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General Introduction

Fundamental cellular processes are regulated by a dynamic interplay between 
protein synthesis and protein degradation that determines the amount of 
regulatory proteins present in the cell. This thesis focuses on the tightly controlled 
degradation of specific regulatory proteins by a 2.5 megadalton protein complex, 
the 26S proteasome. The signaling cascade that targets proteins for proteasomal 
degradation is the ubiquitin-proteasome system (UPS), by means of which a 76 
amino acid peptide called ubiquitin is covalently attached to any protein that 
needs to be degraded. This ubiquitin signal leads to the recognition of the targeted 
protein by the 26S proteasome, where it is subsequently degraded (Figure 1). In 
this chapter, we focus on the molecular components of the UPS and describe their 
roles in the regulation of cellular processes through protein degradation.

The 26S proteasome
The molecular machine tasked with proteolytic degradation consists of 33 different 
subunits organized into two distinct complexes: the barrel-shaped 20S core particle 
(CP) and the flanking (at one or both sides) 19S regulatory particle (RP). The core 
particle is made up of 28 subunits, encoded by 14 genes (α1-7 and β1-7), organized 
into four heptameric rings. At the top and bottom there are two α rings, whereas 
the β rings are located in the middle of the complex. These β rings contain the 
subunits that are responsible for the proteolytic activity of the proteasome, β1, 
β2 and β51. The proteolytic residues of the proteasome are enclosed in the centre 
of the barrel structure and when the CP is not connected to the RP, residues in 
the α ring prevent any proteins from entering the catalytic chamber2,3. Exposure 
of a protein to the CP’s proteolytic sites requires recognition and processing of 
that protein by the RP. As mentioned above, the signal that triggers recognition 
of a protein by the proteasome is the covalent attachment of a chain of at least 
four ubiquitin molecules. This poly-ubiquitin chain can either be recognized by 
one of the two intrinsic ubiquitin-associated (UBA) subunits in the RP, Rpn10 
and Rpn134-8, or by any of the proteasome-associated shuttle factors, Rad23, Ddi1 
or Dsk29-12. These shuttle factors recruit ubiquitylated proteins to the proteasome 
by binding the ubiquitin chain with their UBA domain and interacting with the 
proteasome subunit Rpn1 through their ubiquitin-like (UBL) domain13,14. Once the 
ubiquitylated protein is recruited to the proteasome, it needs to be deubiquitylated 
and unfolded before it can be transported into the proteolytic chamber of the core 
particle and cleaved into small peptides. The deubiquitylation of recruited proteins 
is required for the recycling of the ubiquitin molecules and can be carried out 
by the proteasome-associated deubiquitylating enzymes Uch37 and Usp14 or the 
RP subunit Rpn1115-17. How exactly these three enzymes cooperate to process the 
ubiquitin chains of recruited proteins is unclear, but it has been suggested that 
Uch37 and Usp14 are needed to trim the ubiquitin chain from the distal end before 
the protein can be positioned in the catalytic site of Rpn11, which will then proceed 



10

1

Chapter 1

Ub

ATP

E1

Ub

E1

Ub

E2

Ub

E2

RING E3

Substrate

Ub

HECT
E3

Substrate

Substrate

Ub
Ub

Ub
Ub

Ub
Ub

Ub

Ub

ATP

Peptides

Figure 1. The ubiquitin-proteasome system. Modification of a substrate 
protein by the attachment of a ubiquitin molecule is a process that requires three 
enzymes. First, the E1 activates ubiquitin in an ATP-dependent reaction. The 
activated ubiquitin is then transferred onto an E2 ubiquitin-conjugating enzyme 
that subsequently binds to an E3 ubiquitin ligase. Based on the type of E3 ligase 
the E2 has associated with, ubiquitin is either transferred onto the E3 ligase and 
then onto the substrate (as in the case of HECT E3s) or directly transferred onto the 
substrate (as is the case for RING E3s). Substrate proteins that are modified with 
a polyubiquitin chain of at least 4 K48-linked ubiquitin molecules are transported 
to the proteasome, where the ubiquitin chain is removed and the protein unfolded 
and proteolytically processed into small peptides in an ATP-dependent manner.

to remove the remaining chain from 
the proximal end15,18. Although it is 
established that the activity of Rpn11 is 
crucial to proteasome function and the 
degradation activity of the proteasome 
is coupled to Rpn11 activity16,17, whether 
the deubiquitylation of proteasome 
substrates occurs before or during their 
unfolding remains unclear19.
The unfolding of these substrates is 
carried out by a ring of six subunits in 
the base of the RP, the AAA+ ATPase 
family members Rpt1-6. This ring 
is located over the α ring of the core 
particle and translocates the unfolded 
peptide into the CP20.
The sequential functions of the subunits 
of the RP (substrate recognition, 
deubiquitylation, unfolding and 
translocation) are closely linked to their 
location in relation to the CP pore and, 
not surprisingly, proteasome assembly 
is under strict control (as reviewed in19).

Ubiquitin
Specific targeting of proteins to the 
proteasome is as important as adequate 
proteasomal activity. The molecule 
that marks protein that will undergo 
the fate of proteasomal degradation is 
ubiquitin. Built up of only 76 amino 
acids, ubiquitin is by no means a giant 
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in size, but its function is all the more important. 
First discovered as a molecule that could activate adenylate cyclase and stimulate 
lymphocyte differentiation21,22, it was soon realized that the ubiquitously expressed 
and aptly named ubiquitin was the same protein as the ATP-dependent proteolysis 
factor 1 (APF-1) found in rabbit reticulocyte lysates23. APF-1 (that will be referred 
to as ubiquitin from here on out) was discovered in the lab of Avram Hershko as 
an essential factor for ATP-dependent proteolysis24. As the molecular mechanisms 
of this process were unraveled, ubiquitin was shown to be conjugated to proteins, 
marking them for degradation by the proteasome25.
However, proteasomal targeting is not the only function of protein ubiquitylation. 
The outcome of a ubiquitin conjugation event is determined by the nature of the 
modification, whether it is a single ubiquitin molecule, multiple single molecules 
or a ubiquitin chain.
The covalent attachment of ubiquitin consists of the formation of an isopeptide 
bond between the C-terminal glycine of ubiquitin, Gly76, and a lysine in the 
substrate protein. Ubiquitin chain formation occurs when this bond is formed with 
a previously attached ubiquitin molecule, rather than directly with the substrate.
All seven lysines in ubiquitin (K6, K11, K27, K29, K33, K48, and K63) as well as its 
N-terminus can be used in the formation of ubiquitin chains26. Each of these chains 
is recognized by its own subset of ubiquitin-binding proteins and linked to distinct 
biological functions27. Protein modifications with a single ubiquitin molecule 
(mono-ubiquitylation) are often implicated in signaling events and are reviewed in 
28. K48-linked ubiquitin chains are the most abundant in the cell and their function 
is very well studied. The addition of at least four K48-linked ubiquitin molecules 
to a substrate targets it for proteasomal degradation29, and, although K11-linked 
chains can also target a protein to the proteasome, K48 poly-ubiquitin is the most 
prevalent and best understood degradation signal30. K63-linked ubiquitylation is 
mainly important for endosomal sorting and lysosomal targeting30,31 and we are 
just beginning to unravel the functions of the other poly-ubiquitin chains32.
With such a vast array of biological functions, it is not surprising that the cellular 
levels of ubiquitin are under strict control. The way ubiquitin is synthesized is 
illustrative of the importance of its tight regulation. In the mammalian genome, 
ubiquitin is encoded by 4 different genes. Two of these genes, Uba52 and Uba80, 
encode a fusion protein between ubiquitin and a ribosomal protein33,34, while the 
other two are poly-ubiquitin genes, comprised of head-to-tail ubiquitin tandem 
repeats that encode 4 copies of ubiquitin in the case of Ubb and 9 copies in Ubc35,36. 
Transcription of both poly-ubiquitin genes is upregulated during heat shock37, 
suggesting a method of quickly increasing the cellular ubiquitin pool to deal with 
the need for rapid degradation of misfolded proteins that arises when a cell is 
under stress38.
Since there is no gene encoding monomeric ubiquitin and all cellular ubiquitin is 
generated as fusion proteins, processing of these precursors by posttranslational 
cleavage is required to obtain functional, monomeric ubiquitin35,36,39,40. This 
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processing requires the activity of specific deubiquitylating enzymes (DUBs)41 and 
the tight regulation of their activity is an important factor in the maintenance of 
the cellular balance between free ubiquitin chains and monomeric ubiquitin, a 
balance crucial to cellular stress responses38.
Cellular levels of monomeric ubiquitin are not just maintained by poly-ubiquitin-
processing DUBs. Also the proteasome-associated DUBs Uch36 and Usp14 are 
essential to keeping ubiquitin levels sufficient, because they recycle ubiquitin by 
removing it from proteasome substrates42. Removal of ubiquitin from substrates 
does not only serve as a recycling mechanism to control ubiquitin abundance. 
Indeed, DUBs also play a role in ubiquitin signaling through the targeted removal 
of ubiquitin moieties from substrate proteins43. They thereby counteract the 
activity of E3 ligases, a mechanism similar to the antagonistic actions of kinases 
and phosphatases.
Because ubiquitin levels need to be in a specific range for the cell to function and 
an excess of ubiquitin can be just as detrimental to cell homeostasis as a deficit, 
degradation of ubiquitin is as tightly controlled as its synthesis and recycling38,44.
This is, however, a recently procured insight, since ubiquitin was always considered 
to be a very stable protein. It is resistant to high heat, extreme pH and tryptic 
digestion45 and therefore its degradation long went unstudied. In recent years, 
however, ubiquitin was shown to be targeted for proteasomal degradation by 
no less than three different methods. First, ubiquitin can be degraded when it 
is attached to a substrate protein and not removed before this protein enters the 
proteolytic chamber of the proteasome. The two other methods described involve 
specific targeting of single ubiquitin to the proteasome, either by modification 
with a >20 amino acid flexible tail or in the form of a ubiquitylated monomer38,44. 
The biological importance of these mechanisms is yet to be determined.

The E1-E2-E3 enzymatic cascade
Maybe even more important than the regulation of the amount of free ubiquitin 
in the cell is the enzymatic cascade that determines where and when ubiquitin will 
be used. 
The first step in the ubiquitin pathway is governed by E1 ubiquitin-activating 
enzymes, a small family of enzymes that was long considered to have only one 
member in mammals, Ube146, but recently doubled in size due to the discovery of 
another E1, Uba647-49. Both E1s activate the C-terminal glycine of ubiquitin in an 
ATP-dependent manner by first catalyzing the formation of a ubiquitin adenylate 
intermediate, releasing PPi, followed by its linkage to a cysteine residue of E1 by a 
thioester bond, with the release of AMP50,51. Even though both E1 enzymes catalyze 
the same reaction and are ubiquitously expressed, they have distinct biological 
functions, as indicated by the fact that both Ube1 and Uba6 are essential for life49,52. 
It is very likely that this lack of redundancy arises because both E1s interact with a 
different subset of E2 ubiquitin-conjugating enzymes47,49,51, the enzymes that carry 
out the next step in the process of protein ubiquitylation.
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The human genome encodes about 38 E2s53. They all contain a ~150 amino acid 
ubiquitin conjugating (UBC) domain with a strictly conserved active-site cysteine. 
The activated ubiquitin is transferred onto this cysteine upon interaction of the E2 
with a ubiquitin-loaded E129. Although E2s were originally considered to be mere 
carriers of activated ubiquitin, it has become increasingly clear that they are in fact 
the determining factor of the linkage specificity and length of ubiquitin chains54-56. 
This is most likely caused by a variation in preference of different E2s in transfering 
ubiquitin either onto a substrate protein or onto another ubiquitin molecule, thus 
leading to a distinction between chain-initiating and chain-elongating E2s. Among 
the E2s capable of elongating ubiquitin chains, several show a preference for the 
addition of ubiquitin onto one or more specific lysines of the acceptor ubiquitin53,57.
While the E2 ubiquitin-conjugating enzyme mainly determines the characteristics 
of the ubiquitin modification, the enzymes responsible for selecting the protein 
that is to be modified are the E3 ubiquitin ligases. To provide substrate specificity 
and selectively target all proteins that need to undergo ubiquitylation, a large 
amount of specificity factors is required. It is therefore not surprising that more 
than 600 E3 ubiquitin ligases are encoded in the mammalian genome58. These 
600+ ubiquitin ligases can be categorized into two main families based on their 
domain architecture. One family of roughly 30 E3s contains a HECT (homologous 
to the E6-AP carboxyl terminus) domain at their C-terminus. This 350 amino 
acid domain contains a catalytic cysteine that allows for the transfer of ubiquitin 
from the E2 to the HECT E3, by which it is covalently attached to the substrate. 
Therefore, it is suggested that HECT ligases, more so than their E2s, play a role 
in determining the linkage specificity of the ubiquitin chains attached to their 
substrates59. 
In contrast, the roughly 600 members of the other family of E3 ubiquitin ligases, 
the RING (really interesting new gene) ligases, act as scaffolds that bring the 
substrate in proximity of the E2 to allow for ubiquitin transfer60. The members of 
the RING ligase family are more diverse in appearance than the HECT E3 ligases, 
since they can consist of a single molecule, a homo- or heterodimer or a multi-
subunit complex. They do, however, all contain a subunit with a RING finger 
domain, a series of specifically spaced cysteine and histidine residues that fold 
into a cross-brace structure with two zinc ions61,62. This domain is responsible for 
the recruitment of the E2 and its correct positioning with respect to the substrate. 
The three-enzyme process responsible for protein ubiquitylation is highly 
conserved and a modified version of it is also required for the conjugation of 
ubiquitin-like proteins such as Nedd8, SUMO, ISG15, and Atg12. These molecules 
are very similar in structure to ubiquitin and are attached to proteins to modify 
their function in a vast array of biological processes63.

Cullin-RING E3 ubiquitin ligases
All members of the largest and most studied family of multi-subunit RING ligases 
contain the RING domain protein Rbx1 (also known as ROC1 or HRT1) or the 
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ubiquitylation of its substrate, even though the E2 and the substrate binding 
protein were still present in the complex69. The activity of CRLs is enhanced by 
the covalent attachment (catalyzed by the NEDD8 E2 Ubc12) of the ubiquitin-
like protein NEDD8 to a conserved lysine in the Cullin C-terminal domain66,70,71. 
Neddylation of Cullins enhances their activity by promoting a dynamic, open 
conformation and by preventing binding of the CRL inhibitor CAND172. 
With 7 Cullins present in mammals, each capable of forming CRL complexes with 
multiple different substrate binding proteins, the sheer number of complexes that 
can be present in a cell at each point in time is staggering68. This thesis, however, 
will only focus on a relatively well-characterized subset of these complexes. 
The SCF subfamily of CRL (the representative SCFβTrCP complex is pictured in 
Figure 3) is named for the main components that are present in all members of 
this family: the adaptor protein Skp1 (S-phase kinase-associated protein 1), the 
scaffold protein Cul1 and the F-box containing substrate-binding subunit. In 
mammals, 69 F-box proteins have been found73. They are named for their Skp1 

Cullin Scaffold

Adaptor RING
NEDD8

Substrate
ReceptorABD

SBD

Figure 2. Modular structure of Cullin 
RING ligases. The catalytic core of the 
cullin RING ligases (CRLs) is formed 
by a member of the cullin family, which 
acts as a scaffold, and a RING protein. 
The latter is required for the recruitment 
of the E2 ubiquitin-conjugating protein 
to the complex. The N-terminus of each 
cullin subunit binds a specific adaptor 
protein, which, in turn, interacts with the 
substrate receptor subunit. In addition 
to an adaptor-binding domain (ABD), 
each substrate receptor contains 
a substrate-binding domain (SBD). 
The architecture of the CRL complex 
assures that a substrate bound to the 
substrate receptor subunit is positioned 
correctly in order to be ubiquitylated 
by the recruited E2. Neddylation of 
the cullin subunit is required for CRL 
activation.

closely related protein Rbx264-67, as 
well as a scaffold protein of the Cullin 
family, of which 7 family members can 
be found in human cells (Cul1, Cul2, 
Cul3, Cul4A, Cul4B, Cul5 and Cul7). 
Each Cullin forms the foundation of 
a class of Cullin-RING ligase (CRL) 
complexes by recruiting different 
classes of adaptor and substrate binding 
subunits. Remarkably, the modular 
architecture of the complex is common 
among all CRLs68 (Figure 2): the Cullin 
subunit acts as a rigid scaffold that 
binds Rbx1 (which in its turn binds the 
E2) at its globular C-terminal domain 
and an adaptor protein at its N-terminal 
Cullin repeat. The adaptor protein 
connects to the substrate receptor 
subunit that recruits specific substrate 
proteins. Through this arrangement, 
the Cullin scaffold is suggested to 
facilitate substrate ubiquitylation 
by providing the required spacing 
between the E2 and the substrate. The 
introduction of a mutation in Cul1 that 
causes a loss of rigidity showed that the 
scaffold structure is essential to CRL 
function, as it could no longer mediate 
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binding F-box domain, a conserved domain first identified in and named for 
cyclin F (also known as Fbxo1)74. The 69 F-box proteins are categorized into 3 
groups based on their substrate binding domains and named accordingly: The 
Fbxw proteins contain WD40 repeats, Fbxl proteins are characterized by their 
leucine-rich repeat (LRR) domain and any F-box protein that does not contain 
either of these two domains is named Fbxo, in which the “o” stands for other75. 
The binding of the most-studied F-box proteins to their substrates is regulated by 
the presence of a post-translationally modified degradation sequence (known as 
degron) in those substrates68,76. This degradation signal can be a phosphorylation, 
in the case of WD40 repeat containing F-box proteins, but also glycosylation77 and 
hydroxylation78,79 have been described to target F-box proteins to their substrates.
One of the reasons that we know more about SCF complexes than other CRLs, is 
that prominent members of this group of E3 ubiquitin ligases are involved in the 
regulation of cell cycle and are therefore extensively studied. This is particularly 
true for SCFSkp2, SCFFbw7 and SCFβTrCP, the latter being the main subject of this 
thesis80-82.

SCFβTrCP

In mammals, two paralogues of the β-transducin repeat containing protein (βTrCP) 
F-box protein have been identified: βTrCP1 (or Fbxw1) and βTrCP2 (also Fbxw11 
or HOS). Both proteins are very similar, each containing a dimerization domain, 
an F-box domain and 7 WD40 repeats. Moreover, they are both found in an SCF 
complex that recruits the E2 Cdc34 and both modify their substrates with K48-
linked poly-ubiquitin chains targeting the vast majority of them for proteasomal 
degradation. The main difference between the two βTrCP paralogues is in their 
variable N-terminus. The function of this region is unclear, since βTrCP1 and 
βTrCP2 have so far been reported to have indistinguishable biological functions. 
It has been found that through their dimerization domains, βTrCP1 and βTrCP2 
can form both homo- and heterodimers and that the formation of these dimers is 
required for βTrCP function83. It has been suggested that the βTrCP substrate IκBα 
interacts exclusively with both homodimers, but not with the heterodimer83. In the 
case of Emi1, the opposite interaction preference was inferred84. The detailed effects 
of βTrCP dimerization have, however, not been studied adequately to determine 
a general mechanism and thereby functional specificity for βTrCP1 and βTrCP2. 
Another study that indicates that βTrCP1 and βTrCP2 functions are very similar, 
but not completely redundant, characterizes a βTrCP1 knockout mouse. These 
mice are viable and do not show any gross morphological defects, however, male 
fertility is severely reduced, due to a prolonged and abnormal meiosis84. Analysis 
of βTrCP1-deficient MEFs also revealed a delay in mitotic progression associated 
with the accumulation of Emi1, an inhibitor of the APC/C (anaphase promoting 
complex/cyclosome), ubiquitin ligase essential for mitotic progression. The 
defective degradation of Emi1 is likely also the cause of the meiotic defect in the 
βTrCP1 knockout mice, since elevated levels of Emi1 are found (exclusively) in 
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the testis of these mice, however, accumulation of other βTrCP substrates likely 
contributes to the observed phenotype. 
βTrCP1 and βTrCP2 are both ubiquitously expressed85-87 and therefore redundancy 
in their functions is not unexpected, which would explain why the phenotype 
found in the βTrCP1 knockout mice is very mild. This is supported by the fact that 
depletion of either βTrCP1 or βTrCP2 does not affect the stability of known βTrCP 
substrates (IκBα and β-catenin), which, however, accumulate when both βTrCP1 
and βTrCP2 are knocked down84. 
βTrCP1 is expressed at high levels in testis compared to other tissues86, which is 
not the case for βTrCP285. The requirement for βTrCP1 activity might therefore 
be higher than can be provided by the limited amount of βTrCP2 in this tissue, 
leading to the male infertility phenotype observed84. 
Another explanation for the phenotype observed in βTrCP1 knockout mice might 
be the intracellular localization of βTrCP1 and βTrCP2. Transiently expressed 
βTrCP2 is found exclusively in the cytoplasmic compartment, whereas βTrCP1 
localizes mainly to the nucleus88,89. The localization of βTrCP1 has been suggested 
to depend on its interaction with a pseudosubstrate, hnRNP-U (heterogeneous 
nuclear ribonucleoprotein U), that co-localizes with βTrCP1 in the nucleus89. 
Besides this difference in localization of overexpressed protein, no biochemical 
differences between βTrCP1 and βTrCP2 have been described and therefore, the 
term βTrCP will here refer to both paralogues, unless otherwise specified. 
βTrCP was first identified in a cDNA library from Xenopus oocytes, that was 
used to identify factors that could rescue the cell cycle phenotype of yeast Cdc15 
mutants 90. However, the mechanism of action for βTrCP was only elucidated 5 
years later, when research in fruit fly showed that animals with mutations in the 
gene encoding the βTrCP orthologue Slimb (supernumerary limbs), displayed 
defective limb development. These developmental defects were associated with 
deregulation of both the Hedgehog and the Wnt/Wingless signaling pathways. 
These pathways were hyperactivated due to the accumulation of a downstream 
effector. Hedgehog signaling factor Ci (Cubitus interruptus) and the Wnt/Wingless 
pathway component Armadillo (β-catenin in mammals) were overexpressed in 
Slimb mutants and since it had been shown that β-catenin could be degraded by 
the proteasome in mammals, it was suggested that Slimb might be responsible 
for similar targeting in Drosophila91. In the same year, studies in human cells 
confirmed this hypothesis by identifying human βTrCP as the E3 ubiquitin ligase 
responsible for the degradation of the inhibitor of NFκB, IκBα92. This seminal study 
did not only recognize the capacity of βTrCP to target proteins for ubiquitylation, 
it also identified the degradation signal that is required for substrate recognition 
by βTrCP, the phosphodegron. 
Since no mechanism for regulation of βTrCP activity has been described, βTrCP 
is thought to be constitutively active when present in the SCF complex. In spite 
of this, it has been shown that the abundance of βTrCP is regulated, either by 
transcriptional activation in a response to stress signaling via NFκB or Wnt 
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activation93,94 or possibly by proteasomal degradation. The latter mechanism is 
indeed confirmed by the fact that βTrCP is unstable and degraded in a proteasome-
dependent manner, however, the mechanisms by which βTrCP is targeted for 
proteasomal degradation remain unclear95. 
This constitutive activity does not mean, however, that all substrates of βTrCP are 
ubiquitylated at all times. βTrCP selectively interacts with substrates that contain a 
conserved phosphorylated sequence, known as phosphodegron. βTrCP binds this 
degradation signal through the seven WD40 repeats at its C-terminus that form 
a 3D structure called the β-propeller96. A peptide containing the βTrCP binding 
site of β-catenin was shown to bind to one face of this propeller, where it interacts 
with residues of each WD40 repeat. Particularly important for the βTrCP ligase-
substrate interaction is the Arg474 residue, as its mutation completely abolishes 
βTrCP activity97. The phosphorylated residues in the peptide are essential for 
binding, in line with the general characteristic of WD40 repeats to selectively bind 
phosphorylated proteins98.
In the case of βTrCP, the context of the phosphorylation is very important. In 
nearly all βTrCP substrates described, a phosphodegron sequence was identified 
that fits the consensus DpSGxxpS, in which one or both serines can be replaced 

E2
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DD F-box WD40βTrCP
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D S G X X S

P P

Cul1

Skp1 Rbx1

Figure 3. The SCFβTrCP complex. Multi-subunit RING E3 ligases belonging to 
the SCF family share a similar architecture. The rigid structure of the complex is 
provided by Cul1, which binds to Skp1 as well as Rbx1. Rbx1 contains a RING 
domain and is required for the recruitment of the E2 ubiquitin-conjugating enzyme 
(in case of the SCFβTrCP complex, the E2 is Cdc34). Skp1 acts as an adaptor protein 
between Cul1 and the substrate specificity subunit, the F-box protein. The F-box 
protein pictured here is βTrCP, comprising an F-box domain, which mediates the 
interaction with Skp1, and 7 WD40 repeats, which are required for the binding to 
substrates. βTrCP substrates are characterized by a phosphorylated consensus 
sequence (DpSGxxpS) called phosphodegron. The architecture of the SCF 
complex places the substrate protein close to the active site of the E2, facilitating 
the transfer of ubiquitin from the E2 to the substrate. DD = Dimerization Domain.
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by a glutamic or aspartic acid76. The kinases responsible for phosphorylating the 
serines in the phosphodegron, however, vary between substrates73,76, providing 
the possibility to target only a subset of βTrCP substrates for degradation under 
specific biological conditions. In theory, this specificity could even be increased 
by the fact that the two serines in a phosphodegron could be phosphorylated by 
two separate kinases, which would require simultaneous activity of both kinases 
involved, creating an AND logic gate98. However, biological evidence to support 
this theory is required. This highly regulated substrate specificity, combined 
with a large number of reported substrates (37 described in 200973, with more 
than 25 added since then), makes that βTrCP is involved in the regulation of 
numerous cellular processes. How much of βTrCP’s function is determined by the 
phosphorylation status of its substrates is very well demonstrated by its dual role 
in the G2 DNA damage checkpoint. This checkpoint assesses the state of replicated 
DNA and only allows for cell division when no DNA damage is present99. When 
DNA damage occurs, the damage-activated kinase Chk1 phosphorylates the 
phosphatase Cdc25A, leading to its βTrCP-mediated degradation. Cdc25A activity 
is required for the removal of inhibitory phosphorylations from Cdk1 and Cdk2 
and therefore its degradation leads to cell cycle arrest100,101. When the damage to 
the DNA is repaired, βTrCP acts as an off-switch to the checkpoint, by targeting 
Claspin and Wee1, both required for checkpoint maintenance, for proteasome-
dependent degradation102-105. Plk1, a kinase that is activated to initiate checkpoint 
recovery, phosphorylates the phosphodegron sequence in both Claspin and 
Wee1106, highlighting the importance of substrate phosphorylation to the final 
outcome of βTrCP activity.
The fact that βTrCP is involved in these and other regulatory events during the cell 
cycle81,82,107,108, combined with the findings that βTrCP is over-expressed in certain 
tumors109-111 and responsible for the degradation of tumor suppressors like IκB, 
PDCD4 and BimEL112-114, has raised interest in the use of βTrCP as a therapeutic 
target115,116. The vast array of βTrCP substrates and their diverse functions, however, 
are a complicating factor in the development of any therapy that targets βTrCP, as 
it might have any number of unexpected off-target effects. To predict the feasibility 
of bTrCP-directed tumor therapies, extensive studies of known βTrCP substrates 
are required, as well as efforts to discover novel βTrCP substrates. Thorough 
knowledge of all processes affected by βTrCP signaling will aid in the development 
of the most effective therapy, with limited unwanted effects. In an attempt to fill 
these gaps in our knowledge, we have developed an unbiased screen to identify 
novel βTrCP substrates. Furthermore, we have generated an in vivo model system 
to provide insight in the organism-wide effects of inhibiting βTrCP-mediated 
degradation of a single βTrCP substrate.

Scope of this thesis
To identify novel interactors of βTrCP, we used a screening approach that takes 
advantage of the fact that substrate-ligase interactions can be retained during 
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immunopurification when cells are treated with a proteasome inhibitor. In our 
screen, we over-expressed a version of βTrCP2 that has two haemagglutinin (HA) 
and two FLAG epitope-tags at its N-terminus in HEK293T cells. We performed 
two sequential affinity purifications, first immunoprecipitating with FLAG-beads, 
followed by elution with FLAG peptides and then immunoprecipitating with 
beads linked to an anti-HA antibody. This two-step approach provides enrichment 
for strong and specific binding partners, as most unspecific or weak interactions 
are lost117. The purified complexes were then analyzed by mass spectrometry to 
identify the co-purified proteins.
In this thesis, two proteins that were identified in this screen are shown to be 
bona fide βTrCP substrates. In chapter 2, the eukaryotic elongation factor 2 kinase 
(eEF2K) and its regulation during DNA damage are described. The characterization 
of the interaction between βTrCP and the Golgi-specific Brefeldin A-resistance 
guanine nucleotide exchange factor 1 (GBF1) is described in chapter 3. 
In order to provide insight into the consequences of manipulating βTrCP activity 
in a living organism, we set out to develop a mouse model that expresses a non-
degradable mutant of an important βTrCP target, the transcriptional master 
regulator REST (RE1-silencing transcription factor), in a spatially and temporally 
controlled manner. In chapter 4 we describe the generation of this conditional 
knockin mouse model.
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Introduction
Cells activate surveillance molecular networks known as DNA damage checkpoints 
to protect their genome from environmental and metabolic genotoxic stress. 
Depending on the type and extent of DNA lesions and the cellular context, damaged 
cells with an activated checkpoint can undergo senescence, die by apoptotic cell 
death, or repair the damaged genome and, following checkpoint termination, 
resume their physiological functions1,2.
Genotoxic stress has a greater effect on gene expression at the level of mRNA 
translation than at the level of transcription3. This may be due to the fact that 
protein synthesis requires approximately 40% of the total cellular energy and cells 
need to couple stress responses to metabolic demands4. Indeed, it is conceivable 
that in response to genotoxic stress, cells aim to preserve energy by reducing 
protein synthesis in order to be able to repair the damage.
The mTOR (mammalian target of rapamycin) pathway integrates growth and 
stress signals and promotes protein synthesis. mTOR regulates several critical 
components involved in both translation initiation and elongation. mTOR-
mediated phosphorylation of two proteins that promote translation initiation, the 
p70S6 kinase (S6K) and eIF4E binding protein 1 (4E-BP1), increases their activity5,6. 
In addition, mTOR promotes translation elongation by inhibiting eEF2K, which 
phosphorylates and inactivates eEF2, a factor that mediates the translocation step 
of peptide-chain elongation7-13. eEF2K-mediated phosphorylation of eEF2 on Thr56 
reduces the affinity of eEF2 for the ribosome, thereby inhibiting its function13-23. 
The activity of eEF2K is controlled under various conditions. For example, stimuli 
that induce protein synthesis trigger the inactivation of eEF2K and the subsequent 

Abstract
The kinase eEF2K controls the rate of peptide chain elongation by phosphorylating 
eukaryotic elongation factor 2 (eEF2), the protein that mediates the movement 
of the ribosome along the mRNA by promoting translocation of the tRNA from 
the A to the P site in the ribosome. eEF2K-mediated phosphorylation of eEF2 
on Thr56 decreases its affinity for the ribosome, thereby inhibiting elongation. 
Here we show that in response to genotoxic stress, eEF2K is activated by AMPK 
(adenosine monophosphate-activated protein kinase)-mediated phosphorylation 
on Ser398. Activated eEF2K phosphorylated eEF2 and induced a temporary 
ribosomal slowdown at the stage of elongation. Subsequently, during checkpoint 
silencing, eEF2K was degraded by the ubiquitin-proteasome system through the 
ubiquitin ligase SCFβTrCP (Skp, Cullin, F-box-containing complex β-transducing 
repeat-containing protein) to enable rapid resumption of translation elongation. 
This event requires autophosphorylation of eEF2K on a canonical βTrCP-binding 
domain. The inability to degrade eEF2K during checkpoint silencing caused 
sustained phosphorylation of eEF2 on Thr56 and delayed resumption of translation 
elongation. Our study establishes an important link between DNA damage 
signaling and translation elongation.
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dephosphorylation of eEF224. In contrast, deficiencies in nutrients or energy lead 
to activation of eEF2K and impairment of translation elongation.
In spite of the major impact of genotoxic stress on mRNA translation, no 
information is available on how translation elongation is affected by genotoxic 
stress and, more generally, there have been few studies directed to understanding 
the regulation of protein synthesis by the DNA damage response. DNA damage 
inhibits the mTOR-S6K axis through p53, a key sensor of genotoxic stress, thereby 
leading to decreased protein synthesis25,26. Moreover, the activity of TSC2, a crucial 
inhibitor of mTOR, has been reported to be induced by p5326.
Numerous studies have uncovered fundamental functions of the ubiquitin-
proteasome system in the DNA damage response1,2,27. This system involves two 
discrete and sequential processes: the tagging of substrates by covalent attachment 
of multiple ubiquitin molecules, and the degradation of poly-ubiquitylated proteins 
by the 26S proteasome28. Ubiquitin is transferred and covalently attached to 
substrates through an enzymatic cascade involving ubiquitin-activating enzymes 
(E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3). E3 ubiquitin 
ligases represent the essential regulators of ubiquitylation because they physically 
interact with target substrates, linking them to E2 ubiquitin-conjugating enzymes.
SCFβTrCP is a multi-subunit RING-finger type ubiquitin ligase composed of a 
Cullin scaffold, Cul1, which simultaneously interacts with the RING subunit 
Rbx1 and the adaptor protein Skp129-32. Skp1 in turn binds the F-box protein 
βTrCP (β-transducin repeat-containing protein), the substrate receptor subunit 
that recruits specific substrate proteins. Through its WD40 β-propeller structure, 
βTrCP recognizes a di-phosphorylated motif with the consensus DpSGXX(X)pS 
in which the serine residues are phosphorylated to allow interaction with βTrCP.
Here we show that upon genotoxic stress, eEF2K is first activated by AMPK-
mediated phosphorylation to induce a temporary translational slowdown at 
the stage of elongation and then, during checkpoint silencing, is targeted for 
proteasome-dependent degradation by the SCFβTrCP ubiquitin ligase to allow rapid 
and efficient resumption of translation. These findings establish an important link 
between DNA damage response and translation of messenger RNAs.

Results

eEF2K specifically interacts with βTrCP1 and βTrCP2
To identify substrates of the ubiquitin ligase SCFβTrCP, we employed immunoaffinity 
chromatography followed by tandem mass spectrometry. We expressed FLAG-HA 
epitope-tagged βTrCP2 in HEK293T cells and analyzed by mass spectrometry 
proteins that co-purified with FLAG-HA-βTrCP2 after sequential FLAG and HA 
immunoprecipitations. We unambiguously identified eEF2K, recording 26 spectra 
corresponding to 9 unique peptides (Figure S1A). To validate the interaction 
between βTrCP and eEF2K, we examined the ability of FLAG-tagged versions 
of 29 F-box proteins expressed in HEK293T cells to bind to endogenous eEF2K. 
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βTrCP1 and βTrCP2 were the only F-box proteins that interacted with eEF2K 
(Figure 1A and S1B). βTrCP1 and βTrCP2 share identical biochemical properties 
and substrates; therefore, the term βTrCP will hence refer to both, unless specified 
otherwise. The βTrCP-eEF2K interaction was detected in other cell types and 
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Figure 1. eEF2K specifically associates with βTrCP1 and βTrCP2 in cells. 
(A) HEK293T cells were transfected with the indicated FLAG-tagged F-box 
proteins (FBPs) or an empty vector (EV) and treated with MG132 before lysis. Cell 
extracts were immunoprecipitated (IP) with anti-FLAG resin, and immunoblotted 
with the indicated antibodies. (B) HEK293T cells were transfected with FLAG-
tagged eEF2K or an empty vector and treated as in (A). (C) Endogenous eEF2K 
and βTrCP1 interact in cells. HEK293T cells were treated with MG132 before lysis. 
Lysates were immunoprecipitated with either an affinity purified polyclonal antibody 
against eEF2K or affinity purifed IgG and then analyzed by immunoblotting with 
antibodies to the indicated proteins. (D) The association of βTrCP1 (left panels) 
and βTrCP2 (right panels) with eEF2K requires the presence of Arg474 in the WD40 
repeat of βTrCP1 and Arg447 in the WD40 repeat of βTrCP2. HEK293T cells were 
transfected as indicated and treated as in (A). Data are representative of at least 
three independent experiments.
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thus was not restricted to HEK293T 
cells (Figures S1C). Moreover, when we 
followed the reciprocal approach and 
immunopurified eEF2K expressed in 
HEK293T cells, we recovered peptides 
corresponding to βTrCP1 (1 unique 
peptide), βTrCP2 (4 unique peptides) 
and the SCF adaptor Skp1 (1 unique 
peptide) (Figure S1D-F). The ability 
of eEF2K to immunoprecipitate the 
βTrCP1-Skp1 complex was confirmed 
by immunoprecipitation, followed 
by immunoblotting (Figure 1B). The 
interaction of endogenous βTrCP1 and 
eEF2K was also observed (Figure 1C).
To obtain insight into the nature of the 
βTrCP-eEF2K interaction, we mutated 
the arginine residue (Arg474 of human 
βTrCP1, isoform 2) in the WD40 
β-propeller structure of βTrCP1 that 
interacts with the substrate destruction 
motif32 and analyzed its ability to bind 
eEF2K. Whereas wild type βTrCP1 
immunoprecipitated eEF2K and the 
established βTrCP1 substrate PDCD4, 
the βTrCP1(R474A) mutant did not 
(Figure 1D, left panels). Similar results 
were obtained when we mutated the 
equivalent arginine residue in βTrCP2 
(Arg447 of human βTrCP2, isoform C; 
Figure 1D right panels).

eEF2K interaction with 
βTrCP requires a conserved 
phosphodegron
The WD40 β-propeller structure of 
βTrCP binds its substrates through a 
di-phosphorylated degradation motif 

Figure 2. The βTrCP-eEF2K 
interaction depends on a conserved 
phosphodegron.
(A) Ser441 and Ser445 in eEF2K 
are required for the association 
with βTrCP1. Top: Schematic 
representation of four putative eEF2K 
phosphodegrons. Bottom: HEK293T 
cells were transfected with FLAG-
tagged βTrCP1 and with either an 
empty vector, HA-tagged eEF2K wild 
type or mutants, treated with MG132 
and lysed. Whole-cell extracts were 
subjected either to immunoblotting or 
immunoprecipitation with anti-FLAG 
resin and subsequent immunoblotting. 
(B) Alignment of the amino acid 
regions corresponding to the βTrCP-
binding motif (highlighted in yellow) in 
previously reported βTrCP substrates 
and eEF2K orthologs (top). Amino 
acid sequence of the eEF2K double 
mutant is shown (bottom). (C) 
Phosphorylation of Ser441 and Ser445 in 
eEF2K is required for the interaction 
with βTrCP1. In vitro translated 
35S-labeled βTrCP1 and FBXW5 were 
incubated with beads coupled to the 
indicated eEF2K peptides. Bound 
proteins were eluted and subjected to 
electrophoresis and autoradiography. 
(D) βTrCP1 ubiquitylates eEF2K in 
vitro. HEK293T cells were transfected 
with eEF2K, Skp1, Cul1, Rbx1 and 
either FLAG-tagged βTrCP1 or 
βTrCP1(∆F-box). In vitro ubiquitylation 
of eEF2K was performed anti-FLAG 
immunoprecipitates, which were 
immunoblotted with an anti-eEF2K 
antibody. Data represent at least three 
independent experiments.

(phosphodegron) with the consensus DpSGXX(X)pS30-32, but some substrates of 
βTrCP have one or both serine residues replaced by either aspartic or glutamic 
acid33-35. eEF2K has four of these potential βTrCP binding domains (Figure 2A 
top). To identify the domain required for the interaction with βTrCP, we generated 
various serine, aspartic acid, or glutamic acid-to-alanine double mutants, 



35

2

Coupled activation and degradation of eEF2K

Alpha kinase domainCBD

SSGSPANS
71 72 78

DSGYPS
441 445

DSGQNLS
622 627

DEGGEYD
652 657

eEF2K

A

B ßTrCP binding sites
IKBɑ(Hs):       28-DRGDSGLDSMKD-39
Emi1(Hs):      141-LYEDSGYSSFSL-152
ßcatenin(Hs):   29-SYLDSGIHSGAT-40
Claspin (Hs):   26-SPSDSGQGSYET-37

eEF2K(Hs):     437-NSGDSGYPSEKR-448
eEF2K(Mm):     436-NSGDSGYPSEKR-447
eEF2K(Rn):     436-NSGDSGYPSEKR-447
eEF2K(Xt):     434-NGGDSGCPSEKR-445
eEF2K(Dr):     439-NGGDSGYPSEKR-450

Mutant
eEF2K
(S441A/S445A): 437-NSGDAGYPAEKR-448

Whole cell extract IP anti-FLAG
EV W

T

S7
1A

/S
78

A

S7
2A

/S
78

A

S4
41

A/
S4

45
A

S6
22

A/
S6

27
A

E6
52

A/
D

65
7A

eEF2K
(anti-HA)

βTrCP
(anti-FLAG)

EV W
T

S7
1A

/S
78

A

S7
2A

/S
78

A

S4
41

A/
S4

45
A

S6
22

A/
S6

27
A

E6
52

A/
D

65
7A

5%
 in

pu
t

eE
F2

K 
pe

pt
id

e

eE
F2

K 
ph

os
ph

op
ep

tid
e

βTrCP1

FBXW5

438-SGDSGYPSEKRGE-450

438-SGDSGYPSEKRGE-450

PP

C eEF2K

Skp1-Cul1-Rbx1

βTrCP1

βTrCP1 (ΔF-box)

+

-

+

+

+++

++

-

-

-

eEF2K (Ub)n

eEF2K

250 kDa

150 kDa

100 kDa

D

and examined their ability to bind βTrCP. The eEF2K(S441A/S445A) mutant 
immunoprecipitated less βTrCP1 compared to wild-type eEF2K, eEF2K(S71A/
S78A), eEF2K(S72A/S78A), eEF2K(S622A/S627A), or eEF2K(E652A/D657A) 
(Figure 2A bottom). The motif surrounding Ser441 and Ser445 is highly conserved in 
vertebrate orthologs of eEF2K (Figure 2B).
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Next, we used mass spectrometry to analyze phosphorylation of eEF2K in this 
region36. FLAG epitope-tagged eEF2K was co-expressed with a Cul1 dominant 
negative deletion mutant [Cul1-N252]37 in HEK293T cells and immunopurified. 
Analysis of the recovered eEF2K phosphopeptides demonstrated that Ser441 and 
Ser445 were phosphorylated in cells (Figure S2). To test whether phosphorylation 
is required for the interaction of eEF2K with βTrCP, we employed immobilized 
synthetic peptides comprising the βTrCP binding domain of eEF2K (aa 438-450 
in human eEF2K). Although an eEF2K peptide containing phosphorylated Ser441 
and Ser445 interacted with βTrCP1 (but not with FBXW5), the corresponding 
non-phosphorylated peptide was unable to do so (Figure 2C), indicating that 
phosphorylation of Ser441 and Ser445 was required for the association with βTrCP.
To test whether SCFβTrCP was directly responsible for the poly-ubiquitylation of 
eEF2K, we reconstituted the ubiquitylation of eEF2K in vitro. Immunopurified 
βTrCP1, but not an inactive βTrCP1(∆F box) mutant, induced the in vitro 
ubiquitylation of eEF2K (Figure 2D). Moreover, the eEF2K(S441A/S445A) mutant 
was not efficiently ubiquitylated by βTrCP in vitro (Figure S3). Thus, consistently 
with our findings in cultured cells, the in vitro data show that βTrCP promotes the 
ubiquitylation of eEF2K in a phosphodegron-dependent manner.

eEF2K is degraded during silencing of the G2 DNA damage 
checkpoint
Because mRNA translation is regulated by mitogens, we analyzed their effect 
on the abundance of eEF2K. We serum-starved T98G cells (revertants from 
T98 glioblastoma cells that acquired the property to accumulate in G0/G1 after 
serum deprivation) for 72 hours and then reactivated them by adding serum. We 
observed a slight decrease in the abundance of eEF2K in response to mitogens 
(Figure S4A). However this decrease is not mediated by SCFβTrCP, because eEF2K 
abundance was not affected when we silenced βTrCP by transfecting T98G cells 
with a double-stranded RNA oligonucleotide that efficiently silenced both βTrCP1 
and βTrCP2 (Figure S4A)33,38-41.

Figure 3. βTrCP-dependent degradation of eEF2K occurs during silencing 
of the G2 DNA damage checkpoint. (A) U2OS cells were synchronized in G2,  
pulsed with doxorubicin (DOX) for 1 hour, washed, and incubated in fresh medium 
(indicated as time 0). Cells were harvested at the indicated time points and 
analyzed by immunoblotting. (B) U2OS cells were irradiated (10 Gy), collected 
at the indicated time points and analyzed by immunoblotting (UN: untreated). (C) 
U2OS cells were treated as in (A). MG132 was added when indicated. (D) U2OS 
cells were transfected with control or βTrCP siRNAs and treated as in (A). (E) 
U2OS cells were transfected with FLAG-tagged βTrCP1(∆F-box) or an empty 
vector and then treated as in (A). Graphs show eEF2K abundance normalized to 
a loading control and relative to the amount present at G2 (A), in untreated (B) or 
at time 0 (C, D and E). * P<0.01 compared with time 0 by one-way ANOVA. Data 
represent at least three independent experiments.
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Figure 4. AMPK-mediated phosphorylation of eEF2K on Ser398 causes eEF2K 
activation in response to genotoxic stress. (A) eEF2K was immunoprecipitated 
from doxorubicin-treated G2 U2OS cells and assayed for activity against in vitro 
translated eEF2. The graph shows the amount of phosphorylated eEF2 relative to 
time 0. *P<0.05 compared to time 0 by one-way ANOVA and Dunnett’s post-hoc 
test. (B) G2 U2OS cells were treated with doxorubicin for indicated times. One IP 
sample (λPP) was treated with λ-phosphatase prior to immunoblotting. 
(C and D) U2OS cells were treated with compound C (C) or siRNA oligonucleotides 
targeting AMPKα (D). Graphs for (B) and (C) illustrate the amount of phospho-
eEF2K(Ser398) normalized to eEF2K and relative to time 0. The graph in (D) 
shows the amount of phospho-eEF2(Thr56) normalized to eEF2 and relative to 
untreated control siRNA sample. *P<0.01 compared to all other samples by one-
way ANOVA and Bonferroni’s post-hoc test. (E) Ribosome transit time for G2 cells 
and doxorubicin-treated G2 cells. [35S]methionine incorporation into total proteins 
(TP; circles) or into completed peptides released from ribosomes (CP; squares) 
is shown (CPM: counts per minute). Comparison of ribosome transit time for G2 
and doxorubicin-treated cells by Student’s t-test gives P<0.005. Data represent at 
least three independent experiments.
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Because eEF2K is a crucial inhibitor of translation elongation and because 
inhibition of protein synthesis is a common response to stress conditions 8,10,23,42,43, 
we analyzed the abundance of eEF2K in response to hypoxic and genotoxic stress. 
Hypoxia (and recovery from it) did not appear to result in detectable changes in 
the abundance of eEF2K (Figure S4B). Next, we examined eEF2K abundance in 
response to genotoxic stress. U2OS cells were synchronized in the G2 phase of the 
cell cycle and then treated with a low dose of doxorubicin to activate the G2 DNA 
damage checkpoint. Subsequently, cells were allowed to recover from the DNA 
damage checkpoint after extensive washing in drug-free medium. The abundance 
of eEF2K steadily decreased during checkpoint silencing, paralleling the decrease 
in the phosphorylation of Chk2 at Thr68 and that of histone 2AX at Ser139, 
respectively (Figure 3A). A similar pattern of changes in eEF2K abundance was 
observed in experiments in which ionizing radiation (Figure 3B) was used. When 
U2OS cells were released into mitosis without DNA damage, eEF2K abundance 
did not change (Figure S4C-D). The change in the abundance of eEF2K observed 
in response to DNA damage was not caused by an indirect cell cycle effect because 
eEF2K abundance remained steady during the cell cycle (Figure S4C-D).
Treatment of U2OS cells with the proteasome inhibitor MG132 blocked the 
decrease of eEF2K during checkpoint silencing (Figure 3C), indicating that the 
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decrease in eEF2K abundance observed during checkpoint silencing was due to 
proteasome-dependent degradation.
To test whether βTrCP mediates eEF2K degradation during checkpoint silencing, 
we knocked down the expression of βTrCP in U2OS cells by RNA interference. We 
then synchronized U2OS cells in G2 and induced genotoxic stress by doxorubicin 
treatment (Figure 3A). βTrCP knockdown inhibited the degradation of eEF2K 
during checkpoint silencing (Figure 3D). In agreement with this finding, the 
eEF2K-βTrCP interaction was stimulated in U2OS cells during DNA damage 
checkpoint silencing (Figure 3E).
Finally, to analyze the phosphorylation of the eEF2K degron in response to 
genotoxic stress, we generated a phosphospecific antibody that recognizes eEF2K 
only when it is phosphorylated on Ser441 and Ser445 (Figure S5A). We found that 
phosphorylation of the eEF2K degron was induced by DNA damage in G2 and 
preceded degradation of eEF2K (Figure 5SB).
Altogether these findings imply that βTrCP targets eEF2K for degradation upon 
checkpoint silencing.

AMPK-dependent phosphorylation of eEF2K on Ser398 leads to 
activation of eEF2K in response to genotoxic stress
eEF2K controls translation elongation by phosphorylating eEF2 on Thr56 14,15,17-

19,21-23,44-47, thereby inactivating it. In addition, eEF2K-mediated phosphorylation 
of eEF2 on Thr56 inhibits the ribosome-eEF2 complex formation by reducing the 
affinity of eEF2 for the ribosome. Our results indicate that phosphorylation of eEF2 
on Thr56 increases upon checkpoint activation and decreases during checkpoint 
silencing, mirroring the phosphorylation profile of both Chk2 on Thr68 (Figures 
3A, 3B) and histone 2AX on Ser139 (Figure 3A). To confirm that the increased 
phosphorylation of eEF2 on Thr56 in response to DNA damage is mediated by 
eEF2K, we silenced the expression of eEF2K in U2OS cells by RNA interference. 
After transfection, cells were synchronized in G2 and then pulsed with doxorubicin 
for 1 hour to induce DNA damage. eEF2K knockdown blocked the DNA damage-
induced phosphorylation of eEF2 on Thr56 (Figure S6A).
Next, we investigated the mechanism by which eEF2K-dependent phosphorylation 
of eEF2 is stimulated by genotoxic stress. First, to assess whether genotoxic stress 
stimulates the activity of eEF2K, we pulled down eEF2K from G2 cells treated 
with doxorubicin and assayed immunoprecipitated eEF2K activity against in vitro 
translated eEF2 (Figure 4A). The activity of eEF2K immunoprecipitated from G2 
cells treated with doxorubicin was increased when compared to eEF2K activity in 
G2 cells.
eEF2K is phosphorylated on Ser398 by the AMP-activated protein kinase (AMPK), 
a phosphorylation event that leads to eEF2K activation48. AMPK is activated by 
the p53 target genes Sestrin1 and Sestrin2 in response to genotoxic stress49. To test 
whether genotoxic stress leads to phosphorylation of eEF2K on Ser398, we used 
a previously characterized phosphospecific antibody that can recognize eEF2K 
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phosphorylated on Ser398 48. U2OS cells were synchronized in G2 as described 
above and then treated with doxorubicin. Phosphorylation of eEF2K on Ser398 
increased in response to doxorubicin treatment and was associated with increased 
phosphorylation of eEF2 on Thr56 (Figure 4B). To examine the possibility that 
AMPK phosphorylates eEF2K on Ser398 in response to genotoxic stress, we used 
the AMPK inhibitor compound C49,50. Treatment of U2OS cells with compound C 
blocked the increase in eEF2K phosphorylation on Ser398 and eEF2 phosphorylation 
on Thr56 in response to genotoxic stress (Figure 4C). To rule out non-specific 
effects of compound C, we silenced AMPKα by RNA interference and observed 
that AMPKα knockdown inhibited the increase in eEF2 phosphorylation on Thr56 
in response to genotoxic stress (Figure 4D). Taken together, these data indicate 
that genotoxic stress in G2 cells stimulates AMPK, which phosphorylates eEF2K 
on Ser398, causing its activation. In turn, activated eEF2K phosphoryates eEF2 on 
Thr56, blocking its activity.
Moreover, the above results suggest that translation elongation slows down 
upon activation of the DNA damage checkpoint. Indeed, G2 cells pulsed with 
doxorubicin exhibited increased ribosome transit time (94 seconds) – that is, 
slower rates of elongation – when compared with untreated G2 cells (59 seconds; 
Figure 4E).
The observed slowdown in translation elongation upon activation of the DNA 
damage checkpoint was associated with an eEF2K-dependent decrease in global 
protein synthesis as indicated by metabolic labeling of G2 U2OS cells following 
genotoxic stress (Figure S6B).

Autophosphorylation of the eEF2K degron is required for its 
interaction with βTrCP
The above results indicate that in response to genotoxic stress, eEF2K is first 
activated by AMPK-mediated phosphorylation and, subsequently, during 
checkpoint silencing, is targeted for degradation by the ubiquitin ligase SCFβTrCP. 
This sequence of events suggests a coupled activation-destruction mechanism by 
which eEF2K is targeted for destruction when its activity is sustained. Because 
eEF2K has autophosphorylation activity20,51, we hypothesized that eEF2K, once 
activated, may autophosphorylate its degron, thus triggering the binding of eEF2K 
to βTrCP.  First, to assess whether eEF2K can phosphorylate itself on Ser441 and 
Ser445, eEF2K was immunopurified from U2OS cells, dephosphorylated, and then 
subjected to autophosphorylation in vitro. As a control, we used eEF2K(C314A/
C318A), a kinase-dead eEF2K mutant that cannot phosphorylate either eEF2 
or itself51. eEF2K phosphorylation on Ser441 and Ser445 was then analyzed by 
immunoblotting using the phosphospecific antibody that recognizes eEF2K 
only when it is phosphorylated on Ser441 and Ser445. The eEF2K degron was 
autophosphorylated in wild type eEF2K but not in the kinase-dead eEF2K mutant 
(Figure 5A). Similar results were obtained with eEF2K purified from E. coli (Figure 
S7).
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Figure 5. eEF2K autophosphorylation on the degron triggers its binding to 
βTrCP. (A) In vitro autophosphorylation of the eEF2K degron.  U2OS cells were 
transfected with either HA-tagged wild type eEF2K, eEF2K(C314A/C318A), or 
eEF2K(S441A/S445A).  eEF2K was purified, dephosphorylated by λ-phosphatase 
treatment, and then allowed to autophosphorylate in vitro.  Samples were then 
analyzed by immunoblotting.  Auto-P: autophosphorylation reaction. (B) Kinase-
dead eEF2K mutant does not bind βTrCP1.  U2OS cells were transfected with 
an empty vector (EV), HA-tagged wild type eEF2K, eEF2K(C314A/C318A), 
or eEF2K(S441A/S445A).  After transfection, cells were synchronized in G2, 
pulsed with doxorubicin, treated with MG132, and lysed. (C) The βTrCP1-eEF2K 
interaction is blocked by an eEF2K inhibitor.  U2OS cells were transfected with 
an empty vector (EV) or HA-tagged eEF2K.  Cells were treated as in (B) and, 
where indicated, treated with the eEF2K inhibitor NH125. (D) NH125 induces 
the stabilization of eEF2K.  Cells were pulsed with doxorubicin and treated with 
NH125. eEF2K turnover was analyzed by cycloheximide chase. The graph 
illustrates the quantification of eEF2K abundance relative to the amount at time 0. 
Data are representative of at least three independent experiments.
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Next, we tested the ability of eEF2K(C314A/C318A) to bind βTrCP.  The kinase-
dead eEF2K mutant could not interact with endogenous βTrCP, analogously to 
the eEF2K(S441A/S445A) phosphodegron mutant (Figure 5B).  Accordingly, the 
eEF2K degron was phosphorylated in cells in wild type eEF2K but not in kinase-
dead eEF2K (Figure 5B). 
To exclude the possibility that the inability of eEF2K(C314A/C318A) to interact 
with βTrCP was indirectly caused by structural changes in eEF2K, we examined 
the binding of wild type eEF2K in the presence of NH125, a specific inhibitor 
of eEF2K kinase activity52. Treatment of U2OS with NH125 abolished both the 
phosphorylation of the eEF2K degron and βTrCP binding to eEF2K (Figure 5C) 
and resulted in eEF2K stabilization (Figure 5D).
Altogether, these data strongly suggest that AMPK-mediated activation of eEF2K in 
response to genotoxic stress is required for eEF2K degradation during checkpoint 
silencing. Indeed, inhibition of AMPK by treatment with compound C prevented 
eEF2K degradation during checkpoint silencing (Figure S8). Although necessary, 
AMPK-mediated activation of eEF2K is not sufficient for eEF2K destruction, 
because serum starvation, a well-characterized stimulus that activates AMPK, did 
not trigger the degradation of eEF2K (Figure S9).

Defective degradation of eEF2K delays the resumption of 
translation elongation during checkpoint silencing
We then asked whether βTrCP-mediated degradation of eEF2K is required to 
resume protein synthesis upon checkpoint silencing. U2OS cells were retrovirally 
transduced with HA-tagged wild type eEF2K or HA-tagged eEF2K(S441A/S445A), 
synchronized in G2 as described above, and subsequently treated with doxorubicin, 
released and then collected at the indicated times. Compared to cells expressing 
wild type eEF2K and untransduced cells, cells expressing the stable eEF2K mutant 
that cannot bind βTrCP displayed a slower decrease in phosphorylation of eEF2 
on Thr56 upon silencing of the DNA damage checkpoint (Figure 6A). Similar 
results were obtained in cells recovering from genotoxic stress induced by ionizing 
irradiation (Figure 6B). Moreover, the abundance of the kinase-dead eEF2K 
mutant was not decreased during checkpoint silencing (Figure S10).
Notably, during silencing of checkpoint signaling, cells expressing eEF2K(S441A/
S445A) displayed a longer ribosomal transit time when compared with cells 
expressing wild type eEF2K, indicating a defective resumption of the normal 
translation elongation rate when βTrCP-mediated degradation of eEF2K is 
impaired (Figure 6C).
Next, we tested whether defective degradation of eEF2K affects global protein 
synthesis during checkpoint silencing. Cells expressing eEF2K(S441A/S445A) 
displayed a decreased rate of global protein synthesis during checkpoint silencing, 
when compared to control cells, as measured by metabolic labeling (Figure 
6D). This difference was not observed in cells that had not been treated with 
doxorubicin (Figure S11), indicating that eEF2K degradation is required for 



44

2

Chapter 2

eEF2K
(anti-eEF2K)

Phospho-
eEF2 (Thr56)
eEF2

Phospho-
Chk2 (Thr68)
Actin

hours after
DOX release0 4 9 18

eEF2K
WT

eEF2K
(S441A/S445A)

0 4 9 18 0 4 9 18

EV

eEF2K
(anti-HA)

0 4 9 18

eEF2K
WT

eEF2K
(S441A/S445A)

0 4 9 18 0 4 9 18

EV

150

125

50

0

75

100

25

eEF2K

A

eEF2K
Phospho-
eEF2 (Thr56)

eEF2
Phospho-
Chk2 (Thr68)
Actin

hours after IRUN0.5 3 5 7 9 UN0.5 3 5 7 9

eEF2K WT
eEF2K

(S441A-S445A)

*
<

UN0.5 3 5

eEF2K WT eEF2K
(S441A-S445A)

7 9

150

125

50

0

75

100

25

eEF2K

UN0.5 3 5 7 9

B

*

H
PG

 in
co

rp
or

at
io

n 
(%

) 120

100

80

60

40

20

0

EV

eE
F2K

 W
T

eE
F2K

(S44
1A

/S44
5A

)

eE
F2K

(C
31

4A
/C31

8A
)

D

*

0
2
4
6
8

10
12
14
16
18

0 2 4 6 8 10 12

TP

CP

Linear (TP)
Linear (CP)

C
PM

(1
0^

3)

Time(min)

eEF2K WT
Ribosome transit time = 61s

C

0
2
4
6
8

10
12
14
16
18

0 2 4 6 8 10 12

C
PM

(1
0^

3)

Time(min)

eEF2K(S441A/S445A)
Ribosome transit time = 80s

TP

CP

Linear (TP)
Linear (CP)



45

2

Coupled activation and degradation of eEF2K

efficient resumption of global protein 
synthesis upon silencing of the DNA 
damage checkpoint.

Discussion

eEF2K is a ubiquitous protein 
kinase that plays a crucial role in the 
regulation of translational elongation 
by phosphorylating and inhibiting 
eEF2, a factor that promotes ribosomal 
translocation during the elongation 
phase of protein synthesis. In agreement 
with its key function, eEF2K activity is 
tightly controlled by different upstream 
protein kinases, which either block or 
stimulate its function in response to 
different stimuli24. In addition to this 
level of regulation, eEF2K abundance is 
controlled by the ubiquitin-proteasome 
system53; however the biological 
importance of the ubiquitylation and 
degradation of eEF2K and the identity 
of the E3 ubiquitin ligase involved are 
unknown. In the present report we 
show that following the activation of 
the DNA damage checkpoint, AMPK 
mediates the activation of eEF2K, 
which in turn phosphorylates eEF2 
leading to a decrease in translation 
elongation rates. Subsequently, eEF2K 
autophosphorylation generates a 

Figure 6. Inability to degrade eEF2K 
delays the resumption of translation 
elongation during silencing of the 
DNA damage checkpoint. 
(A) U2OS cells were transduced with 
retroviruses expressing HA-tagged 
wild type eEF2K or eEF2K(S441A/
S445A), synchronized in G2, pulsed 
with doxorubicin, and collected at the 
indicated times. Cell extracts were 
analyzed by immunoblotting. (B) U2OS 
cells transduced as in (A) were exposed 
to ionizing radiation. Cell extracts were 
analyzed by immunoblotting. The 
graphs illustrate the quantification by 
densitometry of eEF2K abundance 
relative to the amount at time 0 (A) or in 
untreated sample (B). (C) U2OS cells 
transduced as in (A) were collected 
after exposure to ionizing radiation. 
Incorporation of [35S]methionine into 
total proteins (TP; circles) or into 
completed peptides released from 
ribosomes (CP; squares) is shown. 
Comparison of ribosome transit time for 
eEF2K WT and eEF2K(S441A/S445A) 
expressing cells by Student’s t-test 
gives P<0.005. (D) Transduced U2OS 
cells treated as in (A) were labeled 
with L-homopropargylglycine. Results 
are the mean ± SD (n=3; *P<0.01 
comparing to EV by one-way ANOVA 
and Dunnett’s post-hoc test). Data 
represent at least three independent 
experiments.

phosphodegron for the recruitment of the ubiquitin ligase SCFβTrCP. This event 
triggers the ubiquitylation of eEF2K and its proteasome-mediated degradation, 
which releases the inhibitory effect on eEF2 and translation elongation (Figure 
7). The coupled activation-destruction of eEF2K represents a mechanism that 
generates a pulse of kinase activity to dynamically tune the rate of elongation in 
response to genotoxic stress. This mechanism, by which eEF2K is targeted for 
degradation when its activity is sustained, would imply that any condition that 
induces the activity of eEF2K would inevitably trigger eEF2K destruction. However, 
βTrCP-mediated degradation of eEF2K, which occurs specifically in response 
to DNA damage, suggests that additional regulatory mechanisms must exist in 
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order to prevent degradation of eEF2K following other activating conditions. 
Possible protective roles of protein phosphatases (that counteract eEF2K 
autophosphorylation), deubiquitinating enzymes (that cleave ubiquitin chains 
conjugated on eEF2K via SCFβTrCP), and chaperone proteins (that shield eEF2K 
from ubiquitin conjugation) in response to stress conditions different from DNA 
damage need to be investigated. It has been observed that eEF2K is chaperoned by 
Hsp90 and that cellular abundance of eEF2K is controlled by a balance between 
association with Hsp90 and degradation by the ubiquitin-proteasome system53.
We cannot rule out that only one of the two serine residues within the eEF2K 
degron (Ser441 and Ser445) is the autophosphorylation site. Indeed, liquid-
chromatography tandem mass spectrometry analysis of the eEF2K degron 
after in vitro autophosphorylation revealed that Ser445 is the predominant 
phosphorylated site, implying that another kinase targets Ser441. According to this 
model the specific degradation of eEF2K in response to DNA damage would be 
triggered by the cooperative actions of two kinases.  The combination of eEF2K 
autophosphorylation (which targets Ser445) and a yet to be identified kinase (that 
targets Ser441) would be needed to generate the eEF2K phosphodegron specifically 
in response to DNA damage.
Regulation of translation elongation in response to DNA damage might have several 
advantages over controlling translation initiation. Indeed, elongation inhibition 
during checkpoint activation avoids the disassembly of polysomes, which, by 
stalling ribosomes on the mRNAs, might allow for mRNA protection from 
degradation or sequestration into stress granules, for example. This mechanism 
will also ensure that translation can rapidly resume when the checkpoint is turned 
off.
General inhibition of translation coupled with stimulation of translation of specific 
mRNA pools has been demonstrated at the levels of both initiation and elongation. 
For instance, DNA-PKcs-mediated translation reprogramming in response to UV 
radiation allows selective synthesis of DNA damage response proteins and is based 
on upstream open reading frames in the 5’ untranslated region of these mRNAs54. 
Other studies have shown that eEF2K-dependent phosphorylation of eEF2 acts 
to slow down the elongation step of translation and inhibits general protein 
synthesis but simultaneously increases the translation of the mRNAs encoding 
Arc (activity-regulated cytoskeleton-associated protein; also known as Arg3.1), 
a neuronal immediate early gene involved in both synapse plasticity and long-
term potentiation55. Microarray analysis of polysome- and monosome-associated 
mRNA pools will be required to identify mRNAs that are translated only during 
the DNA damage checkpoint.
SCFβTrCP is implicated in the degradation of several substrates during the recovery 
from DNA damage and replication stress checkpoints. Indeed, βTrCP is required 
to reactivate the cyclin-dependent kinase Cdk1 by targeting Claspin and Wee1, 
two Cdk1 inhibitors, for proteasome-dependent degradation35,41,56-60 and turn off 
the DNA repair machinery by causing the destruction of the Fanconi anemia 
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protein FANCM61. Our findings show that βTrCP is also needed during checkpoint 
silencing to resume protein synthesis by triggering proteolysis of eEF2K, suggesting 
that the SCFβTrCP ubiquitin ligase coordinates different processes (such as cell cycle 
progression, DNA repair and protein synthesis) that are critical for checkpoint 
termination.

Materials and Methods

Cell culture, synchronization and drug treatment  
HEK293T, 293GP2 and U2OS cells were maintained in Dulbecco’s modified Eagle’s 
medium (Invitrogen) containing 10% fetal calf serum. HCT116, SW480 and MCF7 
cells were maintained in Dulbecco’s Modified Eagle Medium: Nutrient Mixture 
F-12 (DMEM/F12) containing 10% fetal calf serum. Synchronizations and flow 
analysis were performed as described38. The proteasome inhibitor MG132 (10 µM) 
was added for 5 hours when indicated. To induce DNA damage, cells were pulsed 
for 1 hour with 0.5 μM doxorubicin. Kinase inhibitors NH125 and compound C 
were used at 10 μM and 5 μM, respectively, for indicated times.

Biochemical methods
Extract preparation, immunoprecipitation, and immunoblotting were performed 

AMPK

eEF2K

eEF2

Translation elongation

+ SCFβTrCP

Checkpoint initiation Checkpoint silencing

AMPK

eEF2K

eEF2

Translation elongation

Figure 7. Model of eEF2K regulation in response to genotoxic stress. Black 
lines represent activated proteins, and gray indicates inactive or degraded 
proteins. See text for details.
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as previously described33,40.

Purification of βTrCP2 interactors
HEK293T cells were transfected with pcDNA3-FLAG-HA-βTrCP2 and treated 
with 10 μM MG132 for 5 hours. Cells were harvested and subsequently lysed 
in lysis buffer (LB: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% 
NP40, plus protease and phosphatase inhibitors). βTrCP2 was immunopurified 
with anti-FLAG agarose resin (Sigma). After washing, proteins were eluted by 
competition with FLAG peptide (Sigma). The eluate was then subject to a second 
immunopurification with anti-HA resin (12CA5 monoclonal antibody crosslinked 
to protein G Sepharose; Invitrogen) prior to elution in Laemmli sample buffer. 
The final eluate was separated by SDS-PAGE, and proteins were visualized by 
Coomassie colloidal blue. Bands were sliced out from the gels and subjected to 
in-gel digestion. Gel pieces were then reduced, alkylated and digested according 
to a published protocol62. For mass spectrometric analysis, peptides recovered 
from in-gel digestion were separated with a C18 column and introduced by nano-
electrospray into the LTQ Orbitrap XL (Thermo Fisher, Bremen). Peak lists were 
generated from the MS/MS spectra using MaxQuant (Cox and Mann, 2008), 
and then searched against the IPI Human database using Mascot search engine 
(Matrix Science). Carbaminomethylation (+57 Da) was set as fixed modification 
and protein N-terminal acetylation and methionine oxidation as variable 
modifications. Peptide tolerance was set to 7 ppm and fragment ion tolerance was 
set to 0.5 Da, allowing 2 missed cleavages with trypsin enzyme.

Antibodies
Mouse monoclonal antibodies were from Invitrogen (Cul1), Sigma (FLAG, 
eEF2K), Santa Cruz Biotechnology (actin), BD (β-catenin, p27) and Covance (HA). 
Rabbit polyclonal antibodies were from Bethyl (PDCD4), Cell Signaling [βTrCP1, 
eEF2K, eEF2, phosho-eEF2(Thr56), phospho-Chk2(Thr68)], Millipore [(phospho-
Histone H3(Ser10), phospho-Histone H2AX(Ser139)], Sigma (FLAG, USP8), Novus 
Biologicals (HIF1α) and Santa Cruz (Cyclin A, Cdc20, Skp1 and HA). 

Plasmids 
eEF2K mutants were generated using the QuickChange Site-directed Mutagenesis 
kit (Stratagene). For retrovirus production, both wild type eEF2K and eEF2K 
mutants were subcloned into the retroviral vector pBABEpuro. All cDNAs were 
sequenced.  

Transient transfections and retrovirus-mediated gene transfer
HEK293T cells were transfected using the calcium phosphate method as 
described33,40. Retrovirus-mediated gene transfer was performed as previously 
described33,40.
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Gene silencing by small interfering RNA
The sequence and validation of the oligonucleotides corresponding to βTrCP1 and 
βTrCP2 were previously published33,40,41,63. Both eEF2K and AMPKα SMARTpool 
siRNA oligonucleotides were from Dharmacon. Cells were transfected with the 
oligos twice (24 and 48 hours after plating) using Oligofectamine (Invitrogen) 
according to manufacturer’s recommendations. Forty-eight hours after the last 
transfection lysates were prepared and analyzed by SDS-PAGE and immunoblotting.

In vitro ubiquitylation assay  
eEF2K ubiquitylation was performed in a volume of 10 µl containing SCFβTrCP-
eEF2K immunocomplexes, 50 mM Tris pH 7.6, 5 mM MgCl2, 0.6 mM DTT, 2 mM 
ATP, 2 µl in vitro translated unlabeled βTrCP1, 1.5 ng/µl E1 (Boston Biochem), 10 
ng/µl Ubc3, 2.5 µg/µl ubiquitin (Sigma), 1 µM ubiquitin aldehyde. The reactions 
were incubated at 30°C for the indicated times and analyzed by immunoblotting. 
In the assay shown in Figure S3, 35S-labeled in vitro translated eEF2K [wild type 
or eEF2K(S441A/S445A)] was used instead of immunoprecipitated eEF2K. The 
reactions were analyzed by SDS-PAGE and autoradiography. 

Phosphorylation analysis of the eEF2K degron in cells. 
FLAG-eEF2K was co-expressed with the Cul1 dominant negative deletion 
mutant CUL1-N252, and immunopurified. FLAG immunocomplexes were eluted 
with 8 M urea. Samples were then reduced with 10 mM DTT for 30 minutes at 
60˚C, followed by addition of iodoacetamide to 20 mM followed by 30-minute 
incubation in the dark at room temperature. The first digestion was performed 
using Lys-C for 4 hours at 37˚C. Subsequently, the digest was diluted 5-fold using 
50 mM ammonium bicarbonate to a final urea concentration of less than 2 M, 
and a second digestion with trypsin was performed overnight at 37˚C. Finally, the 
digestion was quenched by addition of formic acid to a final concentration of 0.1% 
(vol/vol). The resulting solution was desalted using 200 mg Sep-Pak C18 cartridges 
(Waters Corporation, Milford, MA), lyophilized and stored at -20˚C.
Ti-IMAC microcolumns were prepared as previously described64. Trypsinized 
peptides were loaded onto pre-conditioned microcolumns, which were later 
sequentially washed with 60 µl of loading buffer, followed by 60 µl of 50% 
ACN/0.5% TFA containing 200 mM NaCl and 60 µl of 50% ACN/0.1% TFA. The 
bound peptides were eluted by 20 µl of 5% ammonia into 20 µl of 10% formic acid 
and then stored at -20˚C prior to LC-MS/MS analysis. MS spectra assignment was 
performed with MaxQuant Version 1.1.1.25.

In vitro kinase assay
eEF2K kinase activity was assayed as described48. 

Ribosome transit time measurements
The method for ribosome transit time measurements is adapted from45,65. In brief, 
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cells were incubated in methionine-free medium for 30 minutes, prior to adding 
labeling medium containing 10 μCi/ml L-[35S]Met (NEG709A, Perkin-Elmer). 
Samples were harvested in PBS containing 100 μg/ml cycloheximide at 2, 4, 6, 8, 
10, 12 min after labeling and pelleted. Cell lysis and pelleting of polysomes were 
executed as described65. Polysomes were pelleted at 55,000 × g for 20 min at 4°C in 
a Beckman Sw55Ti rotor.
Fifty microliters of the total protein fraction (post-mitochondrial supernatant) and 
completed protein fraction (post-ribosomal supernatant), were loaded on 3MM 
paper and precipitated by consecutive incubations in cold 10% TCA and boiling 
10% TCA (2.5 minutes per step) and briefly washing in acetone and ethanol. 
Filters were air-dried and incorporation of [35S]-methionine was measured by 
liquid scintillation counting (three measurements per sample).
To calculate ribosome transit times, we measured the lag between the linear 
incorporation of labeled methionine in total protein (TP) and the linear 
incorporation in complete protein (CP), which represents the time it takes for all 
nascent peptides to be labeled66. This lag is seen in the graph as the difference in 
x-intercepts of the two extrapolated lines and represents the half transit time (half 
because the average length of polypeptides on a polyribosome is always half of 
the full length of completed peptides). To obtain the ribosome transit time, the 
difference in intercepts is doubled.

Metabolic labeling
U2OS cells were culture in methionine-free medium for 60 minutes and then 
incubated in 50 μM Click-iT HPG (L-homopropargylglycine) for 90 minutes. 
Cells were fixed in 70% ethanol, stained with Alexa Fluor 488 azide and analyzed 
by FACS. 

Statistical analysis
All data shown are from one representative experiment of at least three performed.  
Statistical tests used are specified in the legends of relevant figures. 
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Figure S1. eEF2K interacts with βTrCP1 and βTrCP2. (A) Peptide coverage 
of eEF2K in the mass spectrometry analysis of βTrCP2 immunopurification. 
Amino acid sequences of detected eEF2K peptides are shaded in grey. Nine 
unique peptides, 10 unique spectra, 26 total spectra, 107/725 amino acids 
(15% coverage) were identified. (B) HEK293T cells were transfected with either 
FLAG-tagged βTrCP1 or βTrCP2 or an empty vector (EV). Forty-eight hours 
after transfection, cells were treated with the proteasome inhibitor MG132, then 
harvested and lysed. Cell extracts were immunoprecipitated (IP) with anti-FLAG 
resin, and immunoblotted with the indicated antibodies. (C) HCT116, DLD1, 
SW480 and HEK293T cells were transfected with FLAG-tagged βTrCP1 (+) or 
an empty vector (-). Forty-eight hours after transfection, cells were treated for 5 
hours with the proteasome inhibitor MG132, then harvested and lysed. Whole cell 
extracts were subjected to immunoprecipitation with anti-FLAG resin, followed by 
immunoblotting with the indicated antibodies. (D-F) Peptide coverage of βTrCP1/
FBXW1 (D), βTrCP2/FBXW11 (E) and SKP1 (F) in the mass spectrometry analysis 
of eEF2K immunopurifications. Amino acid sequences of detected peptides are 
shaded in grey.

IPI00011689(100%), 82,173.9 Da
Gene_Symbol=EEF2K Elongation 
factor 2 kinase
9 unique peptides, 10 unique spectra, 
26 total spectra, 107/725 amino acids 
(15% coverage)
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IPI00307418 (100%), 65,050.2 Da
Isoform 2 of F-box/WD repeat-containing 
protein 1A
1 unique peptide, 1 unique spectrum, 
2 total spectra, 47/569 amino acids 
(8% coverage)
MDPAEAVLQE KALKFMNSSE REDCNNGEPP 
RKIIPEKNSL RQTYNSCARL CLNQETVCLA 
STAMKTENCV AKTKLANGTS SMIVPKQRKL 
SASYEKEKEL CVKYFEQWSE SDQVEFVEHL 
ISQMCHYQHG HINSYLKPML QRDFITALPA 
RGLDHIAENI LSYLDAKSLC AAELVCKEWY 
RVTSDGMLWK KLIERMVRTD SLWRGLAERR 
GWGQYLFKNK PPDGNAPPNS FYRALYPKII 
QDIETIESNW RCGRHSLQRI HCRSETSKGV 
YCLQYDDQKI VSGLRDNTIK IWDKNTLECK 
RILTGHTGSV LCLQYDERVI ITGSSDSTVR 
VWDVNTGEML NTLIHHCEAV LHLRFNNGMM 
VTCSKDRSIA VWDMASPTDI TLRRVLVGHR 
AAVNVVDFDD KYIVSASGDR TIKVWNTSTC 
EFVRTLNGHK RGIACLQYRD RLVVSGSSDN 
TIRLWDIECG ACLRVLEGHE ELVRCIRFDN 
KRIVSGAYDG KIKVWDLVAA LDPRAPAGTL 
CLRTLVEHSG RVFRLQFDEF QIVSSSHDDT 
ILIWDFLNDP AAQAEPPRSP SRTYTYISR

D
IPI00301283 (100%), 60,898.8 Da
Isoform B of F-box/WD repeat-containing 
protein 11
4 unique peptides, 4 unique spectra, 
7 total spectra, 47/529 amino acids 
(9% coverage)
MEPDSVIEDK TIELMNTSVM EDQNEDESPK 
KNTLWQISNG TSSVIVSRKR PSEGNYQKEK 
DLCIKYFDQW SESDQVEFVE HLISRMCHYQ 
HGHINSYLKP MLQRDFITAL PEQGLDHIAE 
NILSYLDARS LCAAELVCKE WQRVISEGML 
WKKLIERMVR TDPLWKGLSE RRGWDQYLFK 
NRPTDGPPNS FYRSLYPKII QDIETIESNW 
RCGRHNLQRI QCRSENSKGV YCLQYDDEKI 
ISGLRDNSIK IWDKTSLECL KVLTGHTGSV 
LCLQYDERVI VTGSSDSTVR VWDVNTGEVL 
NTLIHHNEAV LHLRFSNGLM VTCSKDRSIA 
VWDMASATDI TLRRVLVGHR AAVNVVDFDD 
KYIVSASGDR TIKVWSTSTC EFVRTLNGHK 
RGIACLQYRD RLVVSGSSDN TIRLWDIECG 
ACLRVLEGHE ELVRCIRFDN KRIVSGAYDG 
KIKVWDLQAA LDPRAPASTL CLRTLVEHSG 
RVFRLQFDEF QIISSSHDDT ILIWDFLNVP 
PSAQNETRSP SRTYTYISR

E

F
IPI00301364 (61%), 18,658.4 Da
Isoform 1 of S-phase kinase-associated 
protein 1A
1 unique peptide, 1 unique spectrum, 
2 total spectra, 12/163 amino acids 
(7% coverage)

MPSIKLQSSD GEIFEVDVEI AKQSVTIKTM 
LEDLGMDDEG DDDPVPLPNV NAAILKKVIQ 
WCTHHKDDPP PPEDDENKEK RTDDIPVWDQ 
EFLKVDQGTL FELILAANYL DIKGLLDVTC 
KTVANMIKGK TPEEIRKTFN IKNDFTEEEE 
AQVRKENQWC EEK



58

2

Chapter 2

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
m/z

0

10

20

30

40

50

60

70

80

90

100

Re
la

tiv
e 

Ab
un

da
nc

e

- E S E N S G D S G Y P S E K -
y11 y9y12 y8 y7 y6 y5 y4 y3 y2

b2 b4 b5b3 b7 b8 b9 b10 b11 b12 b13

b2 y2 b3-18
y3

b4-17

y4

b5-18

b5y11++

y5
y12++

y6
b7-18

y7

b8-18b9-18

b9
y8

y9

b10-18
b10

b11-18b11
y11

b12 y12 b13

A

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
m/z

0

10

20

30

40

50

60

70

80

90

100

Re
la

tiv
e 

Ab
un

da
nc

e

y2
y3

y4, b4

y7++ b8++
b6

b4-18

y5 b7-18
y7b8

b9

b10-18
b10

b11-18

b11

y11
b13-18

b13

b10-98

b10-98-18

b10-98-18-18

b13-98

y11-98

- E S E N S G D pS G Y P S E K -
y11 y10 y7 y5 y3 y2

b4 b6 b7 b8 b9 b10 b11 b13

B

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
m/z

0

10

20

30

40

50

60

70

80

90

100

Re
la

tiv
e 

Ab
un

da
nc

e

y2 b3
y7++

y4-98

y3

b4
b7-18

y4

y2-98b5-18
y5

y7-98

b8-17
b9-18

y7

y8-98
y9-98

y10-98
b10-17

y9

b10

y10

b11
y11

b13-98

b13-18

b13

y10-98-18

y10-98-18-18

y10-18

- E S E N S G D S G Y P pS E K -
y11 y10 y9 y8 y7 y5 y4 y3 y2

b4 b5b3 b7 b8 b9 b10 b11 b13

C



59

2

Coupled activation and degradation of eEF2K

Figure S2. Phosphorylation of the eEF2K degron in cells. (A-C) HEK293T 
cells were cotransfected with FLAG-tagged eEF2K and the Cul1 dominant 
negative deletion mutant CUL1-N252.  eEF2K was purified and analyzed by mass 
spectrometry. Ion fragmentation spectra are shown for the unphosphorylated (A) 
and the phosphorylated peptides (B and C). The CID (collision-induced dissociation) 
MS/MS spectra were performed with multistage activation for the unmodified 
version (A) and the phosphorylated versions (B and C) of ESENSGDSGYPSEK, 
a peptide harboring the phospho-degron of eEF2K. The precursor m/z for the 
doubly-charged phosphorylated peptides is 783.28 Th, which is 80 Da larger than 
the unmodified version (743.30 Th), indicating the presence of a phosphate group 
in the modified peptide. There are five possible sites for this phosphate group: 
S2, S5, S8, Y10 and S12. (B) shows that the b series of unmodified daughter 
ions can be traced up to b7 ion whereas phosphorylated b ion series (+80 Da) 
starts from b8 ion onwards. This eliminates the possibilities for S2 and S5 and 
indicates that the phosphate group is located on S8. For y ions, unmodified y ion 
series can be traced up to y5 ion, whereas the phosphorylated y ions start from 
y7. This further eliminates the possibilities for Y10 and S12 and confirms S8 as 
the phosphorylation site. The diagnostic daughter ions are highlighted with red 
arrows. Using the same approach, we showed that S12 is also phosphorylated 
(C). S8 corresponds to Ser441 and S12 to Ser445.

Figure S3. βTrCP-mediated ubiquitylation of eEF2K depends on an intact 
phosphodegron. In vitro ubiquitylation assay of 35S labeled in vitro translated 
eEF2K [wild-type or eEF2K(S441A/S445A)] was performed as described in 
Material and Methods. Data represent at least 3 independent experiments.
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Figure S4. eEF2K abundance in response to mitogens and during the cell 
cycle. (A) T98G cells were transfected with siRNA oligonucleotides to a non-
relevant mRNA (control siRNA) or to both βTrCP1 and βTrCP2 mRNA (βTrCP 
siRNA).  Cells were deprived of serum (SD) for 36 hours and then activated with 
serum for the indicated time periods. AS: asynchronously growing cells. The graph 
illustrates the quantification by densitometry of the eEF2K immunoblot shown 
above. The value given for the amount of eEF2K present in asynchronous cells 
treated with control and βTrCP siRNA was set as 100%. (B) MCF7A cells were 
placed in a hypoxia chamber (1% oxygen) for 24 hours and released by placing 
them back into normoxic conditions. Cells were then collected at the indicated 
time points. Whole cell extracts were analyzed by immunoblotting with antibodies 
for the indicated proteins. (C) U2OS cells were synchronized at G1/S by treatment 
with 2.5 mM thymidine for 24 hours. Cells were then washed extensively and 
incubated in fresh medium (indicated as time 0) to allow progression toward 
mitosis. Cells were harvested at the indicated time points, lysed and analyzed by 
immunoblotting with antibodies for the indicated proteins. The graph shows the 
abundance of eEF2K normalized to loading control and relative to the amount 
present in the asynchronous sample. (D) Hela cells were synchronized at the 
G1/S transition by double thymidine block followed by released into nocodazole 
(left panels) and in mitosis by the nocodazole block-and-release procedure (right 
panels). Cells were then collected at the indicated time points and analyzed by 
immunoblotting with antibodies for the indicated proteins. Cul1 was used as a 
loading control. Cell cycle phases were monitored by flow cytometry. In the graph, 
the amount of eEF2K is represented relative to the amount at time 0 in both the 
thymidine and the nocodazole release. Data in A, B, C and D represent at least 3 
independent experiments each.
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Figure S5. The eEF2K degron is phosphorylated in response to genotoxic 
stress. (A) Characterization of a phospho-specific antibody for the eEF2K degron. 
HEK293T cells were transfected with either HA-tagged wild type eEF2K or HA-
tagged eEF2K(S441A/S445A). Twenty-four hours after transfection, cells were 
treated with MG132 for three hours, and collected. Cells were lysed and whole 
cell extracts were subjected to immunoprecipitation (IP) with anti-HA resin before 
immunoblotting with antibodies for the indicated proteins. One IP sample (λPP) 
was treated with λ-phosphatase before SDS-PAGE. (B) Phosphorylation of the 
eEF2K degron in response to genotoxic stress. U2OS cells were synchronized at 
G1/S by treatment with 2.5 mM thymidine for 24 hours. Cells were then released 
from the block to allow progression toward G2. Five hours after release, cells were 
pulsed with 0.5 μM doxorubicin (DOX) for 1 hour. Cells were harvested, lysed and 
analyzed by immunoblotting with antibodies for the indicated proteins. Data in A 
and B represent at least 3 independent experiments each.
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Figure S6. DNA damage dependent 
phosphorylation of eEF2 on Thr56 
and decreased protein synthesis is 
mediated by eEF2K.(A) DNA damage 
dependent phosphorylation of eEF2 
on Thr56 is mediated by eEF2K. U2OS 
cells were transfected with control or 
eEF2K siRNA. Twenty-four hours after 
transfection, cells were synchronized 
at G1/S by treatment with 2.5 mM 
thymidine for 24 hours. Cells were 
then released from the block to allow 
progression toward G2. Five hours 
after release, cells were pulsed with 0.5 
μM doxorubicin (DOX) for 1 hour. Cells 
were harvested, lysed and analyzed 
by immunoblotting with antibodies for 
the indicated proteins. (B) Decreased 
global protein synthesis upon activation 
of the DNA damage checkpoint. Cells 
were treated as in (A) and labeled with 
HPG (L-homopropargylglycine) for 90 
minutes. Incorporation of HPG was 
detected using Click-iT technology and 
monitored by FACS. Data are shown for 
G2 cells (100%) and G2 cells following 
a doxorubicin pulse. Results are the 
mean ± SD (n=3 experiments). *P ≤ 
0.01 compared to all other samples 
by one-way ANOVA with Bonferroni’s 
post-hoc test.
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Figure S8. AMPK inhibition prevents eEF2K degradation during checkpoint 
silencing. U2OS cells were synchronized in G2 and then pulsed with doxorubicin 
(DOX) for 1 hour. Cells were then washed extensively and incubated in fresh 
medium (indicated as time 0). The AMPK inhibitor compound C was added two 
hours before the doxorubicin pulse. Cells were harvested at the indicated time 
points and analyzed by immunoblotting. Data represent at least 3 independent 
experiments.
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Figure S10. The kinase-dead eEF2K mutant is not degraded during 
checkpoint silencing. U2OS cells were transduced with empty retroviruses (EV), 
retroviruses expressing HA-tagged wild type eEF2K, HA-tagged eEF2K(C314A/
C318A) or HA-tagged eEF2K(S441A/S445A) and synchronized at G1/S by 
treatment with 2.5 mM thymidine for 24 hours. Cells were then released from 
the block to allow progression toward G2. Five hours after release, cells were 
doxorubicin pulsed for 1 hour, washed extensively, and incubated in fresh medium 
(indicated as time 0). Cells were harvested at the indicated time points, lysed 
and analyzed by immunoblotting with antibodies for the indicated proteins. The 
graph illustrates the amount of eEF2K normalized to loading control and relative 
to time 0 in eEF2K(C314A/C318A), eEF2K WT and eEF2K(S441A/S445A). Data 
represent at least 3 independent experiments.
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Introduction
In the process of protein secretion, newly synthesized proteins leave the 
endoplasmic reticulum (ER) at ER exit sites and are incorporated into a membrane 
compartment at the ER Golgi Intermediate Compartment (ERGIC). From there, 
these tubular-vesicular structures mature into Golgi stacks that then move from the 
cis- to the trans-Golgi, until they arrive at the Trans Golgi Network (TGN), where 
they form vesicles that transport their protein content to the plasma membrane or 
to lysosomes1. This process of stack maturation requires the retrograde transport of 
specific Golgi enzymes to maintain the overall architecture of the Golgi apparatus1.
The formation of transport vesicles at the Golgi is regulated by the small GTPase 
Arf1 (ADP-ribosylation Factor 1)2,3, a protein that, like all small GTPases, cycles 
between an active, GTP-bound state and an inactive, GDP-bound state. This 
cycling requires the activity of both guanine-nucleotide exchange factors (GEFs) 
and GTPase activating proteins (GAPs). These factors determine the specificity of 
Arf1 through their restricted membrane localization. At the TGN, the ArfGEFs 
BIG1 and BIG2 (for Brefeldin A-inhibited GEF) activate Arf1 to facilitate the 
recruitment of adaptor protein 1 (AP-1) coat proteins for lysosome-directed 
transport4, whereas retrograde transport by coat protein I (COP-I) coated vesicles 
at the ERGIC and the cis-Golgi depends on GBF1 (Golgi-specific Brefeldin 
A-resistance guanine nucleotide exchange factor 1)5-7.
GBF1 was first discovered in yeast, where it is called Gea1 (Guanine-nucleotide 
exchange on Arf)8. Like all ArfGEFs, GBF1 contains a Sec7 domain, named for the 
yeast Sec7 protein9, that is responsible for nucleotide transfer, and an Arf-binding 
motif called loop>J10. To activate Arf1, GBF1 needs to translocate to the cis-Golgi 
membrane, where it encounters Arf1, transiently associated with the membrane 
through its myristoylated N-terminus. By transferring GTP onto Arf1, GBF1 not 
only activates Arf1, but it also stabilizes its interaction with the membrane11. Arf1 
remains active and membrane-associated until it is reverted to a GDP-bound state 
by ArfGAP112. GBF1 itself is displaced from the membrane upon activating Arf1 

Abstract
The process of vesicular transport in the Golgi apparatus is regulated by the 
activity of the small GTPase Arf1. The main ArfGEF in the cis-Golgi is GBF1, a 
factor instrumental for maintenance of the Golgi architecture and the retrograde 
transport from Golgi to the endoplasmic reticulum. Besides its function in protein 
secretion, GBF1 is also involved in cell cycle regulation, since dissociation of 
GBF1 from the Golgi membrane is required for mitotic disassembly of the Golgi, 
an event necessary for mitotic progression. 
In this chapter, we describe the identifaction of GBF1 as a novel interaction 
partner of the SCFβTRCP E3 ubiquitin ligase. We show that this interaction requires 
a canonical βTrCP binding domain and that it leads to ubiquitylation of GBF1. 
This newly discovered modification of GBF1 could have major implications for the 
regulation of GBF1 function and the cellular processes it is involved in.
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and resides in the cytosol until it is recruited back to the Golgi for another round 
of Arf1 activation13,14. 
The exact mechanism of GBF1 recruitment to the Golgi is yet to be unraveled, but 
several factors were shown to play a role in this process. One of these factors is 
the small GTPase Rab1b, which was found to be required for COP-I recruitment 
to the Golgi15. That Rab1b is upstream of GBF1-mediated Arf1 activation was 
demonstrated by overexpression of Rab1b-GTP. This induced recruitment of 
GBF1 to ER exit sites (ERES) and Golgi membranes, increasing the amount of 
Arf1 present at those sites16. Furthermore, Rab1b depletion caused a displacement 
of GBF1 to the cytosol, indicating that Rab1b function is required for GBF1 
localization at the Golgi membrane16. Interestingly, GBF1 has been described to 
interact with the Rab1 effector protein p11517, that functions as a Golgi membrane 
tether18. Although the recruitment of GBF1 to the membrane was shown to be 
independent of p115, their interaction was suggested to be required for proper 
recruitment and activation of Arf118. Due to the ability of p115 to directly interact 
with SNARE proteins19, it has also been speculated that the Rab1-GBF1-p115 
interactions are required for the coordination of vesicle budding and membrane 
fusion20.
New insights into the mechanism by which Rab1 recruits GBF1 to the Golgi 
membrane came when it was discovered that Rab1 is capable of activating 
PI4KIIIα, that generates the phosphatidylinositide PtdIns(4)P21. Presence of this 
PtdIns(4)P at the Golgi membrane is required for GBF1 localization and Arf1 
activation, although direct binding between GBF1 and PtdIns(4)P has not been 
demonstrated21. 
Regulation of GBF1 affects many processes, as demonstrated by a number of loss-
of-function studies in several model systems. The best studied function of GBF1 
is COP-I mediated transport, found in both yeast and mammalian cells5,7,22,23. 
However, GBF1 was also shown to play a role in Arf1-dependent recruitment of 
another coat-complex, the Golgi-localized, γ-ear-containing Arf-binding (GGA) 
coat proteins, that are involved in post-Golgi vesicle transport24.
Other functions of GBF1/Gea1 seem to be independent of coat protein recruitment, 
like its involvement in the organization of the actin cytoskeleton25 and the 
formation of the autophagosome in yeast26 or the requirement of the Drosophila 
GBF1-homologue, Gartenzwerg, in the formation of polarized epithelia27.
It was also observed that, when GBF1 function is perturbed by either chemical 
inhibition through Brefeldin A28,29 or Golgicide A30, depletion by siRNA31, or 
expression of dominant-inactive GBF113, the cis- and medial-Golgi completely 
disperse upon treatment. If this dispersion persists, it can have disastrous effects for 
the cell; Golgi disassembly triggers the unfolded protein response and eventually 
causes apoptosis31.
A physiological function for Golgi dispersion was also described, since disassembly 
of the Golgi is observed in mitotic cells, where it is shown to be required for 
proper mitotic entry32. It has been demonstrated that a decrease in Arf1 activity 
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Figure 1. GBF1 interacts specifically with βTrCP. (A) Peptide coverage of 
GBF1 in the mass spectrometry analysis of a βTrCP2 immunopurification.  Amino 
acid sequences of detected GBF1 peptides are bold and shaded.  Thirty unique 
peptides, 32 unique spectra, 101 total spectra, and 369/1859 amino acids (20% 
coverage) are identified. (B) HEK293T cells, transfected with an empty vector 
(EV) or several FLAG-tagged substrate recognition subunits from either SCF- or 
APC/C E3 ligases, are treated with MG132 for 5 hours and lysed. Cell extracts 
are used for FLAG-immunoprecipitation and analyzed by immunoblotting. (C) Cell 
lysates from MG132-treated HEK293T cells are submitted to immunoprecipitation 
with either affinity-purified mouse immunoglobulin G (IgG) or with affinity-purified 
monoclonal antibody against GBF1.
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is required for the regulated fragmentation of the Golgi at the onset of mitosis33, 
and several studies implicate a role for GBF1 in the mitotic deactivation of Arf1. 
First, it was shown that phosphorylation of GBF1 by the cyclin-dependent kinase 
CDK1 leads to displacement of both GBF1 and Arf1 from Golgi membranes34. 
Furthermore, Mao and colleagues35 have demonstrated that the previously reported 
phosphorylation of GBF1 on Thr1337 by AMP-activated protein kinase (AMPK) and 
the subsequent disassembly of the Golgi36, occur specifically in mitosis. Whether 
these phosphorylation events are involved in mitotic GBF1 regulation and how 
they are mechanistically connected remains unclear, but these studies demonstrate 
a role for GBF1 in the regulation of mitotic progression in mammalian cells. 
Interestingly, these two phosphorylation events are the only post-translational 
modifications of GBF1 described to date, and both play a role in cell cycle 
regulation, seemingly independently of GBF1 function in the secretory pathway. 
In this study, we describe a novel interactor of GBF1 and the posttranslational 
modification it executes. We demonstrate for the first time, that the SCFβTrCP E3 
ubiquitin ligase binds to GBF1 in a ligase-substrate manner and that it is capable 
of transferring a poly-ubiquitin modification onto GBF1. We also identify the 
conserved phosphodegron motif in GBF1 required for the interaction with 
SCFβTrCP.

Results

SCFβTrCP binds to GBF1
To identify novel interactors of βTrCP, we used a screening approach that combines 
two sequential affinity purifications, followed by mass spectrometry analysis (AP-
MS). We N-terminally tagged βTrCP2 with two FLAG- and two hemagglutinin 
(HA) sequences and overexpressed it in HEK293T cells. After treating these 
cells with the proteasome inhibitor MG132, to prevent degradation of βTrCP2 
substrates, we lysed the cells for affinity purification. We performed a FLAG-
purification, followed by elution of the purified complexes and another round of 
purification targeting the HA tag. This two-step approach provides enrichment for 
strong and specific binding partners, because most unspecific or weak interactions 
are lost. The purified complexes were then analyzed by mass spectrometry. 
Among the identified proteins were SCF-complex components as well as known 
βTrCP substrates, which shows the reliability of the screening approach and 
implicates great promise for the novel putative interactors that were identified. 
One of these newly identified binding partners for βTrCP2 is a 206 kD protein 
called Golgi Brefeldin A-resistant factor 1 (GBF1), of which 30 unique peptides 
were recovered by mass spectrometry (Figure 1A).
To validate the interaction found in the initial screen, as well as assess the specificity 
of the reported binding, we expressed several FLAG-tagged F-box proteins and the 
substrate binding subunits of the APC/C E3 ubiquitin ligase in HEK293T cells and 
used an anti-FLAG antibody in an immunoprecipitation assay. Then, we examined 
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the pulled-down complexes for the presence of GBF1 by immunoblotting with 
an antibody against endogenous GBF1 (Figure 1B). Not only did this experiment 
verify the interaction between GBF1 and both βTrCP1 and βTrCP2, it also showed 
that the binding to GBF1 is specific for βTrCP and that it does not occur with other 
F-box proteins or the APC/C.
To exclude any possible binding artefacts due to βTrCP overexpression, we next 
assessed whether the endogenous proteins also interact in cells. Therefore, we 
immunoprecipitated endogenous GBF1 from HEK293T cells and unambiguously 
showed that it does indeed interact with endogenous βTrCP (Figure 1C).

GBF1 is a substrate of βTrCP
To determine whether the binding of βTrCP to GBF1 represent a typical βTrCP-
substrate interaction, we used a previously described mutant of βTrCP37. In this 
mutant Arg474, which is required for the function of βTrCP’s WD40 domain, is 
mutated to an alanine. This disrupts the substrate binding capacity of the E3 
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ligase, but leaves the SCF complex intact. Immunoprecipitation of wild type and 
βTrCP(R474A) shows that the mutation completely abolishes the binding to GBF1 
(Figure 2A), indicating that GBF1 is bound by βTrCP as a substrate and suggesting 
that βTrCP might be capable of ubiquitylating GBF1.
To test whether GBF1 is ubiquitylated by SCFβTrCP, we reconstituted the 
ubiquitylation of GBF1 in vitro. We incubated GBF1 with either wild type βTrCP 
or an inactive mutant that lacks the F-box domain (βTrCP ΔF-box) and observed 
that poly-ubiquitylation of GBF1 is only induced by the wild type βTrCP.
Taken together, these results indicate that GBF1 is indeed a bona-fide substrate of 
the SCFβTrCP ubiquitin ligase (Figure 2B).

A conserved phosphodegron is required for the binding of GBF1 to 
βTrCP
A common feature of nearly all βTrCP substrates is a phosphorylated recognition 
sequence required for βTrCP binding, known as a phosphodegron. The consensus 
sequence for this motif is DpSGXX(X)pS, in which either of the phosphorylated 
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Figure 3. A conserved phosphodegron is required for βTrCP-GBF1 binding.
(A) Schematic representation of the GBF1 protein, with three putative 
phosphodegron sequences indicated. (B) After transfection with an empty vector 
(EV), HA-tagged GBF1 wild type (WT) or mutants, HEK293T cells are treated with 
MG132 and lysed. Cell extracts are used in anti-HA immunoprecipitation, after 
which binding to endogenous βTrCP is analysed by immunoblotting. (C) Alignment 
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serines can be replaced by a glutamic or aspartic acid residue38. GBF1 contains 
three putative phosphodegrons (Figure 3A). To identify the region required for 
βTrCP binding, we made mutants for each of these motifs, in which the serine 
and/or glutamic acid residues are replaced by alanine.
Immunoprecipitation of the mutant proteins shows that the S1300A/S1304A and 
E1481A/S1486 mutants bind βTrCP with an affinity similar to that of wild type 
GBF1. However, the S292A/S297A mutant was unable to interact with βTrCP 
(Figure 3B). This shows that Ser292 and Ser297 are required for recognition of GBF1 
by βTrCP, most likely throughout evolution, as the phosphodegron is highly 
conserved in vertebrates (Figure 3C).

Biological function of βTrCP-mediated ubiquitylation of GBF1
Considering the fact that most βTrCP substrates were shown to be degraded by 
the proteasome upon βTrCP-mediated ubiquitylation, we set out to identify the 
cellular conditions under which βTrCP stimulates the degradation of GBF1. In 
asynchronous HeLa cells, treated with cycloheximide to inhibit protein synthesis, 

Figure 4. Assessing GBF1 stability. (A) Asynchronous HeLa cells are treated 
with cycloheximide for the indicated times to block protein translation and assess 
the half-life of GBF1. (B) HeLa cells, transduced with lentiviruses expressing an 
empty vector (EV), HA-tagged WT GBF1, or GBF1(S292A/S297A), are either left 
untreated and lysed or trapped in metaphase by a 16-hour treatment with 0,1 
μg/ml nocodazole and enriched for mitotic cells by using mitotic shake-off. Cell 
lysates are then subjected to immunoblotting. (C) Cell extracts from untreated 
HeLa cells (transduced as in (B)) or HeLa cells starved for 16 hours by culturing in 
Hank’s Balanced Salt Solution (HBSS) are used for immunoblotting.
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endogenous GBF1 is very stable and no degradation could be observed (Figure 
4A). Because many βTrCP substrates are only targeted for βTrCP binding and 
subsequent degradation under specific cellular conditions, we tested two situations 
that might require degradation of GBF1. 
First we hypothesized that GBF1 degradation might be necessary for breakdown of 
the Golgi stack at the onset of mitosis. It was shown that the GBF1 target Arf1 needs 
to be inactivated to allow mitotic Golgi disassembly33, that GBF1 is phosphorylated 
and displaced from the Golgi membrane in mitosis34, and that AMPK-mediated 
phosphorylation of GBF1 leads to mitotic Golgi dispersion35. We tested this by 
comparing the amount of GBF1 (endogenous as well as overexpressed WT and 
S292A/S297A mutant) in asynchronous cells to the amount in cells that have been 
arrested in prometaphase by nocodazole treatment (Figure 4B). This treatment 
did not seem to affect the amount of GBF1 present. From this experiment we 
could also conclude that the expression of mutant GBF1, which is not recognized 
by βTrCP, did not impair the capacity of the cells to enter mitosis. It is therefore 
unlikely that βTrCP-mediated degradation of GBF1 is required for mitotic entry. 
We then turned our attention to the process of macro-autophagy, as Naydenov and 
colleagues39 have shown that the number of autophagosomes present in HeLa cells is 
significantly increased by siRNA depletion of GBF1. This observation suggests that 
a decrease in GBF1 levels might be required for the formation of autophagosomes, 
and that βTrCP-mediated degradation of GBF1 might be involved in this process. 
In both parental HeLa cells and cells expressing HA-tagged GBF1, wild type or 
S292A/S297A, we induced autophagy by culturing them in starved conditions and 
analyzed the amount of GBF1 with and without starvation. As shown in Figure 4C, 
the starvation treatment did not have an effect on the amount of GBF1 detected 
in these cells. Furthermore, over-expression of wild type or mutant GBF1 did not 
alter the capacity of these cells to initiate autophagy, as indicated by the unaltered 
cleavage of the autophagy marker LC3B. 

Discussion

In this study we identify the Arf-GEF GBF1 as a novel substrate of SCFβTrCP and 
show that the Ser292-Ser297 phosphodegron motif is required for this interaction. 
However, we have not been able to identify the conditions under which degradation 
of GBF1 by βTrCP-mediated ubiquitylation takes place. There could be various 
explanations for that, the simplest being that we have not tested the proper 
condition yet, but there might be more to it.
First, GBF1 activity is spatially regulated. GBF1 can only activate Arf1 when both 
are associated with the Golgi membrane and rapid cycling of GBF1 between a 
membrane-bound and a cytoplasmic state determines whether this is the case13,14. 
It is therefore not unlikely that only a small subset of GBF1 is available for binding 
to and ubiquitylation by βTrCP, either because βTrCP binding requires GBF1 to 
be dissociated from the membrane or because GBF1 is only located close enough 
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to βTrCP when GBF1 is anchored to a specific stretch of membrane. If the latter 
is true, availability of GBF1 to βTrCP might even be regulated by changes in 
membrane composition, since it was shown that GBF1 membrane association 
requires the presence of specific phosphoinositides21. 
Detecting changes in stability of a small pool of GBF1 will be difficult when 
analyzing protein levels in whole cell extracts, as they likely also contain a large 
amount of stable GBF1. In order to detect these changes, it will be necessary to 
study the different pools of GBF1 in more detail. Initially, this can be done by 
fractionation of cell lysates, to distinguish between cytosolic and membrane-
bound GBF1. If a higher resolution method turns out to be required, a FRET assay 
(as reviewed in 40) could be used to pinpoint the exact cellular location of βTrCP-
GBF1 binding events. 
In situ analysis of the stability of a pool of GBF1 could executed by tagging GBF1 
with a photo-convertible fluorophore like Dendra41. It would then be possible to 
convert the fluorescence only at the site of GBF1-βTrCP interaction and analyze 
the stability of that specific pool of GBF1, possibly providing evidence for βTrCP-
mediated degradation of that specific pool.
Another explanation for the lack of observed GBF1 degradation is that GBF1, 
although ubiquitylated by βTrCP, might not be targeted to the proteasome for 
degradation. Instead, βTrCP could be transducing signals onto GBF1 by mediating 
the transfer of so-called atypical ubiquitin chains. These atypical chains, in 
contrast to the classical, Lys48-linked ubiquitin chains that facilitate proteasomal 
degradation, are used as signaling cues in diverse processes, like DNA damage 
repair, immune response and cell cycle progression42-44. Involvement of Lys63-
linked chains would be particular interesting to investigate in the case of GBF1 
regulation, since these chains were reported to be involved in different steps of 
intracellular protein trafficking45-47. In the event that GBF1 is indeed being modified 
by the addition of atypical ubiquitin chains by βTrCP, it would be one of very few 
βTrCP substrates that are not targeted for degradation upon interaction with this 
E3 ligase. Other substrates that have been reported to undergo a similar fate are 
Myc, which is protected from degradation by βTrCP-mediated modification with 
heterotypic ubiquitin chains48, and NF-κB, which is targeted to the proteasome 
upon βTrCP-mediated ubiquitylation, where it is processed to a p50 isoform rather 
than being degraded49.
In summary, we have firmly established that GBF1 is a substrate of βTrCP, but there 
are still many issues to be investigated when it comes to unraveling the biological 
function of GBF1 ubiquitin modification by SCFβTrCP.

Materials and Methods

Cell culture and drug treatment
HEK293T and HeLa cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; Life Technologies) containing 10% fetal calf serum, 100 U /ml penicillin, 
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and 100 μg/ml streptomycin. MG132 (10 μM) was added for 5 hours when 
indicated. Cycloheximide treatment was performed for the indicated time at a final 
concentration of 100 μg/ml. Mitotic arrest was induced with 0,1 μg/ml nocodazole 
for 16 hours and starvation to induce autophagy in HeLa cells was performed by 
culturing cells in Hank’s Balanced Salt Solution (HBSS, Life Technologies) for 16 
hours.

Biochemical methods
For preparation of cell extracts, cells were washed and collected in ice-cold PBS and 
lysed in lysis buffer (50mM Tris pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM 
EDTA, 50 mM NaF and protease and phosphatase inhibitors) for 30 minutes on ice, 
followed by 20 minutes centrifugation at 4°C. Cell extracts were then submitted to 
either immunoblotting or immunoprecipitation followed by immunoblotting. For 
immunoprecipitation, cell extracts were first incubated with protein G- or protein 
A-Sepharose beads for 1 hour at 4°C for pre-cleaning, then with the indicated 
antibody for 3 hours at 4°C, with protein G- or protein A-Sepharose beads added 
45 minutes before the end of the incubation. Beads were washed 4 times with 
lysis buffer and proteins eluted in 5x Laemmli sample buffer. For immunoblotting, 
proteins were separated by SDS–polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred onto PVDF membrane (Millipore), and incubated with the indicated 
antibodies.

Purification of βTrCP2 interactors
HEK293T cells were transfected with pcDNA3-FLAG-HA-βTrCP2 and treated 
with 10 μM MG132 for 5 hours. Cells were harvested and subsequently lysed in 
lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5% 
NP-40 plus protease and phosphatase inhibitors]. βTrCP2 was immunopurified 
with anti-FLAG agarose resin (Sigma-Aldrich). Beads were washed, and 
proteins were eluted by competition with FLAG peptide (Sigma-Aldrich). The 
eluate was then subjected to a second immunopurification with anti-HA resin 
(12CA5 monoclonal antibody cross-linked to protein G–Sepharose; Invitrogen) 
before elution in Laemmli sample buffer. The final eluate was separated by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were visualized by 
Coomassie colloidal blue. Bands were sliced out from the gels and subjected to 
in-gel digestion. Gel pieces were then reduced, alkylated, and digested according 
to a published protocol50. For mass spectrometric analysis, peptides recovered 
from in-gel digestion were separated with a C18 column and introduced by nano-
electrospray into an LTQ Orbitrap XL mass spectrometer (Thermo Fisher). Peak 
lists were generated from the MS/MS spectra with MaxQuant51, and then searched 
against the International Protein Index human database with Mascot search 
engine (Matrix Science). Carbamino-methylation (+57 daltons) was set as fixed 
modification and protein N-terminal acetylation and methionine oxidation as 
variable modifications. Peptide tolerance was set to 7 parts per million (ppm) and 
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fragment ion tolerance was set to 0.5 daltons, allowing two missed cleavages with 
trypsin enzyme.

Antibodies
Mouse monoclonal antibodies were from Invitrogen (Cul1, 1:5000), BD Biosciences 
(GBF1, 1:4000) and Covance (HA, 1:2000). Rabbit polyclonal antibodies were 
from Cell Signaling [βTrCP1, 1:1000; phospho-histone H3(Ser10), 1:1000, LC3B, 
1:1000] and Sigma-Aldrich (FLAG, 1:2000). Affinity-purified rabbit IgG was from 
Sigma-Aldrich. Anti mouse- and anti rabbit-HRP secondary antibodies were from 
GE Healthcare.

Plasmids
GBF1 mutants were generated with the QuikChange Site-Directed Mutagenesis kit 
(Stratagene). For lentivirus production, both wild type GBF1 and GBF1(S292A/
S297A) were subcloned into the lentiviral vector pHAGE2-EF1aFull, a gift from 
prof. Niels Geijsen. All cDNAs were sequenced.

Transient transfections and lentivirus-mediated gene transfer
HEK293T cells were transfected with the polyethylenimine transfection method, 
as described52. Lentiviruses were produced in HEK293T cells by five-plasmid 
cotransfection. Briefly, the cells were transfected by PEI transfection with the 
pHAGE2 vector together with four expression vectors encoding the packaging 
proteins Gag-Pol, Rev, Tat, and the G protein of the vesicular stomatitis virus 
(VSV). Supernatants were collected every 24 hours on two consecutive days 
starting 24 hours after transfection, filtered and transferred to a 10cm plate of 
HeLa cells in the presence of polybrene (4 μg/ml). The medium was replaced with 
DMEM after 16 hours. 

In vitro ubiquitylation assay
GBF1 ubiquitylation was performed in a volume of 10 μl containing SCFbTrCP-GBF1 
immunocomplexes, 50 mM tris (pH 7.6), 5 mM MgCl2, 0.6 mM dithiothreitol 
(DTT), 2 mM adenosine triphosphate (ATP), E1 (1.5 ng/μl; Boston Biochem), Ubc3 
(10 ng/μl), ubiquitin (2.5 μg/μl; Sigma-Aldrich), and 1 μM ubiquitin aldehyde. 
The reactions were incubated at 30°C for the indicated times and analyzed by 
immunoblotting.
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Introduction
An intensively studied substrate of SCFβTrCP is the RE1-silencing transcription 
factor REST (also known as neuron-restrictive silencing factor NRSF)1,2, a zinc 
finger transcription factor that binds to a 21 bp consensus motif called the repressor 
element 1 (RE1) to inhibit transcription of adjacent genes. The human genome 
contains approximately 1900 of these elements3, which, when bound by REST, 
silence the genes in their vicinity through chromatin modification by recruited 
co-factors. REST recruits two different co-factor complexes, the mSin3a complex 
at its N-terminal repressor domain 1 (RD1, see Figure 1A), and the CoREST 
complex at the C-terminal RD2. HDAC1 and HDAC2 are part of both complexes, 
complemented in the N-terminal complex by mSin3a4-7, and by CoREST, histone 
methyltransferase G9a8 and histone demethylase LSD19 at the C-terminus. Both of 
these complexes are individually capable of inhibiting transcription, however, while 
the mSin3a complex is associated with a dynamic inhibition, CoREST recruitment 
leads to long term transcriptional repression10. Interplay between the recruitment 
of these co-repressor complexes and the amount of REST present is what most 
likely dictates the subset of RE1 containing genes that is transcriptionally repressed 
in each cell type3,10,11.
From its discovery as a transcriptional repressor of the type II sodium channel12 and 
stathmin SCG1013 onward, REST has been associated with the negative regulation 
of neuronal genes in non-neuronal cells. However, almost two decades of research 
into what is often called a master regulator of transcription have uncovered a 
number of other functions for REST. Initially, studies into REST function were 
complicated by the fact that the REST knockout mouse is embryonic lethal at 
embryonic day 11.514. Nevertheless, through loss of function studies in zebrafish, 
Xenopus and chick it has been established that loss of REST function can indeed 
lead to ectopic expression of neuronal genes14-16. In cultured neuronal stem cells 
and by overexpression assays in rat embryos, REST was also found to have great 
impact on establishing the timing of neuronal differentiation2,17,18, a process that 
was shown to require a gradual decrease in REST levels to assure that genes required 
for lineage commitment are de-repressed at the correct stage of differentiation17. 

Abstract
The zinc finger transcription factor REST (RE1-silencing transcription factor) was 
found to be degraded upon ubiquitylation by SCFβTrCP. Earlier studies into the 
biological function of this degradation have uncovered roles in cell cycle control, 
oncogenic transformation as well as neuronal differentiation. These observations, 
however, have all been made in cultured cells. To fully understand the importance 
of the described processes in the context of an organism, an in vivo model of 
REST degradation is required. We have therefore generated the first conditional 
knockin of a βTrCP substrate carrying a point mutation that prevents binding to the 
SCFβTrCP ubiquitin ligase and here we describe the generation and characteristics 
of this transgenic line.
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In two recent publications that describe a conditional REST knockout induced by 
a Cre recombinase under control of a neuron specific enolase (NSE) promoter, an 
increased sensitivity to two known neurotoxins in REST neuronal deficient mice 
was described19,20, a finding that correlates with the fact that REST has been linked 
to neuronal plasticity17.
In addition to its function in development, REST has been linked to tumorigenesis 
with seemingly paradoxical functions in cancer progression and tumor suppression. 
On one hand, REST was identified as a tumor suppressor in a genetic screen in 
mammary epithelial cells, loss of REST function was found in colon cancers21 and 
a decrease in REST transcription was detected in small cell lung cancer22,23. On 
the other hand, REST is highly expressed in medulloblastoma cells24 and tumors25, 
combined abnormal expression of REST and Myc was found to cause cerebellar 
tumors26 and high levels of REST expression are associated with an undifferentiated, 
highly proliferative state of neuroblastoma cells27. It has been suggested that REST 
acts an oncogene in neuronal cell types, because REST expression would drive 
neuronal cells back in to a more undifferentiated, proliferative state with a worse 
prognosis for tumor development11.
In both neuronal differentiation and tumorigenesis, the amount of REST present 
in the cell is closely linked to its function and, accordingly, REST protein levels 
were found to be tightly regulated. This happens not only through transcriptional 
regulation by BMP and Wnt signaling28,29, but also through posttranslational 
modification of the REST protein. In two independent studies, REST was identified 
by unbiased screening methods, either through an interaction study1 or by siRNA 
screening2, to be a substrate of the E3 ubiquitin ligase SCFβTrCP. Interaction with this 
E3 ligase leads to poly-ubiquitylation and subsequent proteasomal degradation of 
REST. Although both groups agree on the mechanism by which REST is targeted 
for degradation, they have uncovered different functions for this degradation. In 
the paper by Westbrook et al., REST degradation was not only found to be required 
for neuronal differentiation from embryonic stem cells, but, in accordance with 
the earlier discovered function of REST as a tumor suppressor21, it was also shown 
that a βTrCP-mediated decrease of REST causes oncogenic transformation of 
mammary epithelial cells2. In contrast, the paper by Guardavaccaro and colleagues 
describes a role for REST degradation in the regulation of cell cycle progression. 
There, a failure to degrade REST gives rise to genomic instability caused by a 
defective mitotic spindle checkpoint due to decreased expression of Mad2, a 
crucial checkpoint component that is transcriptionally repressed by REST1.
The importance of the strict regulation of REST levels is underlined by the fact 
that recently the herpesvirus-associated, ubiquitin specific protease HAUSP was 
found to bind REST and counteract its ubiquitylation by βTrCP, adding another 
layer of control to the REST regulatory network30. HAUSP activity was found to 
prevent neuronal differentiation, but was unfortunately not assessed in the context 
of tumorigenesis.
In an attempt to elucidate the circumstances that determine whether REST 
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degradation protects from tumorigenesis or accelerates the process, we decided to 
establish a tool to study REST degradation in vivo. Hereto, we generated a mouse 
model in which REST ubiquitylation and subsequent degradation are blocked 
by the introduction of a point mutant of the βTrCP phosphodegron in REST. To 
generate this mutant we used the inducible Cre-lox system, which allows for both 
spatial and temporal control over the expression of the mutant, either through 
cell-type specific Cre recombinase expression or by using drug-inducible forms of 
the Cre enzyme.
Among many other exciting applications, this inducible non-degradable REST 
mouse will provide the opportunity to assess the effect of defective REST 
degradation on tumorigenesis, in either a wild type or a cancer-prone genetic 
background, without interference of any effects the REST mutation might have on 
embryonic development, by inducing Cre recombination after all developmental 
processes are completed. It would also be intriguing to induce recombination of 
the REST allele in a specific cell type, to study the effect of the mutation on its 
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Figure 1. Glu1009 and Ser1013 are required for REST binding to βTrCP.
(A) Schematic representation of the REST protein with known domains and 
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immunoblotting.
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development. This would also allow the study of REST function in developmental 
processes besides neurogenesis.

Results

Generation of conditional REST(E985A/S989A) knockin mice
In earlier descriptions of the interaction between βTrCP and REST, there is no 
consensus on the amino acid residues at the REST C-terminus that are required 
for binding to βTrCP1,2. Therefore we tested all five single mutants as well as the 
double- and triple-mutant described in these two articles (Figure 1A) for their 
capacity to bind endogenous βTrCP. We immunoprecipitated wild type REST 
as well as the mutants and assessed the presence of βTrCP in the pulled down 
complexes. As shown in Figure 1B, both the Glu1009 and the Ser1013 residues are 
required for REST binding to βTrCP. Consequently, we decided to mutate the 
analogous residues in mouse REST into alanine to generate a non-degradable 
REST(E985A/S989A) mutant.
In order to generate an inducible knockin mouse, we designed a targeting strategy 
(Figure 2) similar to the one described by Skvorak et al.31, in which the Cre-lox 
recombination system is used to control the expression of a point mutant and 
restrict it in a tissue-specific and/or temporal manner.
The fact that the nucleotides that we aim to mutate are located in the final coding 
exon of the REST gene is fortuitous, since it allowed us to place the entire wild type 

Figure 2. Targeting strategy for conditional knockin of REST point mutation.
Diagram illustrating the gene targeting strategy used to generate the conditional 
REST(E985A/S989A) mutant knockin mice. Wild type REST coding exons are 
depicted as numbered blue boxes. The starred, green exon 3 represents the 
mutated exon. LoxP and Frt sites are represented as black and red open triangles, 
respectively. Limits of the arms of the targeting vector are depicted by the filled 
circles on the intronic DNA of the targeted allele with the neomycin cassette.
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exon between loxP sites and place another copy of this exon directly behind it, 
containing the three required nucleotide substitutions to create the REST(E985A/
S989A) mutant. As a result, when an active Cre recombinase is present, the wild 
type exon will be floxed out and the mutated exon ends up in its place, allowing for 
transcription of the mutated exon.
In between the wild type exon and the 3’ loxP site, we have also introduced a 
neomycin resistance cassette (NEO), to facilitate the selection of embryonic stem 
(ES) cell clones that have integrated the construct. Two Frt sites flank this cassette, 
so it can be removed by crossing the targeted animals with mice expressing the Flp 
recombinase, to prevent any adverse effects the resistance cassette might have on 
expression of nearby genes32,33.
The fully sequenced construct was used to target ES cells (derived from 129 mice), 
which were subsequently placed under neomycin selection. Selected colonies were 
then screened by Southern blotting. DNA extracted from the targeted ES cells 
was digested with the BglII enzyme and a radioactively labeled probe was used 
to detect a fragment that is 8 kb in length in the wild type allele and 3.5 kb in 
a correctly targeted allele, due to an additional BglII restriction site introduced 
in the 5’ loxP site of the construct. Out of 92 neomycin-resistant colonies, five 
contained a band of the desired size. These clones were expanded and tested again 
by Southern blotting. Only two of the 5 clones tested showed the two desired bands 
in equal amounts, indicating that in these clones a single copy of the transgene was 
introduced in the intended location. The outcome of the Southern blot analysis 
was verified by PCR (Figure 3). The same PCR assay was also used to determine 
the genotype of the generated animals.
The two selected ES cell clones were subsequently used to generate chimeric 
animals by blastocyst injections. Nine male chimeras were born and of those nine, 
three (1 derived from the D2 clone, 2 from D6) passed on the transgene to their 
offspring when crossed with wild type C57/Bl6 mice.
Unexpectedly, abnormalities in the behavior of all three RESTTgNeo/+ animals born 
from these crosses were observed. After weaning, they were observed spinning 
in their cages for prolonged periods of time and bobbing their heads whenever 
they were active. Because we suspected that this behavior might be caused by the 
presence of the neomycin cassette in the targeted allele, we decided to cross the 
chimeras directly with Flp deleter females. The resulting RESTTg/+ mice, which did 
not contain the neomycin cassette, did not show any signs of abnormal behavior. We 
therefore proceeded to cross these mice with Rosa26-CreERT2 mice, to introduce 
a ubiquitously expressed, tamoxifen-inducible Cre. The double heterozygous 
offspring were then intercrossed to obtain animals homozygous for the REST 
transgene. Much to our surprise, however, we observed that all RESTTg/Tg animals 
that were born from these crosses showed a behavioral phenotype strikingly 
similar to that of the RESTTgNeo/+ mice. The manifestation of the phenotype was 
independent of the presence of the Rosa26-CreERT2 transgene and presented 
with full penetrance, as all 43 homozygous mice genotyped to date showed the 
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Figure 3. Genotype analysis of ES cell clones targeted with the REST knockin 
construct. (A) BglII restriction sites relevant to Southern blot analysis are depicted 
along with the size of various restriction fragments (red arrows; numbers refer 
to size of fragments in kilobases). Hybridization location of probe is shown as 
a black rectangle on restriction fragments. (B) Southern blot analysis of ES cell 
genomic DNA following digestion with BglII and hybridization with a 32P-labeled 
probe as indicated in (A). Clones C10, G6 and G8 contain random insertions 
of the gene-targeting vector. D2 and D6 are correctly targeted ES cell clones.  
(C) Genotyping PCR strategy for targeted REST alleles. Green bars indicate the 
location of primer hybridization sites and green arrows represent the size of PCR 
fragments (fragment size in nucleotides is stated). The starred 3’ primer site will 
only give a PCR product when it is located within 1000 nucleotides of the 5’ primer 
due to restrictions of the selected PCR program. (D) Genotyping by PCR of the 
targeted D2 and D6 ES cell clones. Genomic DNA from non-targeted ES cells is 
used as a wild type control in both (B) and (D).
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behavioral abnormalities described. The transgene did not affect viability, as 
shown by the fact that intercrossing of heterozygous mice yielded viable wild type, 
heterozygous and homozygous mice at approximately the expected Mendelian 
ratio (22.34%, 55.84%, and 21.82%, respectively; n=197). Autopsy revealed no 
gross morphological defects in the RESTTg/Tg animals and histological analysis of 
haematoxylin/eosin stained tissues (brain, spinal cord, sciatic nerve, heart, lung, 
liver, kidney, intestine, spleen and pancreas) did not reveal any abnormalities 
(Figure S2A,B). When affected animals with the Rosa26-CreERT2 allele were 
injected with tamoxifen at 6 weeks of age, the recombination of the REST allele 
did not have any effect on the severity of their phenotype.

Phenotypic characterization of RESTTg/Tg animals 
To examine the cause of this aberrant behavior, we used several strategies. First, we 
characterized the behavior by close observation as well as a number of behavioral 
tests. While observing the affected animals, we noticed that they were not only 
showing the bi-directional spinning and head bobbing behavior mentioned above, 
they also displayed an abnormal gait. Compared to wild type animals, the hind 
limbs of the RESTTg/Tg mice are turned outward and placed further apart (Figure 
4A) and this seems to have an effect on their balance while rearing. Moreover, when 
we placed these mice on a smooth surface (in contrast to the bedding they walk on 
in the home cage), the affected animals did not seem to be able to coordinate their 
walking properly, which lead to them moving backwards (retropulsion). 
To elucidate the cause of this motor deficiency, we performed three behavioral tests 
and assessed motility, limb strength and motor coordination. To address the first 
aspect, we used an open field test and analyzed general motility of animals placed 
in a novel environment. For this test, eight animals were placed, one at a time, in a 
30 by 40 cm cage and left to explore for 5 minutes. Their movements during these 
five minutes were captured on video and subsequently analyzed to determine their 
average total movement (Figure 4B). The observed average total movement for the 
RESTTg/Tg animals was 11191 ± 7289 SMP, which was not significantly different 
from the mean of 8328 ± 6722 SMP observed in the wild type animals (p=0.585).
To study limb strength, we used the Paw Grip Endurance test (PaGE). In this test 
the animals were placed on a wire rack, which was then inverted. The retention 
time on the rack was recorded for each animal, with a maximum duration of 90 
seconds. We observed that all but one of the tested wild type animals lasted the 
maximum 90 seconds on the rack, whereas the results for the homozygous animals 
were much more varied (Figure 4C). The difference in mean retention time of both 
groups (WT = 83.60 ± 20.24 s, Homozygous = 73.77 ± 21.09) was not statistically 
significant (p=0.300), but there is a clear trend indicating that limb strength in 
some RESTTg/Tg animals is decreased.
Finally, a narrow beam test was carried out to study motor coordination. The 
animals are placed on an elevated platform that is connected to a wooden cage 
by a 1 m long beam, 2.7 cm in width (Figure S1). The time it takes for the animals 
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cause of the observed behavior. We therefore used paraffin slides of brain tissue 
from 5-month-old wild type and RESTTg/Tg mice and performed several histological 
stainings to look for any abnormalities. The intensity and distribution of GFAP 
staining was within the normal histologic limits for mouse brain, with no significant 
difference between REST+/+ and RESTTg/Tg mice, indicating normal distribution of 
glial cells (Figure S2C,D). A Tunel assay showed no apoptosis in either wild type or 
RESTTg/Tg brains (Figure S2E,F). The proliferation index (numbers of Ki67 positive 

Figure 4. Behavioral analysis of 
RESTTg/Tg animals. (A) RESTTg/

Tg animals have aberrant hind limb 
placement when compared to wild 
type littermates. Back feet are placed 
wider apart and toes are turned more 
outward in RESTTg/Tg mice. (B) Average 
motion of each animal during a five-
minute open field test is measured in 
Significant Motion Pixels (SMP) for 
4 animals in each group. Data are 
summarized in a boxplot in which 
the black circles represent individual 
data points. Mean SMP values were 
compared by a Student’s t-test. (C) 
Retention time is measured for animals 
placed on an inverted wire rack for 
a maximum duration of 90 seconds. 
Mean retention times were compared 
by Student’s t-test.
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to completely cross the middle 80 cm 
of this beam is recorded. Strikingly, 
none of the homozygous animals were 
capable of crossing the beam; two out 
of 5 animals tested even fell of the start 
platform within 5 minutes of being 
placed on it. The wild type animals on 
the other hand all crossed the beam in 
an average time of 16.4 ± 24.39 seconds. 
These results indicated that the RESTTg/

Tg animals suffer from impaired motor 
coordination and because this function 
is mainly controlled in the central 
nervous system (CNS) and particularly 
in the cerebellum34, we decided to 
examine the brain of these animals 
in more detail and try to pinpoint the 
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cells in 10 representative high power fields) for each group was determined and no 
significant difference was found between the RESTTg/Tg mice and their wild type 
counter parts (REST+/+ = 19.25 ± 1.26, RESTTg/Tg = 19.00 ± 0.82). The distribution 
of Ki67 positive cells within the different brain areas was also similar in the REST+/+ 
and RESTTg/Tg mice (Figure S2G,H). By Luxol Fast Blue staining, no significant 
myelinic or axonal lesions were found in any of the examined sections. Also, there 
was no significant difference in the amount and distribution of myelin sheathes 
and Nissl granules between REST+/+ and RESTTg/Tg mice (Figure S2I,J).
Taken together, these data did not uncover a significant difference between the 
brains of REST+/+ and those of RESTTg/Tg animals, leaving the cause of the behavioral 
defects seen in these animals up for further investigation. 

Analysis of REST expression in the conditional knockin mouse 
model
To test whether the knockin design was functional and whether recombination of 
the transgenic allele would lead to expression of the non-degradable REST mutant, 
we isolated mouse embryonic fibroblasts (MEFs) from wild type, RESTTg/+ and 
RESTTg/Tg embryos expressing Rosa26-CreERT2. We then assessed the amount 
of REST protein as well as its degradation rate in MEFs before and after Cre-
induction with tamoxifen. We could clearly show by PCR that Cre-mediated 
recombination of the allele had efficiently taken place (Figure 5A). To establish 
whether the recombination induced the expression of the non-degradable REST 
protein, we first looked at steady state levels of REST in these MEFs. However, we 
did not observe any differences in the amount of REST protein present, before or 
after induction with tamoxifen (Figure 5B). 
When we assessed the half-life of REST in wild type and RESTTg/Tg MEFs by 
blocking protein synthesis with cycloheximide, we observed that without 
tamoxifen treatment, REST was unstable in both wild type and transgenic MEFs. 
Upon treatment with tamoxifen on the other hand, a striking increase in REST 
half-life was observed in the homozygous MEFs (Figure 5C). This indicates that 
the non-degradable REST(E985A/S989A) mutant is expressed in RESTKi/Ki cells 
and that the recombination of the REST transgene can be temporally controlled by 
tamoxifen treatment.

Discussion

In this chapter we describe the generation of a novel tool for the study of βTrCP 
substrates: a temporally and spatially controlled non-degradable point mutant. By 
treating MEFs with 4OH-tamoxifen, we have shown that the recombination of the 
transgene is very efficient and that it leads to the expression of a stable form of the 
REST protein, thereby providing proof of principle for this novel approach. Now 
that the efficacy of the inducible knockin has been demonstrated, the possibilities 
for studying REST degradation in vivo are numerous. Crossing the knockin 
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mouse with animals expressing a tissue specific Cre-allele facilitates research into 
the involvement of REST degradation in the embryonic development of specific 
tissues, while excluding any effects the mutation might have in adjacent tissues.
To study the role of REST degradation in cell cycle progression, without having 
to take into account any abnormalities that might be caused by defective REST 
turnover during development, one could use animals with a drug-inducible Cre 
and induce recombination once the animals reach the adult stage. Executing this 
experiment in a tumor-prone genetic background could even provide valuable 
knowledge concerning the effects of REST activity in tumorigenesis.
A plethora of mouse models can be envisioned, combining tissue specificity, timing 
of recombination and genetic background to specifically answer detailed questions 
about the importance of REST degradation.
The analysis of any phenotype caused by the conditional expression of the 
knockin will be complicated, however, by the fact that RESTTg/Tg animals showed 
a phenotype before the recombination of the transgene was induced. We believe 
it is unlikely that this phenotype is caused by any alterations in REST expression, 
since both the amount of REST protein present in these mice and the stability of 
the protein were unaffected when comparing the RESTTg/Tg mice with wild type 
littermates. We can not rule out, however, that REST expression is affected by the 
transgene during embryonic development.
An alternative explanation is hinted at by the fact that the RESTTgNeo/+ and the 
RESTTg/Tg mice show a very similar phenotype. It has been reported that not 
only a neomycin cassette33, but also short stretches of DNA, such as loxp and Frt 
sites, have the potential to interfere with transcriptional regulatory elements of 
surrounding genes35.
The fact that not only the neomycin cassette, that contains an active PGK-
promoter that drives gene expression, but also loxP and Frt sites, that do not 
have any transcriptional activity, can affect the expression of neighboring genes, 
suggests that just the physical presence of additional DNA in certain loci affect 
the expression of genes up to several Mb away. This might offer an explanation 
for the fact that the TgNeo allele, in which a relatively large stretch of additional 
DNA containing the neomycin cassette and the mutant exon 3 is inserted,gives a 
phenotype when a single copy is present, whereas the Tg allele, that only has an 
additional copy of exon 3, needs to be homozygous for the phenotype to arise. 
The observed reduction in phenotype severity occurring when the amount of 
exogenous DNA is reduced suggests that recombination of the Tg allele into the 
Ki allele, which only contains a single, residual loxP site, might completely get 
rid of the phenotype. The recombination of the transgenic locus would have to 
take place in the heterozygous RESTTg/+ animals, since we have already observed 
that induction of Cre-recombination by tamoxifen injection at six weeks of age 
does not ameliorate the phenotype, indicating that the underlying cause for the 
abnormal behavior is established at an earlier stage, most likely during embryonic 
development. 
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By inducing recombination in heterozygous animals the spatial and temporal 
control of the expression of mutant REST would be lost, but it would at least give 
the opportunity to study the effect of the ubiquitous expression of non-degradable 
REST during embryonic development. There is always a small chance that the loxP 
site that remains in the DNA after recombination is capable of causing the motor 
coordination phenotype on its own. If that is the case, the only solution would 
be to use a method of recombination that does not leave any residual sequences 
behind, such as the moth-derived DNA transposon piggyBac that uses seamless 
excision to extract the cassette flanked by piggyBac inverted repeats32,36, to generate 
a new transgenic line.
An interesting side note to this theory is that two studies describing a conditional 
REST knockout mouse in which a Neo cassette is introduced just after the first 
coding exon of the floxed REST allele, have not reported any phenotype19,20, 
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Figure 5. Recombination of the REST allele by Cre activation upon 4OH-
Tamoxifen treatment leads to expression of non-degradable REST protein.
(A) MEFs isolated from wild type, heterozygous and homozygous embryos are 
either left untreated or treated with 4OH-Tamoxifen (4OH-T) for 12 hrs. After 
treatment cells were cultured in standard culture medium for five days before 
being collected and treated with proteinase K. The obtained genomic DNA was 
used for genotyping PCR as described in Figure 3C. (B) MEFs treated as in (A) 
were lysed and subjected to immunoblotting. (C) REST stability was assessed by 
blocking protein synthesis with cycloheximide (CHX) treatment of MEFs treated 
as in (A). After CHX treatment for the indicated length of time, cells were lysed and 
cell extracts were used for immunoblotting.
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suggesting that the effect of perturbation of the REST locus is specific for the 
region downstream of the last coding exon. 
Although it is beyond the scope of this study, it could be very interesting to 
investigate the molecular mechanisms that underlie the behavioral phenotype 
in the RESTTg/Tg mice, as it might shed new light on how the introduction of 
exogenous DNA into gene loci can affect the expression of either the targeted gene 
or more distant, non-targeted genes and simultaneously provide information on 
the regulation of motor coordination. To achieve this, we would suggest isolating 
the developing cerebellum from both wild type and RESTTg/Tg mice as starting 
material for several unbiased assays, because, as discussed above, the phenotype of 
the RESTTg/Tg mice seems to originate during embryonic development. 
Also, the cerebellum is the primary motor coordination center in the central 
nervous system (CNS)34,37 and defects in cerebellar development have been 
shown to give rise to several motor coordination defects33,36,38,39. One of these 
reported defects is particularly interesting, as the animals described by Becker 
and colleagues show a phenotype very similar to the backwards walking or 
retropulsion (named moonwalker mice) we see in our RESTTg/Tg mice36. The motor 
coordination defect in these mice was shown to be due to cerebellar ataxia and 
although we do not observe similar neuronal degeneration in the RESTTg/Tg mice, 
that does not necessarily indicate that the cerebellum is not affected, since there 
have also been reports describing defects in the cerebellum that do not display 
any degeneration. For example, the disruption of ion-channel function during 
embryonic development was shown to severely affect motor coordination in adult 
mice without any detectable ataxia in the cerebellum39,40. Particularly interesting 
in this case is that the disruption of GluD2 ion-channel regulation studied takes 
place during cerebellar development, although the effects of aberrant regulation 
are observed as motor dysfunction in adult mice. 
To identify factors that might contribute to the deregulation of motor coordination 
in the cerebellum of RESTTg/Tg mice, we suggest the analysis of RNA from the 
developing cerebellum of wild type and RESTTg/Tg animals by using an unbiased 
RNA sequencing assay37. This assay can also provide information on the possible 
involvement of aberrations in REST expression in causing the phenotype, by 
comparing the database of differentially regulated genes to a database of mouse 
genes that contain a RE1-element. Strong overlap between the two gene sets could 
indicate that REST is involved in the arising of the phenotype.
If there is no significant overlap, however, assessing the genomic regions interacting 
with the REST wild type and Tg allele could elucidate the mechanism that causes 
the differential expression of the identified genes, since it has been suggested that 
introduction of exogenous sequences in a locus might disrupt normal interactions 
between local and long-distance regulatory regions33. These interactions can be 
studied in an unbiased manner by using 4C-Seq (Chromosome Conformation 
Capture followed by next generation sequencing), a method that is used to map 
the genome-wide interactions of one selected locus41.



99

4

Conditional knockin of non-degradable REST

In conclusion, the REST knockin transgenic line we have generated will provide 
the opportunity to study the effect of non-degradable REST in many different 
circumstances and with the lessons learned in the generation of this mouse, we 
will come closer to generating in vivo tools for other βTrCP substrates.

Materials and Methods

Generation of conditional REST knockin mice
The targeting construct was generated by cloning the various components into the 
pL451 vector backbone (a gift from J. van Es) in the order described in Figure 2. 
REST exon 3 and flanking arms were generated by high-fidelity polymerase chain 
reaction (PCR) from 129S7-derived genomic BAC clones. The REST(E985A/S989A) 
point mutations were generated with the QuikChange Site-Directed Mutagenesis 
kit (Stratagene). All components were sequence-verified. The targeting construct 
(100 µg) was linearized and transfected into male 129/Ola-derived IB10 embryonic 
stem cells by electroporation (800 V, 3 µF). Recombinant embryonic stem cell 
clones expressing the neomycin gene were selected in medium supplemented with 
G418 (gentamycin sulphate; the effective concentration of which was determined 
by its kill curve) over a period of 7 days. 92 recombinant embryonic stem cell 
clones were picked into duplicate 96-well tissue culture plates and cultured to 
70% confluency. One plate was cryo-preserved and the other plate was used for 
DNA isolation according to 40. DNA from embryonic stem cells was screened for 
the presence of homologous recombinants by Southern blotting according to the 
strategy outlined in Figure 3A. Positive clones were thawed, expanded into 6-well 
tissue-culture plates, tested again for homologous recombination by Southern blot 
and PCR (as described in Figure 3C), and injected into C57BL/6 blastocysts using 
standard procedures. Male chimeras born after transplantation of the bastocysts 
into C57BL/6 foster mothers were subsequently mated with C57BL/6 females, and 
germline transmission was confirmed by screening offspring for the presence of 
the REST TgNeo allele by PCR. After the discovery of a phenotype in these mice, 
we generated RESTTg/+ animals by crossing the chimeras with the general FLP 
deleter strain (Jackson Lab) to excise the cassette in vivo. A tamoxifen-inducable 
Cre-recombinase was introduced by crossing the RESTTg/+ mice with Rosa26-
CreERT2 animals42.

Tamoxifen induction
Mice of >6 weeks old were injected intraperitoneally with 200 μl tamoxifen in 
sunflower oil at 10 mg/ml.

MEF isolation
For MEF isolation, we set up a cross between RESTTg/+ animals containing the 
Rosa26-CreERT2 allele and isolated the embryos at E13.5. The head and internal 
(including reproductive) organs were removed and the remaining tissue was 
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physically dissociated and incubated in 0.25% trypsin/EDTA at 37°C for 30 min, 
after which cells were resuspended in culture medium and expanded for two 
passages before freezing. Genomic DNA from the embryonic heads was used for 
genotyping by PCR to determine REST genotype as well as the presence of the 
Rosa26-CreERT2 allele.

Cell culture and drug treatment
HEK293T and MEF cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; Life Technologies) containing 10% fetal calf serum, 100 U /ml penicillin, 
and 100 μg/ml streptomycin. MG132 (10 μM) was added for 5 hours when 
indicated. Cycloheximide treatment was performed for the indicated time at a 
final concentration of 100 μg/ml. MEFs were treated with 1 μM 4OH-Tamoxifen 
for 12 hours to induce Cre-recombination. 

Biochemical methods
For preparation of cell extracts, cells were washed and collected in ice-cold PBS and 
lysed in lysis buffer (50mM Tris pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM 
EDTA, 50 mM NaF and protease and phosphatase inhibitors) for 30 minutes on ice, 
followed by 20 minutes centrifugation at 4°C. Cell extracts were then submitted to 
either immunoblotting or immunoprecipitation followed by immunoblotting. For 
immunoprecipitation, cell extracts were first incubated with protein G- or protein 
A-Sepharose beads for 1 hour at 4°C for pre-cleaning, then with the indicated 
antibody for 3 hours at 4°C, with protein G- or protein A-Sepharose beads added 
45 minutes before the end of the incubation. Beads were washed 4 times with 
lysis buffer and proteins eluted in 5x Laemmli sample buffer. For immunoblotting, 
proteins were separated by SDS–polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred onto PVDF membrane (Millipore), and incubated with the indicated 
antibodies.

Antibodies
Mouse monoclonal antibodies were from Sigma-Aldrich (FLAG, 1:2000), Santa 
Cruz Biotechnology (Actin, 1:10000) and Covance (HA, 1:2000). Rabbit polyclonal 
antibodies were from Cell Signaling (βTrCP1, 1:1000) Millipore (REST, 1:1000) 
and Sigma-Aldrich (FLAG, 1:2000). Anti mouse- and anti rabbit-HRP secondary 
antibodies were from GE Healthcare.

Plasmids
pcDNA3 HA-REST mutants were generated with the QuikChange Site-Directed 
Mutagenesis kit (Stratagene). pCMV FLAG-REST mutants were a gift from S. 
Elledge. All cDNAs were sequenced.

Transient transfections 
HEK293T cells were transfected with polyethylenimine transfection, as described43.



101

4

Conditional knockin of non-degradable REST

Histology and immunohistochemistry
Formalin-fixed tissues were embedded in paraffin, and cut into 4 μm sections. After 
deparaffinization and dehydration, slides were either stained with haematoxylin-
eosin or antigen retrieval was done by boiling sections in 10 mM citrate buffer for 
15 min, followed by cooling at room temperature for 30 min.
For Ki67 immunohistochemical staining, sections were stained with rabbit 
anti-Ki67 antibody (Labvision) and biotinylated secondary antibody (Vector 
Labs). Vectastain Elite ABC reagents (Vector Labs) were used according to the 
manufacturer’s instructions. Slides were counterstained with haematoxylin. 
Similar staining was done for Glial Fibrillary Acidic Protein (GFAP, antibody from 
Neomarkers). TUNEL positivity was analysed using a Millipore ApopTag Plus 
peroxidase in situ apoptosis detection kit. Luxol Fast Blue staining was performed 
following a modified Kluver Barrera method44.

Behavioral analysis
Open field test: Each mouse was placed in a novel environment of 30 x 40 cm 
and captured on video to allow tracing of its movements as it explored the cage 
for 5 minutes. We then analyzed the video by running the mousemove script 
in MathLab45 to obtain a measure of the animal’s average motion in significant 
motion pixels (SMP). 
Paw grip endurance test: A mouse was placed on a wire rack, which was then 
inverted so that the mouse was hanging upside down from the rack. To assess 
limb strength, the time the animal could hold on to the rack was measured (for a 
maximum duration of 90 seconds). When a mouse did not complete the 90 seconds 
in the first attempt, it was given two more attempts (with at least 15 minutes rest 
between two attempts). The longest retention time over three attempts was scored. 
On two consecutive days prior to testing, each mouse was trained on the rack once 
a day.
Narrow beam test: The animal was placed on a brightly lit, elevated platform 
that was connected to a dark cage at the same elevation by a 27 mm wide beam 
(see diagram in Figure S1). The beam was 1 m in length and the time it takes the 
animal to cross the middle 80 cm of the beam was measured. From the moment 
the animals were placed on the platform, they had 5 minutes to venture out onto 
the beam, motivated by an instinctual avoidance of brightly lit situations. When an 
animal did not move onto the beam within these 5 minutes, it was scored as ‘did 
not cross’. If an animal did walk onto the beam, but did not complete the cross and 
either turned around or stayed on the beam for longer than 60 seconds, the time 
scored for the crossing was 60 seconds.
To familiarize the animals with the setup, each animal was trained for two 
consecutive days before the actual testing took place on day 3. The training 
consisted of both placing the animal on the platform as would happen during the 
test, and of placing the animal in the middle of the beam and letting them explore 
for five minutes or until they found their way into the cage.
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Supplementary Figures

Figure S1. Narrow beam test. A schematic 
representation of the test setup used in the narrow 
beam test.

Figure S2. Histology and 
immunohistochemistry 
of the brain. (A,B) 
Cerebellar sections of 
REST+/+ and RESTTg/

Tg animals stained 
with haematoxylin/
eosin (HE). (C,D) 
Immunohistochemistry 
for glial fibrillary acidic 
protein (GFAP) to 
examine the distribution 
and the intensity of GFAP 
positive cells/filaments 
as a measure for glial 
cell distribution. (E,F) A 
Tunel staining assay was 
used to mark apoptotic 
cells. (G,H) Analysis 
of cell proliferation by 
immunohistochemistry for 
ki67, a marker for dividing 
cells. (I,J) Luxol Fast 
Blue staining to detect 
myelinic or axonal lesions 
and study the distribution 
of myelin sheathes and 
Nissl granules.

80 cm
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General discussion

This thesis follows up on an unbiased, mass spectrometry-based screening 
approach that aimed to identify novel substrates of the E3 ubiquitin ligase SCFβTrCP. 
From the results of this screen, two previously unknown interactors of βTrCP are 
validated as bona fide substrates. eEF2K is a kinase involved in the regulation of 
the elongation step of protein synthesis that is targeted by βTrCP during DNA 
damage checkpoint silencing. The Arf1GEF GBF1 localizes to the Golgi and binds 
βTrCP through its Ser292/Ser297 phosphodegron. The identification of these novel 
substrates does not only provide new information on the biological function of 
βTrCP, it also shows great promise for this immunopurification-based method for 
the identification of additional βTrCP targets as well as the discovery of substrates 
of F-box proteins whose functions are yet to be determined.
The biological function of the βTrCP-mediated degradation of eEF2K is described 
in chapter 2. Where it concerns the function of βTrCP-mediated ubiquitylation of 
GBF1, however, many questions remain, as discussed in chapter 3. An important 
factor in determining if and when βTrCP can bind and ubiquitylate a substrate is 
the phosphorylation state of the substrate’s degron. Identification of the kinase(s) 
that modify the GBF1 degron might therefore provide valuable information as to 
when βTrCP regulates GBF1. 

Phosphodegron kinase identification
For many described βTrCP substrates, the identification of the phosphodegron 
kinase(s) was facilitated by the fact that the conditions under which βTrCP targets 
the substrate were known and candidate kinases were described to be active in 
these conditions. This is the case for Claspin, which is phosphorylated by Plk1 to 
induce its degradation and thereby DNA damage checkpoint recovery1. Similarly, 
experiments employing kinase inhibitors revealed that S6 kinase (S6K) is required 
for the βTrCP-mediated degradation of PDCD4 upon mitogenic stimulation2.
When such clues concerning the identity of the phosphodegron kinase are not 
available, however, a number of methods can be applied to track down the kinase(s) 
involved. They all have their limitations, however, a combination of methods can 
be used to try and overcome these. First of all, computational methods (Scansite or 
NetPhorest, for example3,4) can be used to see if the phosphodegron and surrounding 
residues contain consensus sequences for specific kinases. This will not provide an 
immediate answer, because not all kinases have a clear consensus sequence and 
not all consensus sequences detected by the software will be accessible to a kinase 
due to the 3D structure of the substrate. It can, however, give a list of kinases that 
can then be tested individually with other methods. Similar limitations arise when 
attempting to identify the kinase by an interaction-based approach, for example 
by immunopurification: Not all kinase-substrate interactions are strong enough 
to be retained throughout protein precipitation and not all interacting kinases 
identified will lead to phosphorylation of the degron5,6. The transient interactions 
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can be stabilized by cross-linking substrate and kinase through chemical or genetic 
methods to increase the chance of capturing the kinase of interest7-13.
Either specific kinase inhibitors or siRNAs targeting the kinase expression can be 
used to validate the candidates obtained with the previous methods. To assess the 
effect of these treatments, the degron phosphorylation state can be analyzed both 
in vitro and in cultured cells, if a phosphospecific antibody is available. It is also 
possible to study changes in the half-life of the substrate of interest upon kinase 
depletion. Both methods of interfering with kinase activity have their pros and 
cons. Kinase inhibitors are fast acting, but are not available for all kinases and have 
limited specificity. siRNAs, on the other hand, can be designed for each mRNA 
with high specificity, but act much slower. For both methods, however, it is difficult 
to distinguish between direct effects of the loss of a targeted kinase and secondary 
effects caused by downstream pathways, that are up- or downregulated as a result 
of depletion of the kinase14. 
Where available, a combination of the methods above can be used to identify 
the kinase phosphorylating the degron sequence in a specific substrate of βTrCP. 
When a short list of candidate kinases can not be compiled, another recently 
developed method can be used to assess the capacity of a large number of kinases 
to phosphorylate a substrate. For this purpose, a cDNA library of glutathione 
S-transferase (GST)-tagged kinases was generated and expressed in HEK293T 
cells. The expressed kinases are purified with a glutathione-coated 96-well plate, 
in which an in vitro kinase assay is performed with either the recombinantly 
expressed substrate of interest or a peptide of the target sequence. Autoradiography 
can be used to identify kinases capable of phosphorylating the substrate in vitro15. 
Compared to a classical in vitro kinase assay, which uses proteins synthesized in 
bacteria or insect cells, this method has the advantage of obtaining the kinases 
from human cells, with all modifications that are required for kinase activity. 
This method could be well suited for the identification of the kinase(s) that 
phosphorylate the REST phosphodegron to trigger its degradation in the transition 
from G2 to M phase16. Therefore, the cells transfected with the cDNA library would 
have to be synchronized at G2/M prior to purification, to ensure that the kinases 
involved in REST degradation are active. 
In the case of GBF1, the application of this method might be more difficult, because 
the conditions in which GBF1 is ubiquitylated by βTrCP are yet to be elucidated. 
The binding of GBF1 to βTrCP does however occur in asynchronous HEK293T 
cells, as described in chapter 3 of this thesis, and a screen of kinases isolated from 
these cells might therefore be able to turn up valid candidates. The discrepancy 
between the detected GBF1-βTrCP interaction and the absence of a biological 
effect of this binding, whether it is protein degradation or another consequence 
of ubiquitylation, could have a number of explanations. One possibility is that 
ubiquitylation of GBF1 by βTrCP does occur in asynchronous cells and we have not 
been able to detect its effects. Alternatively, the ubiquitylation of GBF1 is prevented 
or counteracted by another regulator. This could for instance be a deubiquitylating 
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enzyme that removes the ubiquitin moiety from GBF1 in asynchronous cells and 
is downregulated when degradation of GBF1 is required. Identification of the 
kinase responsible for phosphorylation of the GBF1 degron will therefore be an 
important step in the unraveling of the biological function of GBF1 ubiquitylation, 
however, it might not reveal all the steps in its regulatory mechanism.
The mechanism by which the eEF2K phosphodegron is generated, as described 
in the second chapter of this thesis, involves the activation of eEF2K by AMPK-
mediated phosphorylation. This activation not only leads to phosphorylation and 
de-activation of eEF2, it also facilitates autophosphorylation of the eEF2K degron. 
As this phosphorylation is required for βTrCP binding to eEF2K, it initiates 
a negative feedback loop on eEF2K activity, in which activation of the kinase 
ultimately leads to its degradation.
This autophosphorylation-degradation mechanism has been previously described 
for receptor tyrosine kinases17, and eEF2K is the second substrate of βTrCP that 
is found to be regulated in this manner. Plk4, originally identified in Drosophila 
as a substrate of the βTrCP orthologue Slimb, was found to be degraded upon 
autophosphorylation, after being activated to induce centriole duplication18-20. 
This coupling between activation and degradation of a kinase prevents prolonged 
kinase activity and thereby keeps signaling through its downstream pathway under 
control17. However, our data on eEF2K autophosphorylation lead us to believe 
that a second kinase might be required to trigger βTrCP binding, since we mainly 
found Ser445 to be autophosphorylated, leaving Ser441 free for phosphorylation 
by a second kinase. It is not uncommon for βTrCP phosphodegrons to be 
created through phosphorylation events by two distinct kinases, which adds an 
additional layer of regulation; the substrate will only be degraded when both 
kinases are simultaneously activated. In the case of eEF2K, this means that it 
can only be recognized by βTrCP when eEF2K itself is active at a time the other 
phosphodegron kinase is also activated. Identification of this second kinase would 
give further insight into the mechanism of βTrCP-mediated degradation of eEF2K. 
The requirement of a second phosphodegron kinase could for instance provide an 
explanation for the fact that AMPK, which activates eEF2K by phosphorylation, 
although activated by serum starvation, does not induce eEF2K degradation under 
these circumstances, as described in chapter 2. 

Targeting UPS in cancer therapy
Elucidating the mechanisms underlying βTrCP-mediated substrate degradation 
is an important step in clearing the stage for βTrCP as a target for anti-cancer 
therapies. Manipulations of βTrCP activity could provide therapeutic tools 
for treating diseases, particularly cancer, since βTrCP and its substrates have 
been found to regulate processes important for tumor suppression as well as 
tumorigenesis, as reviewed in21,22.
Even though E3 ubiquitin ligases provide the ubiquitin-proteasome system with 
substrate specificity and would be the preferred therapeutical targets for interfering 
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with the regulation of tumor-specific factors, strategies for targeting all steps of the 
UPS are currently being explored for their potential as cancer therapies. 

Proteasome inhibitors as anti-cancer drugs.
Since tumor cells were found to have higher proteasome activity than non-
transformed cells and the proteasome is essential for cell cycle progression through 
degradation of regulatory proteins, inhibiting the proteasome held great promise 
for treating tumors. It came through on this promise when the proteasome 
inhibitor bortezomib was found to have cytotoxic activity and was approved for the 
treatment of patients with multiple myeloma23. Many cellular processes implicated 
in cancer progression are affected by bortezomib treatment, as it suppresses tumor 
survival pathways and arrests tumor growth, tumor spread, and angiogenesis24. 
A main mechanism behind these actions of bortezomib is the degradation of IκB, 
which is prevented by proteasome inhibition, leading to the downregulation of 
NFκB signaling. This induces the misregulation of NF-κB targets and ultimately 
apoptosis25. Moreover, in certain cell types a lack of proteasomal function leads 
to ER stress, causing cell death26,27. To circumvent the limited tissue penetration 
of bortezomib, which restricts its use in solid tumors, and attempt to deal 
with certain side effects as well as resistance to bortezomib treatment, second 
generation proteasome inhibitors are currently being tested for their applicability 
in the clinic28. Proteasome inhibition is a promising strategy for tumor therapy, 
but it requires refining and therefore, besides the development of new proteasome 
inhibitors, research efforts are also being directed towards manipulation of the 
three stages of ubiquitin conjugation. 

Targeting E1 ubiquitin-activating enzymes
Interfering with the activity of E1 ubiquitin-activating enzymes, E2 ubiquitin-
conjugating enzymes and E3 ubiquitin ligases allows for increasingly specific 
targeting of tumorigenic processes and holds great therapeutic promise. Inhibition 
of one or both E1 enzymes blocks ubiquitin signaling onto most or even all 
substrates and several compounds have been developed for this purpose. PYR-
41 and JS-K have been shown to inhibit E1 activity in cultured cells and are both 
capable of killing tumor cells that have a wild type form of the tumor suppressor 
p53 by preventing its ubiquitin-mediated degradation29,30. Furthermore, the Ube1 
inhibitor PYZD-4409 decreases tumor size in a mouse leukemia model31 and 
NSC624206 prevents ubiquitylation and degradation of tumor suppressor p27 in 
HepG2 cells32. These results are promising for the use of E1 inhibitors in cancer 
treatment, however, further research is required to assess whether they can be used 
in the clinic. An E1 inhibitor that is already undergoing clinical trials is MLN4924. 
However, this adenosine sulfate analogue does not inhibit the ubiquitin E1, 
instead it targets the NEDD8 activating enzyme (NEA)33,34. By inhibition of NEA, 
MLN4924 blocks the neddylation of cullins and, as a consequence, the activation 
of the E3 ligases of the CRL family35. The extensive involvement of CRL ubiquitin 
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ligases in cell cycle regulation, DNA damage signaling and hypoxia response, 
amongst others36, gives MLN4924 great potential as an anti-tumor agent. 

Advances in inhibiting E2 ubiquitin-conjugating enzymes
Targeting an even smaller subset of proteins regulated by the UPS can be achieved 
by developing inhibitors for specific E2 ubiquitin-conjugating enzymes. The first 
successful E2 inhibitor is CC0651, a small molecule inhibitor that interferes with 
the function of Cdc34, the E2 that interacts with the SCF E3 ubiquitin ligases 
to induce their K48-linked poly-ubiquitylation and degradation37. CC0651 was 
identified in a screen for inhibitors of p27 degradation by SCFSkp2 and paves the 
way towards targeting other E2 ubiquitin-conjugating enzymes and thereby 
manipulating the activity of the UPS on specific subsets of substrates.

Inhibition of E3 ubiquitin ligases
An even more specific way to target the UPS is by inhibiting distinct E3 
ubiquitin ligases, preventing the modification of specific tumor suppressors and 
oncoproteins. This would provide a better therapeutic ratio and fewer side effects 
than interfering upstream in the pathway. 
Since most E3 ligases are inherently difficult to target due to their lack of an 
active catalytic site, the development of E3 inhibitors has been slow. Increasing 
knowledge of the ligase-substrate interactions required for substrate ubiquitylation 
have however facilitated the discovery of a number of E3 inhibitors22,38. Currently 
the best-characterized class of E3 inhibitors is that of the Nutlins, which disrupt 
the interaction between the Mdm2 ligase and its substrate, the tumor suppressor 
protein p53. This leads to stabilization of p53 and the induction of apoptosis, 
making Nutlins (and particularly Nutlin3a) promising candidates for inhibition of 
tumor growth in tumors that retain expression of wild type p53. For this purpose 
Nutlin3a is currently evaluated in clinical trials39,40.
In recent years, a number of components that specifically inhibit certain SCF 
complexes have been identified. Chemical screens have identified compounds that 
specifically interfere with the activity of SCFCdc4 and SCFMet30, by preventing binding 
of the substrate to the WD40 domain and through dissociating the F-box protein 
from Skp1, respectively41,42. Another compound that acts through disruption 
of the interaction between Skp1 and the F-box protein is CpdA, an inhibitor of 
SCFSkp2 43. The strong evidence for the role of SCFSkp2 as a potent oncogene21 has 
prompted many investigations to identify inhibitors of this E3 ubiquitin ligase. A 
recent and very promising study describes how a structure-driven chemical screen 
has identified a compound that specifically inhibits the ubiquitylation of p27 by 
blocking the p27-binding interface created by Skp2 and the accessory protein 
Cks144. Thereby, this compound only affects the degradation of p27 and does not 
interfere with other Skp2 substrates, introducing a whole new level of substrate 
specificity.
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Strategies for targeting SCFβTrCP

A similar level of specificity would be required to develop a feasible strategy for 
interfering with βTrCP activity in order to inhibit tumor growth, considering the 
diversity of βTrCP substrates and their divergent roles in cell cycle regulation and 
pro- and anti-proliferative signaling pathways. This diversity is most likely the 
reason that there is currently no inhibitor available in the clinic that targets SCFβTrCP, 
even though βTrCP has been earmarked as a promising target for anti-proliferative 
therapy in certain tumor types for years. One compound has been described that 
prevents the βTrCP-mediated ubiquitylation of IκBα, but the mechanism of action 
of this compound has not yet been elucidated45. To develop a targeting strategy for 
βTrCP, one of two directions can be followed. Either an inhibitor is developed that 
blocks all βTrCP activity, but can be targeted to specific tissues and cell types, or 
the focus is drawn to the development of compounds that disrupt the interaction 
of βTrCP with specific substrates. Both strategies will require that the compound 
developed has similar affinity for both βTrCP paralogues to prevent compensatory 
effect due to redundancy. A potential starting point for designing a general βTrCP 
inhibitor could be the binding of βTrCP to its pseudosubstrate hnRNP-U. In our 
immunopurification we have found that this pseudosubstrate binds βTrCP2 as well 
as βTrCP1, in contrast with published results46. hnRNP-U interacts transiently with 
the substrate binding site of βTrCP and is thought to prevent aspecific interactions 
with βTrCP. It is however readily replaced by true βTrCP substrates. Stabilisation 
of hnRNP-U interaction with the βTrCP WD40 domain, for instance through 
the use of small molecules47, could preclude the binding of substrates to βTrCP, 
thereby preventing their ubiquitylation and subsequent degradation.
Strategies to inhibit interactions of βTrCP with specific substrates are most likely 
to succeed when the inhibitor used does not target the substrate-binding site of 
βTrCP, since it is the common factor in all ligase-substrate interactions, but instead 
focuses on the substrate phosphodegron. This could be done in a number of ways, 
for example by developing a compound that shields the phosphodegron and 
thereby prevents its recognition by βTrCP, or by inhibiting the kinase responsible 
for phosphorylation of the degron in a specific substrate. Because most kinases 
have a clearly defined, targetable catalytic site, many specific kinase inhibitors 
have been developed over the years, with promising candidates like Plk1 inhibitor 
Rigosertib already enrolled in clinical trials48. However, it needs to be considered 
that most kinases have multiple substrates and will therefore not be specific for one 
ligase-substrate interaction. 
To predict the feasibility of using βTrCP inhibitors and inhibitors that specifically 
stabilize single βTrCP substrates, in vivo models of non-degradable βTrCP 
substrates, like the conditional REST knockin mouse described in chapter 4 of this 
thesis, will prove extremely valuable. Not only can in vivo models like ours provide 
insight into the consequences of substrate stabilization in the entire organism, the 
conditional nature of our transgene also allows the study of tissue-specific effects, 
as well as the effect of stabilizing the substrate after tumors arise.
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Iedere cel in het menselijk lichaam is een fabriek op zich, vol met machines die 
zorgen dat de processen in de fabriek soepel verlopen en dat de goede producten 
worden gemaakt. Niet iedere cel maakt dezelfde producten en daarom verschillen 
de aanwezige machines per cel. Zelfs in één en dezelfde cel kunnen verschillende 
productieprocessen plaatsvinden. Sommige processen vinden gelijktijdig plaats in 
een cel, maar andere nemen zoveel plaats in en kosten zoveel energie, dat het voor 
een cel niet mogelijk is ze tegelijk met anderen uit te voeren. Als het nodig is dat een 
cel zo’n soort proces in gang zet, moeten andere productielijnen dus plaats maken, 
de machines moeten uit de fabriek worden gehaald. Om dit te coördineren, heeft 
de cel naast machines die produceren, ook een groep inspecteurs in dienst. Zij 
houden in de gaten welke machines overbodig zijn en labelen die machines, zodat 
de afdeling Recycling ze weg kan halen en afbreken, waarna de onderdelen kunnen 
worden gebruikt om nieuwe machines te maken. De machines in een cel noemen we 
eiwitten en de processen die deze eiwitten reguleren zijn erg divers. De inspecteurs 
en de afdeling Recycling staan bekend als het ubiquitine-proteasoom systeem. 
Hierin is ubiquitine het moleculaire label dat aan de overbodige machines wordt 
bevestigd. De inspecteurs die deze machines herkennen en het label bevestigen 
zijn de E3 ubiquitine ligases en de afdeling Recycling is het proteasoom, een groot 
complex dat eiwitten afbreekt tot hun bouwstenen, de aminozuren. 
In dit proefschrift ligt de focus op een specifieke E3 ubiquitine ligase, een 
inspecteur met de naam SCFβTrCP (βTrCP, voor vrienden). Uit eerdere onderzoeken 
weten we dat SCFβTrCP een belangrijke taak heeft in de fabriek, hij is als inspecteur 
verantwoordelijk voor een groot aantal machines en daarmee belangrijk voor de 
regulatie van processen zoals celdeling en de reparatie van schade aan het DNA. 
Wat βTrCP voor ons vooral interessant maakt, is het feit dat de processen die door 
βTrCP worden geïnspecteerd, in veel vormen van kanker niet op de juiste manier 
verlopen. Kanker is immers een ziekte van cellen die ongecontroleerd delen, het 
proces van celdeling vindt te vaak plaats waardoor een tumor ontstaat. Wat de rol 
van βTrCP in het ontstaan van kanker is weten we niet precies. Er zijn aanwijzingen 
dat βTrCP verantwoordelijk is voor het verwijderen van machines die celdeling 
afremmen, wat suggereert dat het een goed idee zou zijn om βTrCP een pauze te 
laten nemen of zelfs te ontslaan als er sprake is van ongecontroleerde celdeling, 
zodat de remming van de celdeling blijft. 
Aan de andere kant zijn er ook onderzoeken die aantonen dat SCFβTrCP juist een 
rol speelt in de afbraak van de eiwitmachines die celdeling bevorderen. In dat 
geval zou het dus gunstig zijn om meer βTrCP-inspecteurs aan te stellen en zo de 
vermenigvuldiging van cellen onder controle te houden. 
Dit verschil in bevindingen komt waarschijnlijk doordat de taakomschrijving 
van βTrCP niet in iedere cel hetzelfde is. Het is dus goed mogelijk dat wat een 
goede oplossing is bij kanker in het ene celtype, juist tegengesteld werkt wanneer 
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kanker ontstaat in een ander soort cel. Om de taakomschrijving van βTrCP zo 
goed mogelijk te achterhalen en te kunnen voorspellen welk effect het beïnvloeden 
van de functie van βTrCP zal hebben in een bepaald celtype is het belangrijk dat zo 
goed mogelijk in kaart wordt gebracht welke eiwitmachines door βTrCP worden 
geïnspecteerd, wat zijn zogenaamde substraten zijn. Daarom hebben we een 
experiment ontwikkeld dat de eiwitten waarmee βTrCP interacties aangaat kan 
identificeren. In dit proefschrift worden twee eiwitten beschreven die door middel 
van die methode zijn gevonden. 

In hoofdstuk 2 ligt de focus op eEF2K. Dit eiwit is betrokken bij de regulatie van 
eiwitsynthese, de bouw van nieuwe machines. Wanneer eEF2K actief is, zet het één 
van de cellulaire apparaten uit die essentieel zijn voor het bouwproces en vertraagt 
daarmee de aanmaak van nieuwe machines. Dit is bijvoorbeeld nodig wanneer 
er niet genoeg grondstoffen zijn om het productieproces te laten draaien. In dit 
proefschrift wordt aangetoond dat eEF2K ook wordt geactiveerd wanneer een cel 
schade aan het DNA oploopt. In het DNA liggen alle blauwdrukken voor eiwitten 
vastgelegd en wanneer die beschadigd raken is het van groot belang dat de schade 
zo snel mogelijk wordt hersteld. DNA schade kan immers leiden tot de productie 
van eiwitten die niet goed functioneren en daarmee de oorzaak zijn van ziektes. 
Wanneer schade aan het DNA wordt opgemerkt, worden de meeste processen in 
de cel dan ook stilgelegd, zodat alle beschikbare energie kan worden gebruikt voor 
het herstellen van de schade. Het activeren van eEF2K zorgt er dus voor dat ook 
de eiwitsynthese op zo’n moment wordt afgeremd. Wanneer de schade eenmaal 
is hersteld, is het echter ook belangrijk dat de normale processen in de cel weer 
worden opgestart. We hebben ontdekt dat het tijdens dit proces is dat eEF2K een 
interactie aangaat met βTrCP. Tijdens het opstartproces bevestigd βTrCP een 
ubiquitine-label aan de eEF2K-machine, waarna deze wordt afgebroken en de 
remming op de eiwitsynthese wegvalt. De cel kan weer over tot de orde van de dag.

Hoofdstuk 3 van dit proefschrift beschrijft de interactie tussen βTrCP en een ander 
eiwit, GBF1. Deze machine doet zijn werk in het transportsysteem van de fabriek, 
het Golgi apparaat. Dit transportsysteem zorgt ervoor dat de eiwitten die worden 
geproduceerd worden vervoerd naar de locatie waar ze hun functie moeten 
gaan uitvoeren, binnen de cel of zelfs erbuiten. We laten zien dat βTrCP GBF1 
inspecteert en in staat is er een ubiquitine-label aan te bevestigen, GBF1 is dus een 
substraat van βTrCP. 

In de eerste hoofdstukken van dit proefschrift kijken we vooral naar het effect 
van βTrCP in gekweekte cellen, die in het laboratorium onder gecontroleerde 
omstandigheden groeien. In het lichaam is de omgeving van een cel echter veel 
gecompliceerder, met vele celtypen die elkaar beïnvloeden. Het is dus niet altijd 
mogelijk om de bevindingen gedaan in gekweekte cellen direct te vertalen naar 
een heel organisme. Om toch een beeld te kunnen vormen van het effect van de 
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afbraak van een substraat van βTrCP in het lichaam, maken we in hoofdstuk 4 
gebruik van een muismodel. Veel cellulaire processen in een muis lijken erg op 
die in een menselijk lichaam en dat maakt de muis een geschikt modelsysteem. 
In dit geval hebben we in ons muismodel het gen dat de blauwdruk bevat voor 
één van de substraten van βTrCP, namelijk REST, een beetje veranderd. βTrCP 
herkent namelijk de machines die hij moet inspecteren aan een klein onderdeel 
dat ze allemaal gemeen hebben, er zit als het ware hetzelfde blauwe lampje op. 
Wanneer we het gen voor een machine zo veranderen dat het blauwe lampje 
ontbreekt, zal βTrCP deze machine niet meer inspecteren. Er wordt dan ook geen 
ubiquitine-label meer aangehangen en de machine wordt niet meer afgebroken 
wanneer dat nodig is. Het eiwit blijft dus aanwezig in de cel en het proces dat de 
machine uitvoert blijft actief. Omdat dit verstrekkende gevolgen kan hebben, die 
moeilijk te voorspellen zijn, is het muismodel zo ontworpen dat in eerste instantie 
de normale versie van het REST gen aanwezig is. Pas wanneer de muis een stofje 
krijgt toegediend wordt die normale versie (met blauw lampje) vervangen door de 
veranderde versie (zonder blauw lampje). Zo kun je precies nagaan welke effecten 
de veranderde versie heeft op de cellen van de muis. Hoe deze muis is ontworpen 
wordt beschreven in hoofdstuk 4. 

Of en hoe βTrCP kan worden ingezet in de bestrijding van ziektes als kanker kan 
op basis van de huidige kennis niet met zekerheid worden geconcludeerd. Dit 
proefschrift biedt echter nieuwe inzichten in de functie van SCFβTrCP en nieuwe 
methoden om de benodigde informatie te vergaren op basis waarvan in de 
toekomst hierover een uitspraak kan worden gedaan. 
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En daar is het dan eindelijk, het laatste stuk dat ik schrijf aan dit proefschrift en 
waarschijnlijk het eerste dat de meeste lezers zullen openslaan. En terecht, want 
de mensen die ik hier bedanken wil hebben er niet alleen voor gezorgd dat het 
wetenschappelijke deel van dit proefschrift tot stand kwam, ze hebben er ook een 
groot aandeel in gehad dat ik in de afgelopen 4.5 jaar in staat was de uitdaging aan 
te gaan.

Beste Wouter, zoals je zelf al opmerkte is jouw functie als mijn promotor vooral 
ceremonieel, maar ik wil je van harte bedanken voor de kritische blik en het 
enthousiasme tijdens onze (bijna) jaarlijkse evaluatiemeetings, ik heb er veel aan 
gehad.

Dear Daniele, it seems ages ago that I was sitting in your office to apply for a PhD 
position. So much has changed since then, the tiny group has grown a lot and 
the two of us have found a way to make an Italian and a (very) Dutch personality 
work together. And even though my Italian is as fluent as your Dutch, I think we’re 
finally speaking the same language! This is almost as much your thesis as it is mine 
and I want to thank you for all your support and encouragement. And also for 
teaching me that it is not only important to quantify your results, but also to put a 
number on how much you believe in them. I am now 100% confident I made the 
right decision when I started my PhD in your lab.

Amazing DG lab, I really loved working with you guys. The atmosphere in the lab 
was always great and I’ve yet to find a more helpful group of people, it always felt like 
we had each other’s back! First of all, Ratna, the first one there and unfortunately 
the first one to leave. The lab hasn’t been the same since you left, thank you for all 
the organizing and your friendliness! Roberto, we were in this together almost 
from the beginning and having you as my lab neighbor has been great! Thank 
you for your great sense of humor, the translations whenever the lab turned into 
‘Little Italy’ (and for not translating everything that was said, for my own good), 
for saving my samples from drowning in their icebox about a million times and so 
much more. Good luck with the paper, your thesis and whatever might come after 
that. Remember, keep calm and … Sara, your patience has really been tested in the 
past years: Roberto’s teasing, the things students come up with and whatever your 
experiments might bring. But you can handle it all and you’re brilliant at it! I have 
no doubt you’ll finish your thesis with great success. Hoon, Friday will forever be 
fishy-day to me and I’ll never be able to hear a Coen-en-Sander-show song without 
hearing you singing along in my head. I hope there will always be more good news 
than bad news for you! 
In a small lab, each student is everyone’s student and I want to thank all the DG 
students for their contributions to the lab. Koen, you were the only one that had to 
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deal with my supervision directly and I hope I haven’t caused too much damage! 
It was great working with you and seeing you become more confident in the lab. 
Good luck getting your master’s degree!

In an institute like the Hubrecht, everyone is a direct colleague and the amount of 
help a PhD student gets when asking silly questions is priceless. The mouse project 
in chapter 4 is the best example of that for me. With only a little experience in mouse 
work, I needed all the help I could get to make that transgenic line and there are 
many people that generously donated their time to help me out. Allereerst Johan, 
bedankt voor het kritisch kijken naar mijn plannen, het geduldig beantwoorden 
van veel te veel praktische en theoretische vragen en de goede instructies voor het 
verzamelen van samples. Stieneke en Laura, bedankt voor de hulp met het kweken 
en targeten van ES cellen en het opzetten van mijn Southern. Jeroen, door een 
keer met je mee te kijken tijdens injecties weet ik hoe belangrijk jouw steady hands 
zijn voor al het muiswerk in het instituut, bedankt voor de interesse in het project 
ook nadat jouw belangrijke bijdrage al lang geleverd was. Bedankt ook Maaike en 
Carla, voor alle praktische hulp, als ik het allemaal zelf had moeten doen was ik nu 
nog bezig geweest. Onur, thanks for showing me how to do the brain dissections, 
my fine motor skills will eventually get there! 
Wanneer je in het Hubrecht ineens gedragstesten wilt gaan doen is het goed dat 
er mensen in de buurt zijn met connecties, Nanneke en Chris, bedankt voor het 
meedenken en de rondleiding op het NIN, beiden waren erg nuttig om te bepalen 
waar ik moest beginnen. Helmut Kessels and Maria Renner at NIN, thanks for the 
analysis of the open field tests. Ook bij de histologie had ik de nodige ondersteuning 
nodig, dank daarvoor aan Harry en Jeroen, maar ook aan de afdeling Veterinaire 
Pathologie; Alain, Sameh, Miriam en Saskia, ik heb veel van jullie geleerd.
En natuurlijk alle dierverzorgers, bedankt voor de goede zorgen, de oplettendheid 
en de goede sfeer in de dierenstal! 

Not only for a specific project, but also for every random little question you might 
have, there is always someone in the institute ready to help you out. To personally 
thank everyone for their reagents and advice would take up another chapter, but 
the help was greatly appreciated. 
En natuurlijk heeft het Hubrecht om te functioneren niet genoeg aan 
wetenschappers alleen: Mannen van de IT, TD en FD, dames van de receptie, dank 
voor het draaiend houden van de machine en de gezellige gesprekken! Rob, onze 
muizen-testopstelling verdient een speciale vermelding, dank voor het meedenken 
en prachtig in elkaar zetten ervan! 
En voor de OIO’s van het Hubrecht is er nog iemand onmisbaar: Ira, je bent een 
rustpunt in de warboel van formulieren en deadlines, bedankt voor de zachte 
dwang waarmee je zorgt dat alles op rolletjes loopt!
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Besides the science, there is another very important aspect to being a PhD student 
at the Hubrecht and that is the social environment. During the organized events 
like CGDB masterclasses and PhD retreats that make it so easy to stay in touch 
with other PhD students and compare experiences, but also during the everyday. 
Whether it is talking, joking and complaining about the radio in the lab or being 
‘adopted’ for lunch because the Italian lunchtime of your own group doesn’t suit 
your Dutch stomach, all these things make lab life that much easier and I want to 
thank the De Laat, MacInnes, Deschamps, Den Hertogh and De Koning groups 
and the Cergentis-people for all of them. And then there are the borrels, BBQs, 
LabStapDays, Friday afternoon drinks and I want to thank everyone who has ever 
organized or joined one for the good times. 
There is however one committee that I owe a lot more to than just entertainment: 
Dan, Maartje, Paula, Petra and Tamara, you guys are the best! Whether it was 
organizing borrels and BBQs, rafting or serving tapas for Christmas, our PV year 
was a great way for me to dive right into the Hubrecht world. But the friendship 
that remained after all this organizing is even more important. I’ll really miss you 
guys and hope that in the future we can still get together for dinner every now and 
then, no matter where we all are. Our new plans (sailing, biking, raising a family, 
running a business or moving abroad) show how diverse we all are and that’s to me 
what makes our group so great! 
Tamara, mijn lieve paranimf, vanaf die eerste keer samen lunchen hebben we zo veel 
gedeeld en mijn tijd op het Hubrecht was zonder jou oneindig veel saaier geweest. 
Dankjewel voor de knuffels en al het andere! En Léon, mijn andere pinguin, ik 
had nooit gedacht dat je voor mij zo’n apenpakje aan zou trekken! Bedankt voor al 
die keren ‘bakkie doen’ en je luisterend oor, of het nou over labwerk ging of juist 
helemaal niet, ik kon altijd stoom bij je afblazen.

En dan komt nu het onderdeel waarin de promovendus normaliter vrienden en 
familie bedankt voor hun steun en plechtig belooft meer contact te hebben met 
iedereen nu het schrijven van het proefschrift achter de rug is. Dat laatste zal in 
mijn geval helaas niet zo makkelijk gaan, omdat de fysieke afstand de komende tijd 
alleen maar groter wordt. Gelukkig hebben de afgelopen jaren wel bewezen dat je 
elkaar niet heel vaak hoeft te zien om een vriendschap in stand te houden en ik 
hoop van harte dat dat nog steeds opgaat als ik in Glasgow zit. Want of we elkaar 
nou kennen van school, sport of studie, de energie die ik de afgelopen jaren uit 
gezamenlijke etentjes, kopjes thee en biertjes heb gehaald zou ik voor geen goud 
willen missen. En dat geldt natuurlijk in het bijzonder voor mijn lieve Zesters, want 
een avondje jaarclub is het beste medicijn tegen alle soorten stress! Bedankt voor 
jullie interesse in mijn labwerk, ook al zullen je vaak genoeg hebben afgevraagd 
waar ik nu weer mee bezig was, als enige bèta tussen de alfa’s. Weken zonder jc-
eten zijn niet compleet en ik hoop dat Zest-on-Skype dat de komende jaren een 
beetje kan vervangen, al is natuurlijk niets te vergelijken met ons live kippenhok! 
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Dankwoord

En dan mijn twee grote kleine broers, Roeland en Pepijn. Of het een avondje 
slap ouwehoeren en flauwe geintjes is of een serieus gesprek, jullie weten altijd 
precies waar ik behoefte aan heb als we met z’n drieën even een hapje gaan eten. 
Ik ben onwijs trots op jullie allebei en kan niet wachten tot jullie Schotland komen 
verkennen! Lieve Ger, lieve papa, je laat altijd merken dat je er het volste vertrouwen 
in hebt dat ik me wel red en als we elkaar gesproken hebben, geloof ik daar zelf ook 
weer in. Dankjewel daarvoor! Mama, lieve Leonie, zonder je telefoontjes terwijl 
ik thuis zat te schrijven was ik tegen de muren opgevlogen en als jij me niet altijd 
had geleerd dat overal een praktische oplossing voor te bedenken is, had ik dit 
proefschrift nooit tot een goed einde kunnen brengen, dankjewel!

Lieve Niels, dat ik weet dat je in gedachten salueert bij het lezen van de titel van 
hoofdstuk 5 is maar een heel klein voorbeeld van de rariteiten die we delen en die 
ik nooit meer wil missen. Je bent mijn lievelingsmens en ik hou van je!
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