNA interference or when the two serine residues
are mutated, suggesting that B-TrCP regulates the
mitosis onset via WeelA in addition to Emil.
Moreover, 3-TrCP not only regulates the kinases that
affect the activity of Cdk factors, but also exerts
control over Cdc25A, a phosphatase that dephosphor-
ylates and activates Cdks. During DNA damage,
Cdc25A becomes hyperphosphorylated by check-
point kinases ChK1 and ChK2. B-TrCP recognizes
the hyperphosphophrylated Cdc25A and targets it for
degradation to prevent cell cycle progression (Fig. 2E)
[92, 93].

FBPs in Caenorhabditis elegans synapse
development

The development of a nervous system has always been
an intriguing issue for researchers to pursue. While the
mechanism of nervous system construction continues
to be uncovered, the ubiquitin-proteasome pathway
has already made a name for itself in the correct wiring
of the nervous system [94-97]. Much progress has
been made in the understanding of how proteolysis is
involved in synapse formation and synaptic plasticity.
Here we discuss how FBPs are involved in various
steps of synapse development.

FSN-1-containing E3 ligases target ALK and regulate
synaptic growth

The RING-domain-containing proteins RPM-1 in C.
elegans, Hiw in Drosophila and Pam in mammals are
implicated in the ubiquitin-proteasome pathway [98—
100]. RPM-1 localizes in the periactive zone and
regulates synapse growth by restricting the size and
the number of active zones. The gene fsn-1 was
recovered from a genetic screen for locomotion defect
and identified to be a FBP [98]. Mutants of fsn-1
exhibit similar synaptic defects as rpm-1, indicating
that FSN-1 and RPM-1 function in the same pathway
to regulate synapse growth. Notably, FSN-1 forms an
atypical SCF complex with CUL1 and SKR1 (C
elegans homolog of Skpl). Nonetheless, RPM-1,
instead of the regular RING-domain subunit Rbx1/
Rocl, was found to be essential for composing the
complex with CUL1, SKR1, and FSN-1. Altogether,
these results indicate that synapse development is
modulated by the formation of an unconventional E3
ligase in the periactive zones.

A candidate for a potential FSN-1 target is hinted by
its intrinsic binding properties. FSN-1 carries the
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SPRY (spla and ryanodine receptor) domain, a
protein-protein-interacting motif proposed to bind
to the tyrosine kinase domain. The SPRY domain of
FSN-1 was found to interact with a receptor tyrosine
kinase homologous to the mammalian anaplastic
lymphoma kinase (ALK) [98]. C. elegans ALK
proteins accumulate ectopically in the periactive
zones of the head regions in fsn-1 and rpm-1 mutants.
Moreover, the fsn-1 synaptic defects in the larval stage
are suppressed by a C. elegans ALK mutant. Thus,
FSN-1 likely functions as a substrate adaptor in a non-
classical SCF complex constituted by SKR1, CULI1,
and RPM-1 to degrade ALK in the periactive zones
(Fig. 3A) [98].

LIN-23 is essential for cell proliferation, axonal
patterning, and GLR-1 receptor abundance

The C. elegans FBP LIN-23 was first identified in a
screen for mutants in post-embryonic cell divisions
[101]. Analyses showed that loss-of-function lin-23
mutants exhibit overproliferation defects. Later, an-
other screen seeking mutants altering axonal pattern-
ing revealed an allele of lin-23, lin-23°", which
contains a missense mutation in its C-terminal tail
[102]. In /in-23°" mutant worms, axonal anatomy and
outgrowth are abnormal, while cell cycle progression
remains unaffected. The C-terminal tail of LIN-23
constitutes a PAPP domain which interacts with SH3
domain-containing proteins. Mutations in the C-
terminal tail region could potentially disrupt pro-
tein-protein interaction between LIN-23 and an
unknown factor, resulting in the dysregulation of
axonal outgrowth by LIN-23. Thus, LIN-23 is pro-
posed to function in cell cycle control and axonal
patterning. Although the targets for ubiquitination by
LIN-23 in axonal growth are not yet identified,
p21CiP/WAF, which inhibits Rho-kinase activity
[103], is a potential candidate [102]. Other possible
targets are proteins carrying the SH3 domain in the
tyrosine receptor kinase and MAPK pathways, since
there is a PAPP domain in the C terminus of LIN-23.
Moreover, lin-23 was isolated again when searching
for genes that regulate the abundance of the glutamate
receptor GLR-1 [104]. In the screen, GLR-1 protein
visualized with green fluorescent protein (GFP)
(GLR-1:GFP) was found to accumulate in the
mutants of /in-23. Interestingly, ubiquitination of
GLR-1 and other unidentified proteins has been
reported to be important for the regulation of GLR-
1 activities [105, 106]. Owing to the substrate-binding
ability of LIN-23, GLR-1 was then thought to be a
degradative target for LIN-23. However, the amounts
of the ubiquitinated GLR-1 (Ub-GLR-1) were no
different between the /in-23 mutants and the wildtype,
suggesting that LIN-23 is not required for the for-
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mation of Ub-GLR-1 conjugates. Instead, implica-
tions from the mammalian homolog of LIN-23, f3-
TrCP, have suggested that the Wnt signaling compo-
nent BAR-1 (the C. elegans homolog of f—catenin) is a
direct substrate for LIN-23-containing E3 ligases. In
mammals, 3-TrCP regulates the Wnt signaling path-
way by promoting f—catenin degradation. Similarly,
LIN-23 also regulates the protein stability of BAR-1
and the expressions of Wnt target genes in C. elegans.
Evidently, overexpression of BAR-1 has resulted in
increased abundance of GLR-1, mimicking the phe-
notype observed in the /in-23 mutants. Therefore, it is
proposed that LIN-23 indirectly regulates the abun-
dance of GLR-1 via tuning the stability of BAR-1 and
the transcription of Wnt-targeted genes.

SEL-10 is involved in HSNL selective synapse
elimination

In C. elegans, a hermaphrodite-specific motor neuron,
HSNL, required for egg-laying forms specific synapse
connection with vulval muscles and VC motor neu-
rons. These synapses form in the primary synapse
region (PSR) in the vulval tissue. During develop-
ment, clusters of synapses are also formed in the
secondary synapse region (SSR) anterior to the PSR
on the same axon track but they are selectively
eliminated and absent in the adult. The specificity of
elimination is due to the function of a synaptic

maturation
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Figure 3. FBPsin synapse devel-
opment. (A) A model of the
unconventional SCF™N' com-
plex. FSN-1 cooperates with
RPM-1 to recruit CUL-1 and
SKR-1 and subsequently forms
an E3 ligase that targets ALK
through the SPRY domain. (B)
Selective synapse elimination by
the SCF**-' complex. The
SCF¥1% complex degrades a
hypothetical essential synaptic
protein in the secondary synaptic
region (SSR), and this degrada-
tion is disrupted by SYG-1 in the
primary synaptic region (PSR).
(C) A model of the Cull-Parkin-
hSEL-10 complex. Parkin facili-
tates Cyclin E degradation
through the RING domain that
recruits hSEL-10.

SCF
+— function

B

adhesion transmembrane protein SYG-1/NEPH1/
IrreC that belongs to an immunoglobulin superfamily.
SYG-1 is localized only in the PSR, and in syg-1
mutants, synapses in the SSR are not eliminated while
the ones in the PSR are lost [107-109].

Avyeast two-hybrid screen has revealed SKR1/Skpl1 as
one of the SYG-1 interacting partners, and cull and
skrl RNA silencing experiments suggest that the SCF
complex plays a role in SYG-1-regulated synapse
elimination. Furthermore, the FBP SEL-10 was found
like CUL1 and SKR1 to regulate the SSR synapse
elimination and could be the substrate adaptor for this
particular SCF complex [107]. Although SEL-10 is
localized in both PSR and SSR, the presence of the
SYG-1 intracellular domain interferes with the pro-
tein-protein interaction between SEL-10 and SKRI1.
Thus, the regulation is placed at the level of SYG-1
that inhibits the assembly of the SEL-10-containing
SCF complex. In summary, the current model pro-
poses that the activity of SEL-10-containing SCF
complexes is needed for degrading synaptic compo-
nents in SSR. Synapses are stabilized in PSR due to
the interference activity by SYG-1 present specifically
in PSR (Fig. 3B).

hSEL-10 and Parkin regulates neuronal apoptosis
In mammals, hSEL-10 (also known as Fbw7/hCdc4)
plays a critical role in the autosomal recessive
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Parkinson’s disease through its interaction with Par-
kin, a gene carrying the ubiquitin E3 ligase activity
that is mutated in the disease. Parkin contains two
RING domains at the C terminus and a ubiquitin
homology domain at the N terminus (UHD) [110—
112]. The RING domains of Parkin interact with the
hSEL-10 F-box domain, and together with CULI,
these components assemble into a distinct SCF com-
plex mediating the degradation of Cyclin E. When
cells become deficient in Parkin or the interaction
between Parkin and hSEL-10 is disrupted, Cyclin E
proteins accumulate and disease-related neuronal
apoptosis occurs. Vice versa, overexpression of Parkin
protects neurons from apoptosis by controlling Cyclin
E protein levels [113]. Notably, the novel Parkin-
containing E3 ligase does not include the conventional
SCF components such as Skpl and the E2-recruiting
RING protein Rocl/Rbx1, indicating that the FBP
hSEL-10 functions differently in distinct E3 com-
plexes (Fig. 3C).

FBPs in Drosophila development

Slimb/f3-TrCP regulates Hedgehog, Wnt/Wingless,
and NF-kB signal transduction pathways

One of the foremost uncovered roles for FBPs focuses
on signaling pathways during development. A classi-
cal example is the Drosophila FBP Supernumerary
limbs (Slimb, the homolog of B-TrCP). Jiang and
Struhl [114] was first characterized from a screen for
mutants altering normal adult patterning and found to
negatively regulate the Hedgehog (Hh) and Wnt/
Wingless (Wg) signaling pathways. The Hh pathway is
mediated through the activity of the transcription
factor Cubitus interruptus (Ci) whereas Armadillo
(Arm/p-catenin) is the downstream effector for the
Wg pathway. In loss-of-function slimb mutants, pro-
tein amounts of Ci and Arm/B-catenin increase,
suggesting that Slimb regulates the stability of these
effectors. Adult flies of slimb mutants exhibit super-
numerary double-anterior wings, and duplicated ap-
pendage and limbs, resembling the phenotypes pro-
duced by the ectopic expression of Hh or Wg. Due to
its intrinsic substrate-binding activity, Slimb is pro-
posed to mediate the degradation of Ci and Arm/f3-
catenin through the ubiquitin-proteasome pathway,
thereby regulating the Hh and Wg signaling activities
in tissue patterning [6].

On the other hand, the vertebrate homolog of Slimb,
B-TrCP, regulates NF-kB transcriptional activity,
which is essential for the inflammatory response and
embryonic development [115-117]. B-TrCP targets
the inhibitor of NF-xB, IkBa, for ubiquitination and
degradation. By doing so, NF-«B is freed from
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inhibition and enters the nucleus to induce down-
stream gene expression. IkBa needs to be phosphory-
lated by the IxB kinase complex prior to the ubiquiti-
nation, further implicating an important role of
substrate phosphorylation during the FBP-mediated
degradation [17].

Archipelago/Fbw7 functions during cell proliferation
and tracheal morphogenesis

Most of the developmental roles for Fbw7 have been
elucidated in Drosophila. The Drosophila Fbow7,
Archipelago (Ago), was discovered in a screen for
genes that affect cell proliferation during eye develop-
ment [24]. While single-cell size is similar to the wild-
type, mutants of ago display a growth advantage over
adjacent wild-type cells, suggesting that additional
rounds of cell divisions occur. Later, the Drosophila
ortholog of c-Myc, dMyc, was identified in vivo as an
Ago substrate [118]. Upregulation of dMyc protein
levels causes an increase in the fly body and wing sizes,
an observation phenocopying the ago mutant. Con-
versely, loss-of-function dMyc mutants result in an
opposite phenotype. Moreover, Ago was recently
found to regulate tracheal morphogenesis by targeting
the Trachealess (Trh) protein and the breathless FGF
receptor in the development of the Drosophila
embryonic tracheal system [119]. To summarize,
these results suggest that Ago controls the stability
of different substrates to regulate cell proliferation
and Drosophila tissue development [6].

FBPs in phytohormone responses

Plant hormones (phytohormones) play essential roles
in almost every aspect of plant development and
physiology. FBPs are involved in plant responses to at
least four major phytohormones: auxin, jasmonate
(JA), gibberellin (GA), and ethylene. Here we briefly
review these different types of phytohormones and
discuss how FBPs function during the responses

(Fig. 4).

TIR1 is an auxin receptor targeting AUX/IAA
degradation

The small indolic compound indole-3-acetic acid
(IAA or auxin) regulates plant developmental and
physiological processes. Central to the auxin response
are changes in gene expression mediated through a
family of nuclear proteins called AUX/IAA, which
negatively regulate auxin responses. AUX/IAA forms
heterodimers with the auxin-specific DNA-binding
transcriptional factor AUXIN RESPONSE FAC-
TORs (ARFs) to block their transcription activities.
The FBP TRANSPORT INHIBITOR RESPONSE 1
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Figure 4. FBPs in plant hormone response pathways. In the auxin pathway, the FBP TIR1 is the auxin receptor. Auxin stabilizes the
interaction between TIR1 and the substrate AUX/IAA proteins by filling the gap between them. The JA hormone induces the physical
interaction between the FBP COI1 and the substrate JAZ, but the detailed molecular mechanisms remain unclear. In the GA pathway,
interaction between the FBP SLY1 and its substrate Della proteins is through the GA-bound GID1 receptor. The gaseous hormone
ethylene reduces mRNA levels of FBPs EBF1 and EBF2 through EINS ribonuclease. Thus, substrate protein EIN3 accumulates in the

presence of ethylene.

(TIR1) regulates auxin-dependent gene expression by
degrading AUX/TAA. TIR1 contains 16 degenerate
LRRs [120] and physically associates with Arabidop-
sis SKP1 (ASK1), ASK2, and AtCULI to form a
SCF™! complex in planta [121]. Thus, when auxin
levels increase, auxin-inducible gene expression is de-
repressed by the TIR1-mediated AUX/IAA proteol-
ysis [122].

Mutations in the AUX/IAA conserved domain II
disrupt the TIR1-AUX/IAA interaction and stabilize
AUX/TAA proteins, suggesting that an intact domain
II is required for AUX/TAA proteolysis [121, 123].
Unlike classical FBPs which recognize substrates
through signaling-induced substrate phosphorylation,
mutations of potential phosphoylation sites in the
AUX/TAA domain II do not increase protein stability
[123]. Experiments in a cell-free system also showed
that direct addition of auxin into the plant lysates
induced rapid TIR1-AUX/TAA interaction and this
interaction was not affected by the presence of a
kinase inhibitor. Therefore, auxin induces TIRI1-
AUX/TAA interaction in a phosphorylation-inde-
pendent manner [124, 125].

Interestingly, TIR1 senses the auxin stimulation by
directly binding with the hormone [126, 127]. Struc-
tural analysis of TIR1 shows that the LRR domain
comprises a surface hydrophobic pocket that binds to
both auxin and AUX/TAA proteins [128]. Auxin
binding does not induce significant conformational
changes of TIR1. Instead, it acts as an adaptor
between TIR1 and AUX/IAA to enhance their
interaction by filling the cavity at the interface of
these two proteins.

TIR1 belongs to a small sub-family of FBPs consisting
of seven members, three of which (AFBI1, 2, and 3)
have been shown to mediate the auxin response as
well. Quadruple mutants of tirl afbl afb2 afb3 are
completely insensitive to auxin treatment, and exhibit
severe embryonic phenotypes similar to the gain-of-
function aux/iaa mutants [129]. Thus, these four FBPs
collectively modulate the plant auxin responses.
Another member of this protein family, AFBS, has
been shown to mediate the response to a particular
synthetic auxin compound, suggesting that different
members of this FBP family confer the chemical
specificity seen in auxin signaling [130].
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COI1 and the substrate JAZ interaction is stimulated
by JA

An important player during the JA responses that
regulates both stress responses and plant development
is the FBP CORONATINE INSENSITIVE 1 (COI1).
COI1 associates with AtCUL1, AtRbx1, ASK1 and
ASK2 in planta [131] and is required for JA-mediated
pollen development and activation of defense mech-
anisms against pests and pathogens [132]. It was
recently discovered that COI1 activates transcription
of JA-responsive genes by degrading a family of JA
ZIM-domain (JAZ) proteins [133, 134]. JAZ proteins
are degraded in response to JA treatment, and this
degradation is blocked in coil mutants. Experiments
in the cell-free system show that JA addition into the
plant extract stimulates the physical interaction be-
tween JAZ proteins and COIL1. Since COI1 belongs to
the TIR1 sub-family of FBPs, it will be interesting to
define how the interaction between COI1 and JAZ is
regulated by JA [134].

SLY1 binds substrate through complex formation with
GA receptors

GA promotes important processes of plant growth
and development, such as seed germination, elonga-
tion growth, and induction of flowering [135]. Two
Arabidopsis FBPs SLEEPY1 (SLY1) and its paralog
SNEEZY (SNE), together with the rice ortholog
GIBBERELLIN INSENSITIVE DWARF2 (GID2),
are involved in GA signaling [136—139]. Both SLY1
and GID?2 interact with ASK1, suggesting that they
function within the SCF complex [138, 140]. These
FBPs regulate GA responses by degrading a small
family of nuclear transcriptional factor DELLA
proteins characterized by the conserved N-terminal
DELLA domain. In the sly! or gid2 mutants, DELLA
proteins accumulate, thereby resulting in dwarf plants
insensitive to GA.

Although the DELLA domain is essential for GA-
induced degradation [141], it is not required for
interaction with the FBPs [137]. In fact, the DELLA
domain mediates GA-dependent interactions be-
tween DELLA proteins and the GA receptor GIB-
BERELLIN INSENSITIVE DWARF1 (GID1)
[142-144], indicating that the interaction with GID1
is required for DELLA protein degradation. Further-
more, a yeast three-hybrid assay shows that the
presence of the receptor GID1 strongly enhances
the interaction between the FBP SLY1 and the
DELLA protein in a GA-dependent manner [142].
Thus, during GA signaling, target recognition by the
FBPs is mediated through ligand-receptor complex
formation to promote substrate ubiquitination.
DELLA protein SLR1 is phosphorylated in response
to GA treatment [138], and the FBP SLY1 also
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appears to associate with the phospho-DELLA pro-
tein better in vivo [140]. These results indicate that in
contrast to auxin signaling, plants mediate the GA
response in a phosphorylation-dependent manner.
Irrespective of the unknown details of how GA
stimulates DELLA protein phosphorylation, and
how important this event is for the interaction
among all components, phosphate modification of
the substrate is important for the substrate recognition
by FBPs in GA signaling.

EBF-promoted EIN3 degradation is prevented by
ethylene

The gaseous hormone ethylene regulates plant devel-
opment and stress response. Ethylene-induced tran-
scriptional responses are positively regulated by the
DNA-binding transcriptional factor ETHYLENE-
INSENSITIVE 3 (EIN3), and possibly five other
EIN-3-like (EIL) factors. In the absence of ethylene,
the EIN3 protein is constitutively degraded by two
closely related FBPs EIN3 BINDING F-BOX Protein
1 (EBF1) and EBF2 [145-147]. Ethylene treatment
induces the nuclear accumulation of EIN3, a pheno-
type also seen in ebfl ebf2 double mutants. Thus,
during the ethylene response, FBP-mediated degra-
dation of EIN3 is prevented by hormone treatment.
This mode of regulation differs from the other three
phytohormone pathways, in which hormones pro-
mote, rather than inhibit, the FBP-mediated protein
degradation.

Although both EBF1 and EBF2 promote EIN3
degradation in the absence of ethylene, detailed
analyses of the single-mutant ebfl and ebf2 reveal
that EBF1 and EBF2 play temporally distinct roles.
Whereas EBF1 is important during the initial phase of
signaling, EBF2 functions more prominently during
later stages of the response and the resumption of
growth after ethylene removal [148]. Interestingly, the
transcript levels of EBF1 and EBF2 are negatively
regulated by the exoribonuclease EINS, the plant
ortholog of XRN1, a 5 to 3’ exoribonuclease involved
in mRNA decay in S. cerevisiae [149, 150]. EBFI and
EBF2 mRNA levels are elevated in plant ein5
mutants, which are ethylene insensitive. The turnover
rate of EBFI and EBF2 mRNA is however unaltered,
suggesting that EINS might modulate EBFI and
EBF? indirectly by affecting their EBFI and EBF2
transcription [150]. To date, it is still unclear how
EIN5 activity is regulated in response to ethylene
treatment.
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FBPs in plant organ formation

UFO and MAX2 are essential for flowering
development and shoot branching

Several FBPs are involved in development of plant
organs such as flowers, shoots, and roots. The FBP
UNUSUAL FLOWER ORGANS (UFO) in Arabi-
dopsis and its ortholog FIMBRIATA (FIM) in Anti-
rrhinum are involved in flower development by
controlling the expression of organ identity genes
[151,152]. Protein-protein interaction with ASK1 and
ASK?2 and genetic interaction with AtCUL1 suggest
that UFO functions in the SCF context to regulate
flower development, although the substrate has not
been identified [152, 153]. The other FBP MAX2 is
involved in axillary shoot development. In max2
mutant plants, the shoot is highly branched [154,
155]. MAX2 interacts with ASK1 and AtCULL1 in
planta, indicating that MAX?2 inhibits shoot branching
by mediating protein degradation of unidentified
positive regulators in shoot branching.

ARABIDILLO, CEG and VFB are required for
lateral root formation

As described above, the Drosophila Arm and its
mammalian homolog B-catenin play important roles
during animal development. Interestingly, two F-box
proteins, ARABIDILLO-1 and 2, that include Arm
repeats, regulate lateral root branching in Arabidopsis
[156]. Fewer lateral roots are formed in arabidillo-1
arabidillo-2 double-mutants, and overexpression of
ARABIDILLO-1 results in increased lateral roots.
Despite the fact that auxin signaling is also required
for lateral root formation [120], both wild-type and
arabidillo-1 arabidillo-2 double mutant plants show
similarly increased lateral root density in response to
the auxin treatment, suggesting that ARABIDILLO-
1 and 2 are not directly involved in auxin signaling
during lateral root development.

While ARABIDILLO-1 and 2 positively regulate
lateral root formation, another FBP, CEGENDUO
(CEGQG), functions distinctively in this developmen-
tal process [157]. In contrast to ARABIDILLO-1
and 2 which function independently from the auxin
pathway, lateral root formation in ceg mutant plants
is hyposensitive to auxin. Furthermore, auxin treat-
ment enhances CEG transcript levels, suggesting
that CEG might be involved in a feedback regu-
lation in response to auxin during lateral root
development.

Recently, a new family of FBPs, VIER F-BOX
PROTEINE (VFB) 1 to 4, has also been shown to
regulate lateral root formation [141]. vfb4 RNAI
mutant plants exhibit fewer lateral roots, and in the
case of quadruple mutants, a general delay in plant
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growth is also observed. Microarray and in vivo
analyses show that the expression of a number of
auxin-responsive genes is reduced in vfb mutants.
However, the auxin-dependent growth responses and
the turnover rate of the AUX/IAA proteins remain
unaffected, suggesting that VFB mediates the expres-
sion of auxin-responsive genes in a way different from
the FBP TIRI1.

SLF proteins regulate pollen self-incompatibility by
degrading the non-self S-RNase

Self-incompatibility (SI) in many flowering plants
prevents inbreeding, thus generating genetic diversity
within a species. The SI response allows plant pistils to
distinguish self-pollen from non-self-pollen, and thus
to inhibit fertilization from self-pollen [158]. In the
Solanaceae, Scrophulariaceae, and Rosaceae, SI is
mediated by two types of highly polymorphic genes at
the S-locus: the S-RNase gene encodes the pistil
determinant, and the clusters of S-Locus F-box (SLF
or SFB) genes encode the pollen determinants [159,
160]. During fertilization, the S-RNase secreted by the
pistil is incorporated into the pollen tube to act as a
cytotoxin to hydrolyze the pollen RNA. Thus, in order
to promote fertilization with non-self pollen in the
pistil, the non-self S-RNase has to be degraded. The
FBP AhSLF-S2 interacts with S-RNase proteins as
well as SKP1- and CUL1-like proteins in Antirrhinum, a
member of the Scrophulariaceae [159, 161]. Studies of
the FBP protein Pi SLF in Petunia inflata (Solanaceae)
further show that SLF proteins interact better with the
non-self S-RNase than with self S-RNase [162], suggest-
ing that SLF might preferentially target non-self S-
RNase for degradation. Moreover, S-RNase is ubiquiti-
nated by the compatible pollen extract [163], supporting
the model that pollen SLF promotes fertilization by
degrading the non-self S-RNase.

According to the current F-box-mediated S-RNase
degradation model, the absence of FBPs should lead
to universally incompatible pollen. However, it has
been found that SLF proteins carrying deletion or
truncation at the C-terminus associate with self-
compatibility, a phenotype opposite to that predicted
by the current model [164, 165]. Thus, more detailed
analyses are needed to further understand the roles of
FBPs in self-incompatibility.

FBPs in light signaling and circadian rhythm

Organisms maintain their own oscillators by sensing
external environmental cues such as seasonal changes
and light signaling. Here we discuss mechanisms in
which FBPs are involved in light sensing and how
FBPs modulate the circadian clocks.
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EID1 and AFR are involved in phyA -dependent light
signaling

Phytochromes are the photoreceptors that allow
plants to sense the red/far-red light as an environ-
mental cue. This photoreceptor group comprises five
members, phytochromes A—E (phyA-E) in Arabi-
dopsis. Two FBPs, EMPFINDLICHER IM DUN-
KELROTEN LICHT1 (EID1) and ATTENUATED
FAR-RED RESPONSE (AFR), are involved in
phyA-dependent light signaling. EID1 is a nuclear
FBP with a leucine zipper domain [166]. It interacts
with ASK and AtCULI1 in plant cells, suggesting that
EID1 is a component of the SCF complex [166, 167].
Light sensitivity is highly enhanced in eid/ mutants,
suggesting that EID1 most probably targets the
degradation of an activated component of the phyA
signaling pathway, although its identity is still un-
known [166].

The FBP AFR was identified in an RNAi screen for E3
components in light signaling or the circadian clock
[168]. AFR is composed of an N-terminal F-box
domain required for interaction with ASK1, and two
C-terminal Kelch repeats which presumably mediate
protein-protein interaction through their 3 propeller
structures. The mRNA levels of AFR are controlled
by both the circadian clock and far-red light. In afr
RNAI transgenic plants, light responsiveness is atte-
nuated, suggesting that AFR promotes the degrada-
tion of a yet-to-be-identified repressor in phyA
signaling.

ZTL sets the plant circadian clock

ZEITLUPE (ZTL) is the first identified FBP in 2
plant circadian system. In z#/ mutants, the free-
running period of clock-controlled gene transcription
is increased [169]. ZTL associates with ASKI,
AtCUL1 and AtRBX1 to assemble into an SCF
complex [170] that regulates the circadian clock by
degrading TIMING OF CAB EXPRESSION 1
(TOC1), a central clock protein [171]. TOC1 is a
member of the PSEUDO-RESPONSE REGULA-
TOR (PRR) family proteins. Recently, another mem-
ber of the PRR family, PRRS, has also been shown to
be targeted for degradation by ZTL [172].

ZTL includes an N-terminal LIGHT, OXYGEN OR
VOLTAGE (LOV) domain, which has been shown to
bind to the chromophore flavin mononucleotide and
to function as a blue light sensor [173]. Although z#l
messenger RNA is constitutively expressed, ZTL
protein levels oscillate. The stabilization of ZTL
protein is through an interaction with GIGANTEA
(GI) [174], a putative transmembrane protein in-
volved in circadian rhythms [175, 176]. This interac-
tion between Gl and ZTL is enhanced by light-sensing
activity of the LOV domain [174]. Thus, the FBP ZTL
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functions as a blue-light photoreceptor, and becomes
stabilized by light-enhanced interaction with GI for
TOCI degradation (Fig. 5A).

FKF1 regulates plant flowering

Flowering in many species is controlled by a circadian
clock and by changes in day length (or photoperiod),
an environmental cue associated with seasonal pro-
gression [177]. In the Arabidopsis photoperiodic
flowering pathway, increased day length enhances
the daytime expression of the transcriptional factor
CONSTANS (CO) to promote flowering. The FBP
flavin-binding, KELCH REPEAT F-BOX1 (FKF1)
plays an essential role in regulating CO daytime
expression [173] by degrading the transcriptional
repressor CYCLING DOF FACTOR 1 (CDF1)
[173, 178]. CO daytime expression reaches its max-
imum when CDF1 is degraded by FKF1 in a light-
dependent manner. FKF1 belongs to a family of three
proteins including ZTL and LOV KELCH PRO-
TEIN2 (LKP2) [179]. All three proteins contain an N-
terminal LOV domain, a central F-box domain, and C-
terminal Kelch repeats.

Recent studies also show that FKF1 is sensitive to blue
light and interacts with GI through its LOV domain.
The FKF1-GI interaction is important for the timing
of CO daytime expression [180]. In fkfI or gi mutant
plants, CDF1 is stabilized and the flowering timing is
delayed [178, 180]. Biochemical analyses further
showed that FKF1, GI and CDF1 proteins associate
within the CO chromatin structure, suggesting that
FKF1-GI complexes directly target DNA-bound
CDF1 to relieve transcriptional repression of CO
(Fig. 5A) [180].

Slimb mediates PER degradation during constant
darkness

Animal circadian rhythms are regulated by a central
clock located in the suprachiasmatic nucleus (SCN),
where transcription factors CLOCK and BMALI1
form heterodimeric complexes to induce the expres-
sion of circadian genes. The activity of CLOCK-
BMALI1 complexes is negatively regulated by the
expressions of their own targets, Period proteins
PER1 and PER2 and cryptochromes CRY1 and
CRY2. PER and CRY proteins form heterodimers
and translocate into the nucleus to inhibit CLOCK-
BMALI complexes (Fig. 5B). In Drosophila, similar
regulatory loops are utilized with minor tunings.
CLK, a homolog of CLOCK, binds to CYCLE
(CYC) and forms CLK-CYC heterodimers equiva-
lent to the mammalian CLOCK-BMALI1 complexes.
The Drosophila Period (PER) protein binds to
Timeless (TIM) instead of CRY and translocates
into the nucleus as PER-TIM heterodimers to inhibit
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183].

Several reports have described a role for the FBP
Slimb in circadian rhythm by regulating the stability of
PER. Genetically, slimb mutants were shown to be
behaviorally arrhythmic. This disruption in rhythmic-
ity can be rescued by the expression of Slimb
specifically in the clock neurons. PER proteins in the
slimb mutants were shown to be hyper-phosphory-
lated in constant darkness. It was shown that phos-
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Figure 5. FBP in light signaling
and circadian rhythm pathways.
(A) The FBPs ZTL and FKF1
function as blue-light sensors for
Gl interaction. (1) ZTL interacts
with GI through the blue light-
sensing LOV domain. ZTL-GI
association stabilizes both pro-
teins, allowing more ZTL to tar-
get TOC1 for degradation in the
plant circadian rhythm. (2) FKF1
associates with GI through the
LOV domain. The FKF1-GI com-
plex binds to and degrades sub-
strate CDF1 on the CO chromatin
to promote CO expression and
flowering. (B) The circadian
mechanism in mammals. The
BMALL1/CLK heterodimers are
responsible for the transcription
of perl/2 and cryl/2 genes. PER
and CRY proteins form hetero-
dimers and translocate into the
nucleus to inhibit BMALI1-CLK-
dependent transcription. PER1/2
proteins are phosphorylated by
the kinase CKle and targeted by
the FBP f-TrCP, whereas the
CRY1/2 proteins are ubiquitinat-
ed by FBXL3. The kinases for
CRY1/2 phosphorylation are not
clear. (C) The circadian mecha-
nism in Drosophila. The CYC-
CLK heterodimers in the nucleus
activate the transcription of peri-
od (per) and timeless (tim). PER
and TIM then translocate as het-
erodimers and inhibit CYC/CLK-
mediated transcription. PER is
phosphorylated by Doubletime
(DBT) prior to the recognition
wef by the FBP Slimb during constant
L o darkness. TIM undergoes phos-
J / phorylation by SHAGGY (SGG).
s It is also targeted by the FBP
JETLAG (JET) in a light-de-
pendent manner.
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phorylation of PER is mediated by Doubletime (Dbt),
the Drosophila homolog of casein kinase Ie (CKle)
[184-186]. Further analysis shows that Slimb binds to
the hyper-phosphorylated PER preferentially and
stimulates its degradation. A similar mechanism was
shown in a third study, in which the mammalian PER1
protein is phosphorylated by CKle and degraded in a
B-TrCP-dependent manner (Fig. 5B, C) [187].
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JET-regulated TIM degradation is light dependent
In Drosophila, the photo-sensing factor CRY interacts
with TIM, thereby transmitting information to the
central clock in a light-dependent manner [188, 189]
Nonetheless, how exactly the messages are conveyed
remains unclear. It was found that phosphorylation of
TIM is required for its degradation and ubiquitination
in cultured cells [190], and the phosphorylation of
TIM was found to be mediated by the fly homolog of
glycogen synthase kinase 3 (GSK3), SHAGGY
(SGG) [191]. It will be interesting to determine
whether TIM phosphorylation by SGG is required
for its ubiquitination and degradation. Recently,
researchers have found that the FBP JETLAG
(JET) mediates the ubiquitination of TIM upon
photo-activation. When the flies perceive light, CRY
binds to TIM, leading to the subsequent ubiquitina-
tion and degradation of TIM [192, 193]. Mutant jet
flies are rhythmically insensitive in constant light and
the abnormal rhythmic behaviors can be rescued by
expression of JET in clock-specific neurons. Further-
more, jet mutant flies exhibit reduced responses to
light pulses and retardation in light-entrained TIM
degradation. Thus, depending on the external cues,
Drosophila applies different programs to regulate the
rhythmic outputs. In the dark, clock-controlled mech-
anisms utilize the FBP Slimb for mediating the
degradation of PER. Alternatively, in the light
entrainment pathway, photo-activation of CRY trig-
gers JET to degrade TIM (Fig. 5C).

FBXL3 promotes CRY degradation and regulates
circadian hours

In the mammalian clock system, the negative feed-
back loop mediated by PER-CRY heterodimers is
prohibited via CRY degradation. Three separate
studies have implicated the FBP FBXL3 in this
process [194-196]. By forward genetic ENU muta-
genesis screens, animals carrying either alleles of
FBXL3, Overtime (Ovtm) or After hours (Afh), were
found to exhibit longer period behavioral rhythms.
Both alleles were mapped to the LRR regions of
FBXL3 which disrupts the interaction with CRY
proteins, suggesting that FBXL3 mediates the ubig-
uitination and degradation of CRY proteins. In loss-
of-function FBXL3 mutants, CRY proteins are stabi-
lized and the repression of CLOCK-BMAL1 activity
is enhanced. These results indicate an essential
function of FBXL3 in directing CRY degradation in
circadian rhythm (Fig. 5B).
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FBPs in viral and bacterial infection

B-TrCP interacts with the HI'V-1 viral protein U (Vpu)
and triggers CD4 degradation

Viruses promote their own replication via various
strategies to subvert the cellular functions in host cells.
Ubiquitin-mediated degradation of domestic targets
is one of the means viruses have taken to disrupt host
defenses, allowing further cell invasion. For example,
the human immunodeficiency virus type-1 (HIV-1)
viral protein U (Vpu) contributes to virulence in two
ways. First, Vpu enhances the release of retroviral
particles from the infected human cells to boost
infection efficiency. Vpu also triggers degradation of
the surface receptor CD4 in the endoplasmic retic-
ulum (ER) via a proteasomal-dependent pathway. It is
known that B-TrCP interacts with Vpu and forms a
ternary complex with CD4. Vpu contains a DSs,
GXXSs¢ motif which is constitutively phosphorylated
and recognized by B-TrCP. The two conserved serine
residues are both required for the degradation of CD4,
but Vpu is unlikely to be the substrate for B-TrCP. By
interaction with Vpu, B-TrCP is recruited to the
membranes for CD4 degradation and for sequestra-
tion so that it is prevented from degrading its natural
substrates like B-catenin and IxBa. To summarize, 3-
TrCP is involved in HIV-1 viral infection by partic-
ipating in the degradation of the viral receptor CD4
via interaction with the adaptor Vpu [197-199].

Fbw7 interacts with the SV40 large T antigen

Cells infected with SV40 are highly transformed and
activities of host tumor suppressors like p53 and pRb
are strikingly affected. Infection mechanisms of
Simian virus 40 (SV40) are similar to the HIV-1 Vpu
in that SV40 large T antigen (T Ag) also interacts with
Fbw7. T Ag contains a sequence mimicking the
consensus Fbw7 CPD at the C terminus for the
recognition. Nonetheless, instead of degrading T Ag,
Fbw7 hinders the degradation of its natural substrate
such as Cyclin E by competitive binding [200].

PO and VirF of plant pathogens attack host defense
mechanisms

Post-transcriptional gene silencing is one of the
antiviral defense mechanisms employed by plants
[201]. To counter this defense response, many plant
viruses encode silencing suppressor proteins. One of
these is the polerovirus PO, an FBP. PO interacts with
the Arabidopsis ASK1 through its F-box motif [202].
Point mutations in the F-box motif that abolish the PO-
ASK interaction lead to reduced suppressor activity
and diminished virus pathogenicity. Furthermore,
knock-down of the SKP1 homolog in Nicotiana
benthamiana renders plant resistant to the polerovirus
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infection, supporting the model that PO is part of the
SCF complex and targets the host post-transcriptional
gene silencing machinery. Recently, two groups have
found that PO promotes the degradation of ARGO-
NAUTE1 (AGO1), a key component of the RNA-
induced silencing complex (RISC) [203, 204]. PO
physically interacts with AGO1 in the nucleus in
Arabidopsis. Ectopic expression of PO induces AGO1
protein decay in planta [203, 204] and transcriptional
upregulation of several miRNA-target genes [204].
Thus, PO suppresses host gene silencing mechanisms
by targeting AGO1 for degradation.

In addition to virus, the pathogenic bacterium Agro-
bacterium tumefaciens also attacks host cells through
SCF-mediated protein degradation. Agrobacterium
secrets the virulent protein VirF, which is then
exported into plant cells to aid the infection process.
VirF, an FBP, binds to the host plant homolog of SKP1
[205] and destabilizes the host target protein VIP1 in
an SKP1-dependent manner, indicating that VirF
mediates VIP1 degradation in the SCF context [206].
During the infection process, it is suggested that VIP1
degradation in the host cells is required to facilitate
the infection process [206].

Fbs1 in glycoprotein quality controls

In the E. R., folding of proteins determines their
future routes. Correctly folded proteins assisted by
ER chaperones are transported out to the Golgi
complex for subsequent action, whereas misfolded
ones are kept in the E. R., retrotranslocated into the
cytosol, and finally degraded by the ER-associated
degradation pathway ERAD. In this regard, the ER-
resident high-mannose oligosaccharides, essential for
protein folding, trafficking and sorting of the glyco-
proteins, have emerged to be a central means of
regulating the abundance of misfolded proteins,
thereby ensuring that glycoprotein quality control is
achieved.

Recently, researchers have grouped together a subset
of five FBPs by their homologous sugar-binding
domain at the C terminus. Among them, Fbs1 is the
most-characterized due to its role in mediating the
degradation of N-linked glycosylated proteins (N-
glycans). Fbs1 was first isolated in a screen for proteins
bound to various glycoproteins in mouse brain ex-
tracts [207]. Being a component of SCF E3 ligases,
Fbsl degrades glycosylated substrates such as pre-
integrin 31 and the extracellular N-terminal domain of
NMDA subunit NR1 in the cytosol [207, 208]. On the
other hand, Fbsl alone is involved in preventing the
aggregation of glycoproteins in vitro and acts to clear
aberrant glycoproteins in neuronal cells [209]. More-
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over, Fbsl-deficient mice are defective in inner ear
homeostasis and exhibit cochlear degeneration [210].
Insights into how Fbsl and the related proteins
recognize sugar chains are provided by pull-down
analysis using various oligosaccharides in vitro. For
efficient Fbsl binding, a sugar peptide like Man,.
yGlcNAc, needs to be present in the substrate.
Crystallographic studies have indicated that the
sugar-binding domain of Fbsl interacts with the
innermost chitobiose (GlcNAc-GlcNAc) in N-glycans
[211, 212]. Since the innermost chitobiose is normally
not exposed in the structure, Fbs1 is hypothesized to
interact better with N-glycans in a denatured condi-
tion. Upon protein denaturation, the innermost chi-
tobiose becomes exposed and is used as a signal for
Fbs1 to recognize the unfolded proteins in the cytosol
after retrotranslocation from the ER. Therefore, high-
mannose oligosaccharides serve not only as tags for
the recognition by the ER quality control system, but
also as degradation signals in the cytosol demonstrat-
ed by Fbsl.

Perspective

Immense progress has been made during a single
decade in understanding the functions of large FBP
families in animals and plants. Originally proteins
carrying an uncharacterized F-box motif, FBPs have
demonstrated their own importance by functioning in
a variety of cellular settings. Studies have shown that
either working in concert with the SCF complex or
alone, FBPs possess both proteolytic and non-proteo-
lytic functions. With the large number of uncharac-
terized FBPs that await analysis in model organisms, it
isreasonable to speculate that FBPs function in yet-to-
be-characterized molecular and cellular pathways we
do not yet understanding. With the tremendous effort
now being made by the research community, more
such discoveries are sure to be made in the near future.
Insights from these findings will surely benefit ad-
vances in agricultural biotechnology and medical
therapy for human diseases.

Acknowledgements. We thank H. Wilson for editing the manu-
script. M..S. Ho is supported by a National Science Council (NSC)
distinct post-doctoral fellowship. C.T. Chien is supported by grants
from the NSC and Academia Sinica. H. Pi is supported by grants
from the NSC and Chang-Gung Memorial Hospital.

1 Kumar A. and Paietta J. V. (1995) The sulfur controller-2
negative regulatory gene of Neurospora crassa encodes a
protein with beta-transducin repeats. Proc. Natl. Acad. Sci.
USA 92, 3343-3347.

2 BaiC.,SenP., Hofmann K., Ma L., Goebl M., Harper J. W. &
Elledge S. J. (1996) SKP1 connects cell cycle regulators to the



Cell. Mol. Life Sci.

10

11

12

13

14

15

16

17

18

19

20

21

22

Vol. 65, 2008

ubiquitin proteolysis machinery through a novel motif, the F-
box. Cell 86, 263-274.

Durfee T., Becherer K., Chen P. L., Yeh S. H., Yang Y.,
Kilburn A. E., Lee W. H. & Elledge S. J. (1993) The
retinoblastoma protein associates with the protein phospha-
tase type 1 catalytic subunit. Genes Dev. 7, 555-569.
HarperJ. W., Adami G. R., WeiN., Keyomarsi K. & Elledge S.
J. (1993) The p21 Cdk-interacting protein Cipl is a potent
inhibitor of G1 cyclin-dependent kinases. Cell 75, 805-816.
Cenciarelli C., Chiaur D. S., Guardavaccaro D., Parks W.,
Vidal M. & Pagano M. (1999) Identification of a family of
human F-box proteins. Curr. Biol. 9, 1177-1179.

Ho M. S., Tsai P. I. & Chien C. T. (2006) F-box proteins: the
key to protein degradation. J. Biomed. Sci. 13, 181-191.
Kipreos E. T. & Pagano M. (2000) The F-box protein family.
Genome Biol. 1, REVIEWS3002.

Winston J. T., Koepp D. M., Zhu C., Elledge S. J. & Harper J.
W. (1999) A family of mammalian F-box proteins. Curr. Biol.
9, 1180-1182.

Patton E. E., Willems A. R. & Tyers M. (1998) Combinatorial
control in ubiquitin-dependent proteolysis: don’t Skp the F-
box hypothesis. Trends Genet. 14, 236-243.

SkowyraD., CraigK. L., Tyers M., Elledge S. J. & Harper J. W.
(1997) F-box proteins are receptors that recruit phosphory-
lated substrates to the SCF ubiquitin-ligase complex. Cell 91,
209-219.

Enkhbayar P., Kamiya M., Osaki M., Matsumoto T. &
Matsushima N. (2004) Structural principles of leucine-rich
repeat (LRR) proteins. Proteins 54, 394-403.

Kobe B. & Kajava A. V. (2001) The leucine-rich repeat as a
protein recognition motif. Curr. Opin. Struct. Biol. 11, 725-
732.

Smith T. F., Gaitatzes C., Saxena K. & Neer E. J. (1999) The
WD repeat: a common architecture for diverse functions.
Trends Biochem. Sci. 24, 181-185.

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

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

Zheng N., Schulman B. A., Song L., Miller J. J., Jeffrey P. D.,
Wang P., Chu C., Koepp D. M., Elledge S. J., Pagano M.,
Conaway R. C., Conaway J. W., Harper J. W. & Pavletich N. P.
(2002) Structure of the Cull-Rbx1-Skpl-F boxSkp2 SCF
ubiquitin ligase complex. Nature 416, 703-709.

Spencer E., Jiang J. & Chen Z. J. (1999) Signal-induced
ubiquitination of IkappaBalpha by the F-box protein Slimb/
beta-TrCP. Genes Dev. 13, 284-294.

Winston J. T., Strack P., Beer-Romero P., Chu C. Y., Elledge S.
J. & Harper J. W. (1999) The SCFbeta-TRCP-ubiquitin ligase
complex associates specifically with phosphorylated destruc-
tion motifs in IkappaBalpha and beta-catenin and stimulates
IkappaBalpha ubiquitination in vitro. Genes Dev. 13, 270—
283.

Yaron A., Hatzubai A., Davis M., Lavon 1., Amit S., Manning
A.M., AndersenJ. S., Mann M., Mercurio F. & Ben-Neriah Y.
(1998) Identification of the receptor component of the
IkappaBalpha-ubiquitin ligase. Nature 396, 590—594.

Hao B., Oehlmann S., Sowa M. E., Harper J. W. & Pavletich
N. P. (2007) Structure of a Fbw7-Skpl-cyclin E complex:
multisite-phosphorylated substrate recognition by SCF ubiq-
uitin ligases. Mol. Cell 26, 131-143.

Koepp D. M., Schaefer L. K., Ye X., Keyomarsi K., Chu C.,
Harper J. W. & Elledge S. J. (2001) Phosphorylation-depend-
ent ubiquitination of cyclin E by the SCFFbw7 ubiquitin
ligase. Science 294, 173-177.

Nash P, Tang X., Orlicky S., Chen Q., Gertler F. B.,
Mendenhall M. D., Sicheri F., Pawson T. & Tyers M. (2001)
Multisite phosphorylation of a CDK inhibitor sets a threshold
for the onset of DNA replication. Nature 414, 514-521.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Review Article 1995

Suzuki H., Chiba T., Suzuki T., Fujita T., Ikenoue T., Omata
M., Furuichi K., Shikama H. & Tanaka K. (2000) Homodimer
of two F-box proteins betaTrCP1 or betaTrCP2 binds to
IkappaBalpha for signal-dependent ubiquitination. J. Biol.
Chem. 275, 2877 -2884.

Moberg K. H., Bell D. W., Wahrer D. C., Haber D. A. &
Hariharan I. K. (2001) Archipelago regulates Cyclin E levels
in Drosophila and is mutated in human cancer cell lines.
Nature 413, 311-316.

Spruck C. H., Strohmaier H., Sangfelt O., Muller H. M.,
Hubalek M., Muller-Holzner E., Marth C., Widschwendter
M. & Reed S. 1. (2002) hCDC4 gene mutations in endometrial
cancer. Cancer Res. 62, 4535-4539.

Strohmaier H., Spruck C. H., Kaiser P., Won K. A., Sangfelt
O. & Reed S. I. (2001) Human F-box protein hCdc4 targets
cyclin E for proteolysis and is mutated in a breast cancer cell
line. Nature 413, 316-322.

Welcker M. & Clurman B. E. (2007) Fbw7/hCDC4 dimeriza-
tion regulates its substrate interactions. Cell Div. 2, 7.

Chew E. H., Poobalasingam T., Hawkey C. J. & Hagen T.
(2007) Characterization of cullin-based E3 ubiquitin ligases in
intact mammalian cells — evidence for cullin dimerization.
Cell Signal 19, 1071 -1080.

Kominami K., Ochotorena I. & Toda T. (1998) Two F-box/
WD-repeat proteins Popl and Pop2 form hetero- and homo-
complexes together with cullin-1 in the fission yeast SCF
(Skp1-Cullin-1-F-box) ubiquitin ligase. Genes Cells 3, 721 -
735.

Seibert V., Prohl C., Schoultz I., Rhee E., Lopez R.,
Abderazzaq K., Zhou C. & Wolf D. A. (2002) Combinatorial
diversity of fission yeast SCF ubiquitin ligases by homo- and
heterooligomeric assemblies of the F-box proteins Poplp and
Pop2p. BMC Biochem. 3, 22.

Wolf D. A., McKeon F. & Jackson P. K. (1999) Budding yeast
Cdc6p induces re-replication in fission yeast by inhibition of
SCF(Pop)-mediated proteolysis. Mol. Gen. Genet. 262, 473 -
480.

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

Lyapina S. A., Correll C. C., Kipreos E. T. & Deshaies R. J.
(1998) Human CUL1 forms an evolutionarily conserved
ubiquitin ligase complex (SCF) with SKP1 and an F-box
protein. Proc. Natl. Acad. Sci. USA 95, 7451-7456.

WulJ. T., Chan Y. R. & Chien C. T. (2006) Protection of cullin-
RING E3 ligases by CSN-UBP12. Trends Cell Biol. 16, 362—
369.

Bornstein G., Ganoth D. & Hershko A. (2006) Regulation of
neddylation and deneddylation of cullinl in SCFSkp2 ubig-
uitin ligase by F-box protein and substrate. Proc. Natl. Acad.
Sci. USA 103, 11515-11520.

Liu J., Furukawa M., Matsumoto T. & Xiong Y. (2002)
NEDDS8 modification of CULL1 dissociates p120(CAND1), an
inhibitor of CUL1-SKP1 binding and SCF ligases. Mol. Cell
10, 1511-1518.

Zheng J., Yang X., Harrell J. M., Ryzhikov S., Shim E. H.,
Lykke-Andersen K., Wei N., Sun H., Kobayashi R. & Zhang
H. (2002) CAND1 binds to unneddylated CUL1 and regulates
the formation of SCF ubiquitin E3 ligase complex. Mol. Cell
10, 1519-1526.

Abida W. M., Nikolaev A., Zhao W., Zhang W. & Gu W.
(2007) FBXO11 promotes the Neddylation of p53 and inhibits
its transcriptional activity. J. Biol. Chem. 282, 1797-1804.
Galan J. M. & Peter M. (1999) Ubiquitin-dependent degra-
dation of multiple F-box proteins by an autocatalytic mech-
anism. Proc. Natl. Acad. Sci. USA 96, 9124-9129.

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

Mathias N., Johnson S., Byers B. & Goebl M. (1999) The
abundance of cell cycle regulatory protein Cdcdp is controlled



1996

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

M.S.Hoet al.

by interactions between its F box and Skp1p. Mol. Cell. Biol
19, 1759-1767.

Wirbelauer C., Sutterluty H., Blondel M., Gstaiger M., Peter
M., Reymond F. & Krek W. (2000) The F-box protein Skp2 isa
ubiquitylation target of a Cull-based core ubiquitin ligase
complex: evidence for a role of Cull in the suppression of
Skp2 expression in quiescent fibroblasts. EMBO J. 19, 5362—
5375.

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

Cope G. A. & Deshaies R. J. (2006) Targeted silencing of Jab1/
Csn5 in human cells downregulates SCF activity through
reduction of F-box protein levels. BMC Biochem. 7, 1.

Wee S., Geyer R. K., Toda T. & Wolf D. A. (2005) CSN
facilitates Cullin-RING ubiquitin ligase function by counter-
acting autocatalytic adapter instability. Nat. Cell Biol. 7, 387—
391.

Hermand D. (2006) F-box proteins: more than baits for the
SCF? Cell Div. 1, 30.

Durr M., Escobar-Henriques M., Merz S., Geimer S., Langer
T. & Westermann B. (2006) Nonredundant roles of mitochon-
dria-associated F-box proteins Mfbl and Mdm30 in main-
tenance of mitochondrial morphology in yeast. Mol. Biol. Cell
17,3745-3755.

Kitagawa K., Skowyra D., Elledge S. J., Harper J. W. & Hieter
P. (1999) SGT1 encodes an essential component of the yeast
kinetochore assembly pathway and a novel subunit of the SCF
ubiquitin ligase complex. Mol. Cell 4, 21-33.
KimJ.,KimJ.H.,Lee S. H.,Kim D. H., Kang H. Y., Bae S. H.,
PanZ. Q. & Seo Y. S. (2002) The novel human DNA helicase
hFBHI1 is an F-box protein. J. Biol. Chem. 277, 24530-24537.
KimJ. H.,KimJ.,KimD.H.,RyuG. H.,Bae S. H. & Seo Y. S.
(2004) SCFhFBHI1 can act as helicase and E3 ubiquitin ligase.
Nucleic Acids Res. 32, 2287-2297.

Harrison C., Katayama S., Dhut S., Chen D., Jones N., Bahler
J. & Toda T. (2005) SCF(Pof1)-ubiquitin and its target Zip1l
transcription factor mediate cadmium response in fission
yeast. EMBO J. 24, 599-610.

Tafforeau L., Le Blastier S., Bamps S., Dewez M., Vanden-
haute J. & Hermand D. (2006) Repression of ergosterol level
during oxidative stress by fission yeast F-box protein Pofl14
independently of SCE. EMBO 1. 25, 4547-4556.

Collins G. A. & Tansey W. P. (2006) The proteasome: a utility
tool for transcription? Curr. Opin. Genet. Dev. 16, 197-202.
Muratani M. & Tansey W. P. (2003) How the ubiquitin-
proteasome system controls transcription. Nat. Rev. Mol.
Cell. Biol. 4, 192-201.

Muratani M., Kung C., Shokat K. M. & Tansey W. P. (2005)
The F box protein Dsg1/Mdm30 is a transcriptional coactiva-
tor that stimulates Gal4 turnover and cotranscriptional
mRNA processing. Cell 120, 887-899.

Carrano A. C., Eytan E., Hershko A. & Pagano M. (1999)
SKP2 is required for ubiquitin-mediated degradation of the
CDK inhibitor p27. Nat. Cell Biol. 1, 193-199.

Pagano M., Tam S. W., Theodoras A. M., Beer-Romero P.,
Del Sal G., Chau V., Yew P. R., Draetta G. F. & Rolfe M.
(1995) Role of the ubiquitin-proteasome pathway in regulat-
ing abundance of the cyclin-dependent kinase inhibitor p27.
Science 269, 682-685.

Sutterluty H., Chatelain E., Marti A., Wirbelauer C., Senften
M., Muller U. & Krek W. (1999) p45SKP2 promotes p27Kip1
degradation and induces S phase in quiescent cells. Nat. Cell
Biol. 1,207-214.

Tsvetkov L. M., Yeh K. H., Lee S. J., Sun H. & Zhang H.
(1999) p27(Kip1) ubiquitination and degradation is regulated
by the SCF(Skp2) complex through phosphorylated Thr187 in
p27. Curr. Biol. 9, 661-664.

Montagnoli A., Fiore F., Eytan E., Carrano A. C., Draetta G.
F., Hershko A. & Pagano M. (1999) Ubiquitination of p27 is
regulated by Cdk-dependent phosphorylation and trimeric
complex formation. Genes Dev. 13, 1181-1189.

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

F-box proteins for destruction

Vlach J., Hennecke S. & Amati B. (1997) Phosphorylation-
dependent degradation of the cyclin-dependent kinase inhib-
itor p27. EMBO J. 16, 5334-5344.

Nakayama K., Nagahama H., Minamishima Y. A., Matsu-
moto M., Nakamichi I., Kitagawa K., Shirane M., Tsune-
matsu R., Tsukiyama T., Ishida N., Kitagawa M., Nakayama
K. & Hatakeyama S. (2000) Targeted disruption of Skp2
results in accumulation of cyclin E and p27(Kip1), polyploidy
and centrosome overduplication. EMBO J. 19, 2069-2081.
Nakayama K., Nagahama H., Minamishima Y. A., Miyake S.,
Ishida N., Hatakeyama S., Kitagawa M., Iemura S., Natsume
T. & Nakayama K. I. (2004) Skp2-mediated degradation of
p27 regulates progression into mitosis. Dev. Cell 6, 661-672.
Reichert M., Saur D., Hamacher R., Schmid R. M. &
Schneider G. (2007) Phosphoinositide-3-kinase signaling
controls S-phase kinase-associated protein 2 transcription
via E2F1 in pancreatic ductal adenocarcinoma cells. Cancer
Res. 67, 4149-4156.

Zhang L. & Wang C. (2006) F-box protein Skp2: a novel
transcriptional target of E2F. Oncogene 25, 2615-2627.
Wang W., Ungermannova D., Jin J., Harper J. W. & Liu X.
(2004) Negative regulation of SCFSkp2 ubiquitin ligase by
TGF-beta signaling. Oncogene 23, 1064—-1075.

Ganoth D., Bornstein G., Ko T. K., Larsen B., Tyers M.,
Pagano M. & Hershko A. (2001) The cell-cycle regulatory
protein Cksl is required for SCF(Skp2)-mediated ubiquiti-
nylation of p27. Nat. Cell Biol. 3, 321-324.

Bashir T., Dorrello N. V., Amador V., Guardavaccaro D. &
Pagano M. (2004) Control of the SCF(Skp2-Cks1) ubiquitin
ligase by the APC/C(Cdh1) ubiquitin ligase. Nature 428, 190 -
193.

Wei W., Ayad N. G., Wan Y., Zhang G. J., Kirschner M. W. &
Kaelin W. G., Jr. (2004) Degradation of the SCF component
Skp2 in cell-cycle phase G1 by the anaphase-promoting
complex. Nature 428, 194-198.

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

von der Lehr N., Johansson S., Wu S., Bahram F., Castell A.,
Cetinkaya C., Hydbring P.,, Weidung I., Nakayama K.,
Nakayama K. I., Soderberg O., Kerppola T. K. & Larsson
L. G. (2003) The F-box protein Skp2 participates in c-Myc
proteosomal degradation and acts as a cofactor for c-Myc-
regulated transcription. Mol. Cell 11, 1189-1200.

Welcker M., Orian A., Jin J., Grim J. E., Harper J. W.,
Eisenman R. N. & Clurman B. E. (2004) The Fbw7 tumor
suppressor regulates glycogen synthase kinase 3 phosphor-
ylation-dependent c-Myc protein degradation. Proc. Natl.
Acad. Sci. USA 101, 9085-9090.

Yada M., Hatakeyama S., Kamura T., Nishiyama M.,
Tsunematsu R., Imaki H., Ishida N., Okumura F., Nakayama
K. & Nakayama K. I. (2004) Phosphorylation-dependent
degradation of c-Myc is mediated by the F-box protein Fbw7.
EMBO J. 23, 2116-2125.

Sears R., Nuckolls F., Haura E., Taya Y., Tamai K. & Nevins J.
R. (2000) Multiple Ras-dependent phosphorylation pathways
regulate Myc protein stability. Genes Dev. 14, 2501-2514.
Bahram F., von der Lehr N., Cetinkaya C. & Larsson L. G.
(2000) c-Myc hot spot mutations in lymphomas result in
inefficient ubiquitination and decreased proteasome-medi-
ated turnover. Blood 95, 2104-2110.

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

Winston J. T., Chu C. & Harper J. W. (1999) Culprits in the
degradation of cyclin E apprehended. Genes Dev. 13, 2751 -
2757.

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



Cell. Mol. Life Sci.

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Vol. 65, 2008

Yeh K. H., Kondo T., Zheng J., Tsvetkov L. M., Blair J. &
Zhang H. (2001) The F-box protein SKP2 binds to the
phosphorylated threonine 380 in cyclin E and regulates
ubiquitin-dependent degradation of cyclin E. Biochem. Bio-
phys. Res. Commun. 281, 884-890.

Reed S. I. (2006) Cooperation between different Cdc4/Fbw7
isoforms may be associated with 2-step inactivation of
SCF(Cdc4) targets. Cell Cycle 5, 1923-1924.

van Drogen F., Sangfelt O., Malyukova A., Matskova L., Yeh
E.,Means A. R. & Reed S. 1. (2006) Ubiquitylation of cyclin E
requires the sequential function of SCF complexes containing
distinct hCdc4 isoforms. Mol. Cell 23, 37-48.

Welcker M., Orian A., Grim J. E., Eisenman R. N. & Clurman
B. E. (2004) A nucleolar isoform of the Fbw7 ubiquitin ligase
regulates c-Myc and cell size. Curr. Biol. 14, 1852-1857.
Guardavaccaro D., Kudo Y., Boulaire J., Barchi M., Busino
L., Donzelli M., Margottin-Goguet F., Jackson P. K., Yama-
saki L. & Pagano M. (2003) Control of meiotic and mitotic
progression by the F box protein beta-Trcpl in vivo. Dev. Cell
4,799-812.

Nakayama K., Hatakeyama S., Maruyama S., Kikuchi A.,
Onoe K., Good R. A. & Nakayama K. I. (2003) Impaired
degradation of inhibitory subunit of NF-kappa B (I kappa B)
and beta-catenin as a result of targeted disruption of the beta-
TrCP1 gene. Proc. Natl. Acad. Sci. USA 100, 8752—-8757.
Reimann J. D., Freed E., Hsu J. Y., Kramer E. R., Peters J. M.
& Jackson P. K. (2001) Emil is a mitotic regulator that
interacts with Cdc20 and inhibits the anaphase promoting
complex. Cell 105, 645-655.

Reimann J. D., Gardner B. E., Margottin-Goguet F. &
Jackson P. K. (2001) Emil regulates the anaphase-promoting
complex by a different mechanism than Mad2 proteins. Genes
Dev. 15, 3278-3285.

Hansen D. V., Loktev A. V., Ban K. H. & Jackson P. K. (2004)
PIk1 regulates activation of the anaphase promoting complex
by phosphorylating and triggering SCFbetaTrCP-dependent
destruction of the APC Inhibitor Emil. Mol. Biol. Cell 15,
5623-5634.

Margottin-Goguet F., Hsu J. Y., Loktev A., Hsieh H. M.,
Reimann J. D. & Jackson P. K. (2003) Prophase destruction of
Emil by the SCF(betaTrCP/Slimb) ubiquitin ligase activates
the anaphase promoting complex to allow progression beyond
prometaphase. Dev. Cell 4, 813-826.

Moshe Y., Boulaire J., Pagano M. & Hershko A. (2004) Role
of Polo-like kinase in the degradation of early mitotic
inhibitor 1, a regulator of the anaphase promoting complex/
cyclosome. Proc. Natl. Acad. Sci. USA 101, 7937-7942.
Ayad N. G., Rankin S., Murakami M., Jebanathirajah J., Gygi
S. & Kirschner M. W. (2003) Tome-1, a trigger of mitotic entry,
is degraded during G1 via the APC. Cell 113, 101-113.
Watanabe N., Arai H., Nishihara Y., Taniguchi M., Watanabe
N., Hunter T. & Osada H. (2004) M-phase kinases induce
phospho-dependent ubiquitination of somatic Weel by
SCFbeta-TrCP. Proc. Natl. Acad. Sci. USA 101, 4419-4424.
Busino L., Donzelli M., Chiesa M., Guardavaccaro D.,
Ganoth D., Dorrello N. V., Hershko A., Pagano M. &
Draetta G. F. (2003) Degradation of Cdc25A by beta-TrCP
during S phase and in response to DNA damage. Nature 426,
87-91.

Jin J., Shirogane T., Xu L., Nalepa G., Qin J., Elledge S.J. &
Harper J. W. (2003) SCFbeta-TRCP links Chk1 signaling to
degradation of the Cdc25A protein phosphatase. Genes Dev.
17, 3062-3074.

DiAntonio A., Haghighi A. P., Portman S. L., Lee J. D.,
Amaranto A. M. & Goodman C. S. (2001) Ubiquitination-
dependent mechanisms regulate synaptic growth and func-
tion. Nature 412, 449-452.

DiAntonio A. & Hicke L. (2004) Ubiquitin-dependent
regulation of the synapse. Annu. Rev. Neurosci. 27, 223-246.
Hegde A. N. & DiAntonio A. (2002) Ubiquitin and the
synapse. Nat. Rev. Neurosci. 3, 854-861.

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

Review Article 1997

Patrick G. N. (2006) Synapse formation and plasticity: recent
insights from the perspective of the ubiquitin proteasome
system. Curr. Opin. Neurobiol. 16, 90—94.

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

Schaefer A. M., Hadwiger G. D. & Nonet M. L. (2000) rpm-1,
a conserved neuronal gene that regulates targeting and
synaptogenesis in C. elegans. Neuron 26, 345-356.

Zhen M., Huang X., Bamber B. & Jin Y. (2000) Regulation of
presynaptic terminal organization by C. elegans RPM-1, a
putative guanine nucleotide exchanger with a RING-H2
finger domain. Neuron 26, 331-343.

Kipreos E. T., Gohel S. P. & Hedgecock E. M. (2000) The C.
elegans F-box/WD-repeat protein LIN-23 functions to limit
cell division during development. Development 127, 5071 -
5082.

Mehta N., Loria P. M. & Hobert O. (2004) A geneticscreen for
neurite outgrowth mutants in Caenorhabditis elegans reveals
anew function for the F-box ubiquitin ligase component LIN-
23. Genetics 166, 1253-1267.

Tanaka H., Yamashita T., Asada M., Mizutani S., Yoshikawa
H. & Tohyama M. (2002) Cytoplasmic p21(Cipl/WAF1)
regulates neurite remodeling by inhibiting Rho-kinase activ-
ity. J. Cell Biol. 158, 321-329.

Dreier L., Burbea M. & Kaplan J. M. (2005) LIN-23-mediated
degradation of beta-catenin regulates the abundance of GLR-
1 glutamate receptors in the ventral nerve cord of C. elegans.
Neuron 46, 51-64.

Burbea M., Dreier L., Dittman J. S., Grunwald M. E. &
Kaplan J. M. (2002) Ubiquitin and AP180 regulate the
abundance of GLR-1 glutamate receptors at postsynaptic
elements in C. elegans. Neuron 35, 107-120.

Juo P. & Kaplan J. M. (2004) The anaphase-promoting
complex regulates the abundance of GLR-1 glutamate
receptors in the ventral nerve cord of C. elegans. Curr. Biol.
14, 2057-2062.

Ding M., Chao D., Wang G. & Shen K. (2007) Spatial
regulation of an E3 ubiquitin ligase directs selective synapse
elimination. Science 317, 947-951.

Shen K. & Bargmann C. I. (2003) The immunoglobulin
superfamily protein SYG-1 determines the location of specific
synapses in C. elegans. Cell 112, 619-630.

Shen K., Fetter R. D. & Bargmann C. I. (2004) Synaptic
specificity is generated by the synaptic guidepost protein
SYG-2 and its receptor, SYG-1. Cell 116, 869—-881.

Imai Y., Soda M. & Takahashi R. (2000) Parkin suppresses
unfolded protein stress-induced cell death through its E3
ubiquitin-protein ligase activity. J. Biol. Chem. 275, 35661 —
35664.

Shimura H., Hattori N., Kubo S., Mizuno Y., Asakawa S.,
Minoshima S., Shimizu N., Iwai K., Chiba T., Tanaka K. &
Suzuki T. (2000) Familial Parkinson disease gene product,
parkin, is a ubiquitin-protein ligase. Nat. Genet. 25, 302-305.
Zhang Y., Gao J., Chung K. K., Huang H., Dawson V. L. &
Dawson T. M. (2000) Parkin functions as an E2-dependent
ubiquitin- protein ligase and promotes the degradation of the
synaptic vesicle-associated protein, CDCrel-1. Proc. Natl.
Acad. Sci. USA 97, 13354-13359.

Staropoli J. F., McDermott C., Martinat C., Schulman B.,
Demireva E. & Abeliovich A. (2003) Parkin is a component of
an SCF-like ubiquitin ligase complex and protects postmitotic
neurons from kainate excitotoxicity. Neuron 37, 735-749.
Jiang J. & Struhl G. (1998) Regulation of the Hedgehog and
Wingless signalling pathways by the F-box/WD40-repeat
protein Slimb. Nature 391, 493-496.

Baeuerle P. A. & Baltimore D. (1996) NF-kappa B: ten years
after. Cell 87, 13-20.

Baldwin A. S., Jr. (1996) The NF-kappa B and I kappa B
proteins: new discoveries and insights. Annu. Rev. Immunol.
14, 649-683.



1998

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

M.S.Hoet al.

Maniatis T. (1999) A ubiquitin ligase complex essential for the
NF-kappaB, Wnt/Wingless, and Hedgehog signaling path-
ways. Genes Dev. 13, 505-510.

Moberg K. H., Mukherjee A., Veraksa A., Artavanis-
Tsakonas S. & Hariharan 1. K. (2004) The Drosophila F box
protein archipelago regulates dMyc protein levels in vivo.
Curr. Biol. 14, 965-974.

Mortimer N. T. & Moberg K. H. (2007) The Drosophila F-box
protein Archipelago controls levels of the Trachealess tran-
scription factor in the embryonic tracheal system. Dev. Biol.
312, 560-571.

Ruegger M., Dewey E., Gray W. M., Hobbie L., Turner J. &
Estelle M. (1998) The TIR1 protein of Arabidopsis functions
in auxin response and is related to human SKP2 and yeast
grrlp. Genes Dev. 12, 198-207.

Gray W. M., del Pozo J. C., Walker L., Hobbie L., Risseeuw
E., Banks T., Crosby W. L., Yang M., Ma H. & Estelle M.
(1999) Identification of an SCF ubiquitin-ligase complex
required for auxin response in Arabidopsis thaliana. Genes
Dev. 13, 1678-1691.

Quint M. & Gray W. M. (2006) Auxin signaling. Curr. Opin.
Plant Biol. 9, 448—-453.

Ramos J. A., Zenser N., Leyser O. & Callis J. (2001) Rapid
degradation of auxin/indoleacetic acid proteins requires
conserved amino acids of domain II and is proteasome
dependent. Plant Cell 13, 2349-2360.

Dharmasiri N., Dharmasiri S., Jones A. M. & Estelle M.
(2003) Auxin action in a cell-free system. Curr. Biol. 13,1418 -
1422.

Yang X., Lee S., So J. H., Dharmasiri S., Dharmasiri N., Ge
L., Jensen C., Hangarter R., Hobbie L. & Estelle M. (2004)
The IAAL1 protein is encoded by AXRS and is a substrate of
SCF(TIR1). Plant J. 40, 772-782.

Dharmasiri N., Dharmasiri S. & Estelle M. (2005) The F-box
protein TIR1 is an auxin receptor. Nature 435, 441-445.
Kepinski S. & Leyser O. (2005) The Arabidopsis F-box
protein TIR1 is an auxin receptor. Nature 435, 446-451.

Tan X., Calderon-Villalobos L. I., Sharon M., Zheng C.,
Robinson C. V., Estelle M. & Zheng N. (2007) Mechanism of
auxin perception by the TIR1 ubiquitin ligase. Nature 446,
640-645.

Dharmasiri N., Dharmasiri S., Weijers D., Lechner E.,
Yamada M., Hobbie L., Ehrismann J. S., Jurgens G. & Estelle
M. (2005) Plant development is regulated by a family of auxin
receptor F box proteins. Dev. Cell 9, 109-119.

Walsh T. A., Neal R., Merlo A. O., Honma M., Hicks G. R.,
Wolff K., Matsumura W. & Davies J. P. (2006) Mutations in an
auxin receptor homolog AFBS5 and in SGT1b confer resist-
ance to synthetic picolinate auxins and not to 2.4-dichlor-
ophenoxyacetic acid or indole-3-acetic acid in Arabidopsis.
Plant Physiol. 142, 542-552.

XuL.,LiuF, Lechner E., Genschik P., Crosby W. L., Ma H.,
Peng W., Huang D. & Xie D. (2002) The SCF(COI1)
ubiquitin-ligase complexes are required for jasmonate re-
sponse in Arabidopsis. Plant Cell 14, 1919-1935.

Xie D. X.,Feys B. F., James S., Nieto-Rostro M. & Turner J. G.
(1998) COIL1: an Arabidopsis gene required for jasmonate-
regulated defense and fertility. Science 280, 1091-1094.
Chini A., Fonseca S., Fernandez G., Adie B., Chico J. M.,
Lorenzo O., Garcia-Casado G., Lopez-Vidriero I., Lozano F.
M., Ponce M. R., Micol J. L. & Solano R. (2007) The JAZ
family of repressors is the missing link in jasmonate signalling.
Nature 448, 666—-671.

Thines B., Katsir L., Melotto M., Niu Y., Mandaokar A., Liu
G.,NomuraK.,He S.Y.,Howe G. A. & Browse J. (2007) JAZ
repressor proteins are targets of the SCF(COI1) complex
during jasmonate signalling. Nature 448, 661-665.

Fleet C.M. & SunT. P. (2005) A DELLAcate balance: the role
of gibberellin in plant morphogenesis. Curr. Opin. Plant Biol.
8,77-85.

McGinnis K. M., Thomas S. G., Soule J. D., Strader L. C., Zale
J. M., Sun T. P. & Steber C. M. (2003) The Arabidopsis

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

F-box proteins for destruction

SLEEPY1 gene encodes a putative F-box subunit of an SCF
E3 ubiquitin ligase. Plant Cell 15, 1120-1130.

Dill A., Thomas S. G., Hu J., Steber C. M. & Sun T. P. (2004)
The Arabidopsis F-box protein SLEEPY1 targets gibberellin
signaling repressors for gibberellin-induced degradation.
Plant Cell 16, 1392—-1405.

Sasaki A., Itoh H., Gomi K., Ueguchi-Tanaka M., Ishiyama
K., Kobayashi M., Jeong D. H., An G., Kitano H., Ashikari
M. & Matsuoka M. (2003) Accumulation of phosphorylated
repressor for gibberellin signaling in an F-box mutant. Science
299, 1896-1898.

Strader L. C., Ritchie S., Soule J. D., McGinnis K. M. & Steber
C. M. (2004) Recessive-interfering mutations in the gibber-
ellin signaling gene SLEEPY1 are rescued by overexpression
of its homologue, SNEEZY. Proc. Natl. Acad. Sci. USA 101,
12771-12776.

Fu X., Richards D. E., Fleck B., Xie D., Burton N. & Harberd
N. P. (2004) The Arabidopsis mutant sleepylgar2-1 protein
promotes plant growth by increasing the affinity of the
SCFSLY1 E3 ubiquitin ligase for DELLA protein substrates.
Plant Cell 16, 1406—1418.

Schwager K. M., Calderon-Villalobos L. I., Dohmann E. M.,
Willige B. C., Knierer S., Nill C. & Schwechheimer C. (2007)
Characterization of the VIER F-BOX PROTEINE genes
from Arabidopsis reveals their importance for plant growth
and development. Plant Cell 19, 1163-1178.

Griffiths J., Murase K., Rieu I., Zentella R., Zhang Z. L.,
Powers S. J., Gong F., Phillips A. L., Hedden P., Sun T. P. &
Thomas S. G. (2006) Genetic characterization and functional
analysis of the GID1 gibberellin receptors in Arabidopsis.
Plant Cell 18, 3399-3414.

Ueguchi-Tanaka M., Ashikari M., Nakajima M., Itoh H.,
Katoh E., Kobayashi M., Chow T. Y., Hsing Y. I., Kitano H.,
Yamaguchi 1. & Matsuoka M. (2005) GIBBERELLIN
INSENSITIVE DWARF1 encodes a soluble receptor for
gibberellin. Nature 437, 693 -698.

Willige B. C., Ghosh S., Nill C., Zourelidou M., Dohmann E.
M., Maier A. & Schwechheimer C. (2007) The DELLA
domain of GA INSENSITIVE mediates the interaction with
the GA INSENSITIVE DWARF1A gibberellin receptor of
Arabidopsis. Plant Cell 19, 1209-1220.

Gagne J. M., Smalle J., Gingerich D. J., Walker J. M., Yoo S.
D., Yanagisawa S. & Vierstra R. D. (2004) Arabidopsis EIN3-
binding F-box 1 and 2 form ubiquitin-protein ligases that
repress ethylene action and promote growth by directing
EIN3 degradation. Proc. Natl. Acad. Sci. USA 101, 6803—
6808.

Guo H. & Ecker J. R. (2003) Plant responses to ethylene gas
are mediated by SCF(EBF1/EBF2)-dependent proteolysis of
EIN3 transcription factor. Cell 115, 667-677.

Potuschak T., Lechner E., Parmentier Y., Yanagisawa S.,
Grava S., Koncz C. & Genschik P. (2003) EIN3-dependent
regulation of plant ethylene hormone signaling by two
Arabidopsis F box proteins: EBF1 and EBF2. Cell 115,
679-689.

Binder B. M., Walker J. M., Gagne J. M., Emborg T. J.,
Hemmann G., Bleecker A. B. & Vierstra R. D. (2007) The
Arabidopsis EIN3 binding F-Box proteins EBF1 and EBF2
have distinct but overlapping roles in ethylene signaling. Plant
Cell 19, 509-523.

Olmedo G., Guo H., Gregory B. D., Nourizadeh S. D.,
Aguilar-Henonin L., Li H., An F., Guzman P. & Ecker J. R.
(2006) ETHYLENE-INSENSITIVES encodes a 5" — 3’ ex-
oribonuclease required for regulation of the EIN3-targeting
F-box proteins EBF1/2. Proc. Natl. Acad. Sci. USA 103,
13286-13293.

Potuschak T., Vansiri A., Binder B. M., Lechner E., Vierstra
R. D. & Genschik P. (2006) The exoribonuclease XRN4 is a
component of the ethylene response pathway in Arabidopsis.
Plant Cell 18, 3047-3057.

Ingram G. C., Doyle S., Carpenter R., SchultzE. A., Simon R.
& CoenE. S. (1997) Dual role for fimbriata in regulating floral



Cell. Mol. Life Sci.

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

Vol. 65, 2008

homeotic genes and cell division in Antirrhinum. EMBO J. 16,
6521-6534.

Samach A., Klenz J. E., Kohalmi S. E., Risseeuw E., Haughn
G. W. & Crosby W. L. (1999) The UNUSUAL FLORAL
ORGANS gene of Arabidopsis thaliana is an F-box protein
required for normal patterning and growth in the floral
meristem. Plant J. 20, 433-445.

Ni W., Xie D., Hobbie L., Feng B., Zhao D., Akkara J. & Ma
H. (2004) Regulation of flower development in Arabidopsis
by SCF complexes. Plant Physiol. 134, 1574-1585.

Stirnberg P., Furner 1. J. & Ottoline Leyser H. M. (2007)
MAX?2 participates in an SCF complex which acts locally at
the node to suppress shoot branching. Plant J. 50, 80—94.
Stirnberg P., van De Sande K. & Leyser H. M. (2002) MAX1
and MAX2 control shoot lateral branching in Arabidopsis.
Development 129, 1131-1141.

Coates J. C., Laplaze L. & Haseloff J. (2006) Armadillo-
related proteins promote lateral root development in Arabi-
dopsis. Proc. Natl. Acad. Sci. USA 103, 1621-1626.

Dong L., Wang L., Zhang Y., Zhang Y., Deng X. & Xue Y.
(2006) An auxin-inducible F-box protein CEGENDUO
negatively regulates auxin-mediated lateral root formation
in Arabidopsis. Plant Mol. Biol. 60, 599-615.

Takayama S. & Isogai A. (2005) Self-incompatibility in plants.
Annu. Rev. Plant. Biol. 56, 467 -489.

Qiao H., Wang F., Zhao L., Zhou J., Lai Z., Zhang Y.,
Robbins T. P. & Xue Y. (2004) The F-box protein AhSLF-S2
controls the pollen function of S-RNase-based self-incompat-
ibility. Plant Cell 16, 2307-2322.

Sijacic P., Wang X., Skirpan A. L., Wang Y., Dowd P. E.,
McCubbin A. G., Huang S. & Kao T. H. (2004) Identification
of the pollen determinant of S-RNase-mediated self-incom-
patibility. Nature 429, 302-305.

HuangJ., Zhao L., Yang Q. & Xue Y. (2006) AhSSK1, a novel
SKP1-like protein that interacts with the S-locus F-box
protein SLF. Plant J. 46, 780—793.

HuaZ. & Kao T. H. (2006) Identification and characterization
of components of a putative petunia S-locus F-box-containing
E3 ligase complex involved in S-RNase-based self-incompat-
ibility. Plant Cell 18, 2531-2553.

Qiao H., Wang H., Zhao L., Zhou J., Huang J., Zhang Y. & Xue
Y. (2004) The F-box protein AhSLF-S2 physically interacts with
S-RNases that may be inhibited by the ubiquitin/26S proteasome
pathway of protein degradation during compatible pollination in
Antirrhinum. Plant Cell 16, 582-595.

Sonneveld T., Tobutt K. R., Vaughan S. P. & Robbins T. P.
(2005) Loss of pollen-S function in two self-compatible
selections of Prunus avium is associated with deletion/
mutation of an S haplotype-specific F-box gene. Plant Cell
17,37-51.

Ushijima K., Yamane H., Watari A., Kakehi E., Ikeda K.,
Hauck N. R., Iezzoni A. F. & Tao R. (2004) The S haplotype-
specific F-box protein gene, SFB, is defective in self-compat-
ible haplotypes of Prunus avium and P. mume. Plant J. 39,
573-586.

Dieterle M., Zhou Y. C., Schafer E., Funk M. & Kretsch T.
(2001) EID1, an F-box protein involved in phytochrome A-
specific light signaling. Genes Dev. 15, 939-944.

Marrocco K., Zhou Y., Bury E., Dieterle M., Funk M.,
Genschik P, Krenz M., Stolpe T. & Kretsch T. (2006)
Functional analysis of EID1, an F-box protein involved in
phytochrome A-dependent light signal transduction. Plant J.
45, 423-438.

Harmon F. G. & Kay S. A. (2003) The F box protein AFR is a
positive regulator of phytochrome A-mediated light signaling.
Curr. Biol. 13, 2091-2096.

Somers D. E., Schultz T. F., Milnamow M. & Kay S. A. (2000)
ZEITLUPE encodes a novel clock-associated PAS protein
from Arabidopsis. Cell 101, 319-329.

Han L., Mason M., Risseeuw E. P., Crosby W. L. & Somers D.
E. (2004) Formation of an SCF(ZTL) complex is required for
proper regulation of circadian timing. Plant J. 40, 291-301.

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Review Article 1999

Calhoun E. S., Jones J. B., Ashfaq R., Adsay V., Baker S. J.,
Valentine V., Hempen P. M., Hilgers W., Yeo C.J., Hruban R.
H. & Kern S. E. (2003) BRAF and FBXW7 (CDC4, FBW7,
AGO, SEL10) mutations in distinct subsets of pancreatic
cancer: potential therapeutic targets. Am. J. Pathol. 163,
1255-1260.

Kiba T., Henriques R., Sakakibara H. & Chua N. H. (2007)
Targeted degradation of PSEUDO-RESPONSE REGULA-
TORS by a SCFZTL complex regulates clock function and
photomorphogenesis in Arabidopsis thaliana. Plant Cell.
Imaizumi T., Tran H. G., Swartz T. E., Briggs W. R. & Kay S.
A. (2003) FKF1 is essential for photoperiodic-specific light
signalling in Arabidopsis. Nature 426, 302—-306.

Kim W. Y., Fujiwara S., Suh S. S., Kim J., Kim Y., Han L.,
David K., Putterill J., Nam H. G. & Somers D. E. (2007)
ZEITLUPE is a circadian photoreceptor stabilized by
GIGANTEA in blue light. Nature 449, 356—360.

Fowler S., Lee K., Onouchi H., Samach A., Richardson K.,
Morris B., Coupland G. & Putterill J. (1999) GIGANTEA: a
circadian clock-controlled gene that regulates photoperiodic
flowering in Arabidopsis and encodes a protein with several
possible membrane-spanning domains. EMBO 1. 18, 4679-
4688.

Park D. H., Somers D. E., Kim Y. S., Choy Y. H., Lim H. K.,
Soh M. S.,Kim H.J.,KayS. A. & Nam H. G. (1999) Control of
circadian rhythms and photoperiodic flowering by the Arabi-
dopsis GIGANTEA gene. Science 285, 1579-1582.
Yanovsky M. J. & Kay S. A. (2003) Living by the calendar:
how plants know when to flower. Nat. Rev. Mol. Cell. Biol. 4,
265-275.

ImaizumiT., Schultz T. F.,,Harmon F. G.,Ho L. A. & Kay S. A.
(2005) FKF1 F-box protein mediates cyclic degradation of a
repressor of CONSTANS in Arabidopsis. Science 309, 293 -
297.

Schultz T. F., Kiyosue T., Yanovsky M., Wada M. & Kay S. A.
(2001) A role for LKP2 in the circadian clock of Arabidopsis.
Plant Cell 13, 2659-2670.

Sawa M., Nusinow D. A., Kay S. A. & Imaizumi T. (2007)
FKF1 and GIGANTEA complex formation is required for
day-length measurement in Arabidopsis. Science 318, 261 -
265.

Ko C. H. & Takahashi J. S. (2006) Molecular components of
the mammalian circadian clock. Hum. Mol. Genet. 15 Spec
No. 2, R271-277.

Reppert S. M. & Weaver D. R. (2001) Molecular analysis of
mammalian circadian rhythms. Annu. Rev. Physiol. 63, 647—
676.

Wang G. K. & Sehgal A. (2002) Signaling components that
drive circadian rhythms. Curr. Opin. Neurobiol. 12, 331-338.
Grima B., Lamouroux A., Chelot E., Papin C., Limbourg-
Bouchon B. & Rouyer F. (2002) The F-box protein slimb
controls the levels of clock proteins period and timeless.
Nature 420, 178-182.

JialJ.,ZhangL., Zhang Q., Tong C., Wang B., Hou F., Amanai
K. & Jiang J. (2005) Phosphorylation by double-time/CKlep-
silon and CKlalpha targets cubitus interruptus for Slimb/beta-
TRCP-mediated proteolytic processing. Dev. Cell 9, 819-830.
Ko H. W., Jiang J. & Edery 1. (2002) Role for Slimb in the
degradation of Drosophila Period protein phosphorylated by
Doubletime. Nature 420, 673-678.

Shirogane T., JinJ., Ang X. L. & Harper J. W. (2005) SCFbeta-
TRCP controls clock-dependent transcription via casein
kinase 1-dependent degradation of the mammalian period-1
(Per1) protein. J. Biol. Chem. 280, 26863 -26872.

Ashmore L. J. & Sehgal A. (2003) A fly’s eye view of circadian
entrainment. J. Biol. Rhythms 18, 206-216.

LinF.J.,Song W., Meyer-Bernstein E., Naidoo N. & Sehgal A.
(2001) Photic signaling by cryptochrome in the Drosophila
circadian system. Mol. Cell. Biol 21, 7287-7294.

Naidoo N., Song W., Hunter-Ensor M. & Sehgal A. (1999) A
role for the proteasome in the light response of the timeless
clock protein. Science 285, 1737-1741.



2000

191

192

193

194

195

196

197

198

199

200

201

202

M.S.Hoet al.

Martinek S., Inonog S., Manoukian A. S. & Young M. W.
(2001) A role for the segment polarity gene shaggy/GSK-3 in
the Drosophila circadian clock. Cell 105, 769-779.

Koh K., Zheng X. & Sehgal A. (2006) JETLAG resets the
Drosophila circadian clock by promoting light-induced deg-
radation of TIMELESS. Science 312, 1809-1812.

Van Gelder R. N. (2006) Timeless genes and jetlag. Proc. Natl.
Acad. Sci. USA 103, 17583-17584.

Busino L., Bassermann F., Maiolica A., Lee C., Nolan P. M.,
Godinho S. 1., Draetta G. F. & Pagano M. (2007) SCFFbxI3
controls the oscillation of the circadian clock by directing the
degradation of cryptochrome proteins. Science 316, 900—-904.
Godinho S. 1., Maywood E. S., Shaw L., Tucci V., Barnard A.
R., Busino L., Pagano M., Kendall R., Quwailid M. M.,
Romero M. R., O’Neill J., Chesham J. E., Brooker D.,
Lalanne Z., Hastings M. H. & Nolan P. M. (2007) The after-
hours mutant reveals a role for FbxI3 in determining
mammalian circadian period. Science 316, 897-900.

Siepka S. M., Yoo S. H., Park J., Song W., Kumar V., Hu Y.,
Lee C. & Takahashi J. S. (2007) Circadian mutant Overtime
reveals F-box protein FBXL3 regulation of cryptochrome and
period gene expression. Cell 129, 1011-1023.

Coadou G., Gharbi-Benarous J., Megy S., Bertho G., Evrard-
Todeschi N., Segeral E., Benarous R. & Girault J. P. (2003)
NMR studies of the phosphorylation motif of the HIV-1
protein Vpu bound to the F-box protein beta-TrCP. Bio-
chemistry 42, 14741-14751.

Estrabaud E., Le Rouzic E., Lopez-Verges S., Morel M.,
Belaidouni N., Benarous R., Transy C., Berlioz-Torrent C. &
Margottin-Goguet F. (2007) Regulated degradation of the
HIV-1 Vpu protein through a betaTrCP-independent path-
way limits the release of viral particles. PLoS Pathog. 3, e104.
Margottin F., Bour S. P., Durand H., Selig L., Benichou S.,
Richard V., Thomas D., Strebel K. & Benarous R. (1998) A
novel human WD protein, h-beta TrCp, that interacts with
HIV-1 Vpu connects CD4 to the ER degradation pathway
through an F-box motif. Mol. Cell 1, 565-574.

Welcker M. & Clurman B. E. (2005) The SV40 large Tantigen
contains a decoy phosphodegron that mediates its interac-
tions with Fbw7/hCdc4. J. Biol. Chem. 280, 7654 —7658.
Voinnet O. (2005) Induction and suppression of RNA
silencing: insights from viral infections. Nat. Rev. Genet. 6,
206-220.

Pazhouhandeh M., Dieterle M., Marrocco K., Lechner E.,
Berry B., Brault V., Hemmer O., Kretsch T., Richards K. E.,

203

204

205

206

207

208

209

210

211

212

F-box proteins for destruction

Genschik P. & Ziegler-Graff V. (2006) F-box-like domain in
the polerovirus protein PO is required for silencing suppressor
function. Proc. Natl. Acad. Sci. USA 103, 1994-1999.
Baumberger N., Tsai C. H., Lie M., Havecker E. &
Baulcombe D. C. (2007) The polerovirus silencing suppressor
PO targets ARGONAUTE proteins for degradation. Curr.
Biol. 17, 1609-1614.

Bortolamiol D., Pazhouhandeh M., Marrocco K., Genschik P.
& Ziegler-Graff V. (2007) The polerovirus F box protein PO
targets ARGONAUTEI to suppress RNA Silencing. Curr.
Biol. 17, 1615-1621.

Schrammeijer B., Risseeuw E., Pansegrau W., Regensburg-
Tuink T. J., Crosby W. L. & Hooykaas P. J. (2001) Interaction
of the virulence protein VirF of Agrobacterium tumefaciens
with plant homologs of the yeast Skp1 protein. Curr. Biol. 11,
258-262.

Tzfira T., Vaidya M. & Citovsky V. (2004) Involvement of
targeted proteolysis in plant genetic transformation by Agro-
bacterium. Nature 431, 87-92.

Yoshida Y., Chiba T., Tokunaga F., Kawasaki H., Iwai K.,
Suzuki T., Ito Y., Matsuoka K., Yoshida M., Tanaka K. & Tai
T. (2002) E3 ubiquitin ligase that recognizes sugar chains.
Nature 418, 438—-442.

Kato A., Rouach N., Nicoll R. A. & Bredt D. S. (2005)
Activity-dependent NMDA receptor degradation mediated
by retrotranslocation and ubiquitination. Proc. Natl. Acad.
Sci. USA 102, 5600—-5605.

Yoshida Y., Murakami A., Iwai K. & Tanaka K. (2007) A
neural-specific F-box protein Fbsl functions as a chaperone
suppressing glycoprotein aggregation. J. Biol. Chem. 282,
7137-7144.

Nelson R. F., Glenn K. A., Zhang Y., Wen H., Knutson T.,
Gouvion C. M., Robinson B. K., Zhou Z., Yang B., Smith R. J.
& Paulson H. L. (2007) Selective cochlear degeneration in
mice lacking the F-box protein, Fbx2, a glycoprotein-specific
ubiquitin ligase subunit. J. Neurosci. 27, 5163-5171.
Mizushima T., Hirao T., Yoshida Y., Lee S. J., Chiba T., Iwai
K., Yamaguchi Y., Kato K., Tsukihara T. & Tanaka K. (2004)
Structural basis of sugar-recognizing ubiquitin ligase. Nat.
Struct. Mol. Biol. 11, 365-370.

Mizushima T., Yoshida Y., Kumanomidou T., Hasegawa Y.,
Suzuki A., Yamane T. & Tanaka K. (2007) Structural basis for
the selection of glycosylated substrates by SCF(Fbsl) ubig-
uitin ligase. Proc. Natl. Acad. Sci. USA 104, 5777-5781.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

