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Figure 1.9.The SCFkclass of E3 ubiquitin ligases.
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SKP1

SKP1 is a small and highly conserved protein of about 160 aa residues (Figure
1.10) [57,58]. Various studies have shown that SKP1 associates as a subunit component
of different E3 ligase complexes, thus establishing an essential role for SKP1-like
proteins in cellular growth and development. For example, protein interaction studies
involving both immune co-precipitation pull-down and yeast 2-hybrid (Y2H) approaches
have shown that SKP1 associates with a diverse array of proteins such as RAV proteins
to form a vacuole ATPase [59] or Cbf3 binding proteins as part of the kinetochore
complex [60].

The unusually large number of proteins that SKP1 can associate with, along with
the lack of different isoforms, indicates a diverse role for SKP1-like proteins in post-
translational regulation [S7—60]. SKP1 has been best characterized as the adaptor protein
mediating the interaction of the F-box protein with other components of the SCF-ligase
Figure 1.9. SKP1 recognizes and binds to a semi-conserved 40-aa F-box domain within
F-box proteins thus connecting the F-box protein to the remaining subunits comprising
the SCF class of E3 ligases. [61].

Our lab’s historical interest in the SKP1 protein pre-dates an understanding of the
role SKP1 in the structure and function of SCF-ligases. During the course of
characterizing the function of mutant alleles of the Unusual Flower Organs (UFO) locus
(def flowering mutant termed), we showed that the protein product of the UFO locus
interacted with two proteins (UIP1 and UIP2) [62] that were later defined as Arabidopsis
SKP1-like proteins, ASK1 and ASK2, which bore strong primary sequence similarity to

yeast the SKP1 protein shown to be involved in yeast cell cycle regulation [63]. In 1999,
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following the functional characterization of the F-box domain by others, plus the finding
that SKP1 and SKP2 are both subunit components of E3 SCF-ligases [61,63], it was
deduced that UFO was an F-box protein that interacted with Skp1-like subunits in a
putative E3 Ub ligase complex [62]. There followed an undertaking to annotate the ASK
gene content of the Arabidopsis genome, with the finding that a total of 21 ASK genes are
expressed in the Arabidopsis genome. As one aspect of this thesis, I have undertaken a
functional analysis of members of this gene family as a contribution to our understanding
of why this gene family has been so highly expanded during the course of Arabidopsis

evolution.
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Figure 1.10. Crystal structure of Arabidopsis and human SKP1.

SKP1 is a highly conserved protein among different species. A. Crystal structure of the
human SKP1. B. Crystal structure of Arabidopsis SKP1. All SKP1 proteins display a U-
shaped structure (highlighted), which is responsible for recognition and covering of the
hydrophobic F-box domain. Of the 200 or so interacting partners identified the majority

were two highly similar proteins, which were termed UFO Interacting Proteins 1 and 2.
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F-box proteins

F-box proteins are the principal substrate-recognition components of the SCF-
ligase [57,61,65]. All F-box proteins possess a semi-conserved stretch of 40-50 aa’s
denoted as the F-box domain [61]. The name F-box was derived from Cyclin F, the first
F-box protein to be characterized. The F-box domain is composed of three highly
hydrophobic helices that mediate interaction with SKP1-like proteins [57,65]. The most
C-terminal helix of SKP1 is sandwiched between the two N-terminal helices of the F-box
protein via an extensively hydrophobic interaction, thus concealing the F-box protein’s
hydrophobic patch [57,65]. F-box proteins transiently bind to their substrates via various
modular domains found within their C-terminus [66,67] and are categorized into three
distinct classes based on their substrate-binding domain [68]. F-box proteins that possess
a WD-40 domain or leucine-rich repeats (LRRs) are classified as FBW and FBL
respectively, and comprise the two largest classes of F-box proteins. FBO is the third
class of F-box proteins which contain various C-terminal domains (such as Kelch repeats
or CASH domains) or no known motifs (Figure 1.11) [69].
Regulation of the SCF ligase

Given the broad-based and essential role that the SCF family of E3-ligases plays
in the regulation of cellular processes, stringent regulation of SCF-ligase subunit
expression, compartmentalization and assembly is likely. Most regulatory mechanisms
identified to date are manifest at primarily the post-translational level and include a
plethora of different modifications, from regulation of SCF oligmerization to

phosphorylation-dependent binding of substrates [70—73].
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A DEAD-like domain, Kelch Domain, Zinc Finger Domain

Figure 1.11. Schematic of the three different classes of F-box proteins.

All F-box proteins possess a degenerate F-box domain, which mediates the interaction of
the F-box protein with the remainder of the SCF ligase. The F-box proteins use various
protein interaction domains for the recognition of different substrates. F-box proteins that
possess a WD-40 domain or leucine-rich repeats (LRRs) are respectively called FBW and
FBL, and comprise the two largest classes of F-box proteins. FBO is the third class of F-
box protein, which contains either various types of domains (such as Kelch repeats or

CASH domains) or no known motif.
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Post-translation modification of substrates

The selection of substrates for ubiquitination by the SCF ligase is usually
achieved via post-translational modification. Chief among these is protein
phosphorylation [73,74] of target proteins as a requirement for their binding and selection
by the F-box protein. A classic example is the cell cycle regulator p27, which is
recognized by the SCF**"* ligase and subjected to ubiquitin-mediated degradation only
after the phosphorylation of Thr187 [75,76]. Although the vast majority of proteins
recognized by the SCF-ligases are subjected to phosphorylation, other forms of post-
translational modification of substrate proteins have also been reported. For example, the
glycosylation of Pre-integrin 1 is required for recognition by the SCF*®*? ligase [77,78].
Despite the essentiality of substrate modification for recognition by the SCF-ligase for
the majority of reported substrates, it appears that such modifications are not mandatory.

For instance, in the auxin-signaling pathway, SCF'*!

recognition of IAA proteins is not
mediated by any form of post-translation modification of the target, but rather by the
direct binding of the auxin effector molecule to the subunit F-box protein, TIR1 [77-79].
Regulation of SCF ligases

Regulation of SCF-ligase function can also be achieved via post-translational
modification of the E3 ligase at the level of each individual substrate. These forms of
regulation are categorized into two principal classes: ubiquitin- or phosphorylation-based
modification.
Phosphorylation-based regulation

The F-box protein SKP2 is phosphorylated at Ser64 and Ser72 by two kinases,

Akt and Cdk2, respectively [79—-81]. These phosphorylation sites are in close proximity to

the destruction box motif (D-box) of SKP2. This D-box is responsible for the recognition
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and binding of SKP2 to APC““"!, ultimately controlling the stability of SKP2 in a 26s
proteasome-dependent manner [79,82,83]. The phosphorylation of SKP2 at Ser64 and
Ser72 prevents Cdhl binding, resulting in SKP2’s increased stability and abundance
[79,84].

High-throughput phospho-proteomics screens have shown that mouse and human
SKP1 is also subjected to phosphorylation at a residue that is conserved among its
orthologs [79,85,86]. Although the functional significance of this phosphorylation event
is not known, the close proximity of the phosphorylation site to the F-box binding region

suggests a potential involvement of phosphorylation in F-box binding.
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Auxin Response Genes

Auxin Response Genes

. auxin

Figure 1.12. TIR1 is an auxin receptor.

The TIR1/AFB family of F-box proteins is the only characterized auxin receptor. The

auxin molecule is responsible for enhancing the interaction between the F-box proteins
and the Aux/IAA transcriptional inhibitors. The recruitment of Aux/IAA proteins to the
GCFTIRIAFB

complex promotes Aux/IAA ubiquitination and degradation. This leads to

expression of the auxin response gene under the action of ARFs.
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Ubiquitin and ubiquitin-like modifications

Subunit components of the SCF ligase can be regulated via auto-ubiquitination or
through modification by the ubiquitin-like protein, Nedd8 [87—90]. For example, F-box
proteins have been shown to be subjected to ubiquitination via the same E2 ligase that
conjugates ubiquitin to the substrate [91]. This form of auto-ubiquitination is only seen
when the F-box protein is not bound to a substrate, suggesting that F-box proteins are
stabilized in the presence of substrate protein, and are subjected to proteasome-mediated
degradation in the absence of an F-Box-substrate interaction (Figure 1.13) [92].

NEDDS-based modification is the most well studied form of SCF regulation
[88,90,92]. Nedd8 and ubiquitin share 58% identity and function in a similar manner
[93,94]. The NEDDylation of target proteins is achieved via the sequential function of
three enzyme complexes also known as E1, E2 and E3. E1 activates Nedd8 while E2 is
responsible for conjugation of Nedd8, and finally, E3 is responsible for the selection of
the substrate [88,90]. It should be noted here that NEDDylation and ubiquitination require
an independent set of E1 and E2 complexes, however no unique E3 ligase responsible
exclusively for NEDDylation has so far been identified [95]. It is hypothesized that the
same set of E3 ligases responsible for ubiquitination are also utilized for NEDDylation.
The CULI subunit of the SCF E3 ligase has been shown to be NEDDylated [89-91,93—
95]. This NEDDylation occurs at a highly conserved lysine residue within the CUL1 C-

terminus, in close proximity to the RBX1 binding site (Figure 1.13).
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