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Zusammenfassung
Säugerzellen antworten auf zellulären Stress, wie z.B. DNA-Schäden
nukleolarem oder oxidativem Stress, durch Arretieren des Zellzyklus und
Induktion der Transkription einer Gruppe von Genen, welche an der Reparatur
des Schadens beteiligt sind. Geht der Schaden über bestimmte Grenzen
hinaus, so stirbt die Zelle durch Induktion der Apoptose. Eine Schlüsselrolle bei
der Regulierung beider Stressantworten hat der Tumorsuppressor p53.
Entsprechend seiner zentralen Funktion in der Regulation des Zellzyklus wurde
gezeigt, dass der Signalweg von p53 in fast allen menschlichen Tumoren
gestört vorliegt. Die Proteinmenge von p53 wird durch die Ubiquitin E3 Ligase
Hdm2 zusammen mit HdmX auf einem relativ niedrigen Level gehalten. Die
Aktivität von p53 als Transkriptionsfaktor wird durch verschiedene Proteine
reguliert, die direkt an p53 binden. Zusätzlich wurde gezeigt, dass einige
posttranslationale

Modifikationen

wie

Ubiquitinierung,

Neddylierung,

Sumoylierung, Phosphorylierung, Methylierung und Acetylierung die Aktivität
von p53 beeinflussen. Neddylierung von p53 ist ein Hdm2-abhängiger
Mechanismus und führt zur Inaktivierung von p53 als Transkriptionsfaktor.
Bei nukleolarem Stress werden einige ribosomalen Proteine wie L5, L11 und
L23 ins Kernplasma relokalisiert. Dort blockieren sie den Mechanismus der
Hdm2-vermittelten Ubiquitinierung von p53, was zur Arretierung des Zellzyklus
und zur Apoptose führt.
Diese Arbeit ist in vier Projekte unterteilt: i) Die Entwicklung einer Technik, die
den schnellen und zuverlässigen Knockdown ermöglicht, um den Effekt der
Herabregulierung von Hdm2 und HdmX in p53-exprimierenden oder p53defizienten Zellen zu untersuchen. ii) Die Beschreibung eines neuen E2
konjugierenden Enzyms von Nedd8 (Nce2). Nce2 wurde biochemisch als ein
spezifisches

E2

von

Nedd8

charakterisiert.

Außerdem

wurde

eine

Autoreaktivität (Autoneddylierung) von Nce2 und dem schon bekannten Nedd8
E2 Ubc12 festgestellt und die Rolle der beiden Enzyme bei der Neddylierung
von p53 bestimmt. iv) Der Effekt von L11 auf Hdm2 wurde in einem in vitroSystem untersucht, wobei eine direkte und spezifische Inhibierung der Hdm2vermittelten Ubiquitinierung von Substraten durch L11 festgestellt wurde, die
durch HdmX aufgehoben werden kann. Das deutet auf eine wichtige

iv

Pufferfunktion von HdmX auf die durch nukleolaren Stress induzierte
Inhibierung von Hdm2.

v

Summary
In response to stress (i.e. DNA damage, nucleolar or oxidative stress),
mammalian cells stop their cell cycle and induce the transcription of a group of
genes involved in repair of the damage. When the damage exceeds the natural
barriers, the cells die by the induction of apoptosis genes. One of the key
regulators of both responses is the tumor suppressor p53. According to its
central role in the regulation of the cell cycle, the pathway of p53 is deregulated
in almost all human tumors. The protein amount of p53 is maintained at very
low levels by the ubiquitin E3 ligase Hdm2 and its related protein HdmX. The
activity of p53 as a transcription factor is regulated by several proteins which
directly bind to p53, (i.e Hdm2 and HdmX). In addition, several posttranslational

modifications

as

ubiquitination,

neddylation,

sumoylation,

phosphorylation, methylation, and acetylation have been reported to regulate
p53 activity. Neddylation of p53 has been shown to occur in an Hdm2dependent manner inactivating p53 activity as a transcription factor.
In the specific case of nucleolar stress, some ribosomal proteins such as L5,
L11 and L23 are relocated into the nucleoplasm. They block the Hdm2mediated ubiquitination of p53 by which it induces cells cycle arrest and
apoptosis.
This work is divided in four projects. i) The development of a technique which
can provide a fast, reliable and homogenous knockdown in order to
characterize the effect of downregulation of Hdm2 and HdmX in cells lacking
p53 and in cells carrying wt p53. ii) The search of new interacting partners of
HdmX which can regulate its enhancing effect on Hdm2-mediated ubiquitination
and neddylation of p53. iii) In this work a new conjugating enzyme for Nedd8
(Nce2) is described. Here, Nce2 was characterized biochemically as a specific
conjugating enzyme for Nedd8. In addition, it was discovered an auto-reactivity
(auto-neddylation) of the Nedd8 conjugating enzymes Nce2 and Ubc12. Finally,
the contribution of these enzymes to the neddylation of p53 was tested. iv)
Using an in vitro system, a direct and specific inhibitory effect of L11 on the
Hdm2-mediated ubiquitination of substrates was detected, which can be
rescued partially by HdmX. This reveals an important buffering role of HdmX
during the repression of Hdm2 induced by nucleolar stress.

vi

Introduction

1 Introduction
The Ubiquitin proteasome system (UPS) is the major non-lysosomal,
intracellular proteolytic system. The UPS is involved in important proceses such
as the recycling of cellular components which is probably one of the most
general characteristics of living organisms (autopoietic theory) [1-3], in quality
control of proteins, control of cell cycle, transcription factor regulation, cell
differentiation and immune response.
The UPS is strongly regulated by the Ubiquitin like protein family (Ubls) [4-5].
Ubls are heterogeneous proteins which share structural and mechanistic
characteristics with Ubiquitin. They are activated by an E1 activating enzyme,
transferred to an E2 conjugating enzyme and finally attached covalently to a
target protein by an E3 ligase, in the same manner as Ubiquitin. In humans, the
Ubl family has 12 main members: (1) Ubiquitin, (2) neuronal precursor cell
expressed developmentally downregulated protein 8 (Nedd8/Rub1), (3) small
Ubiquitin-like modifiers (SumoI, SumoII and SumoIII), (4) interferon stimulated
gene 15 (ISG15/UCRP), (5) Ubiquitin related modifier-1 (URM1), (6) human
leukocyte antigen F associated (FAT10), (7) autophagy-8 (ATG8), (8)
autophagy-12 (ATG12), (9) Fau Ubiquitin-like protein (FUB1), (10) membraneanchored Ubl (MUB), (11) Ubiquitin fold-modifier-1 (UFM1) and (12) the
homologous to Ubiquitin-1 (Hub1/UBL5) [6]. A summary of the activation
enzymes, conjugation enzymes and their cellular roles is shown in Table 1. The
identification of the Ubl pathways is a fundamental question not only as a
biochemical challenge but also for their association with the development of
many human diseases. A good understanding of these pathways could help to
pinpoint new therapeutical targets. Recently, a specific inhibitor of the Nedd8 E1
Appbp1-Uba3 (MLN4924) was developed, which is an effective treatment
against some types of cancer [7-9].

1.1 Ubiquitin
Ubiquitin is the founder member of the Ubl family. It participates in many
biological processes, but its most studied effect is its covalent conjugation to
other proteins, which targets the modified proteins for proteasome-mediated
______________________________________________________________________
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degradation. Ubiquitin is one of the highest conserved proteins in eukaryotes,
however, it is found neither in bacteria nor in archaea. In a systemic and
genomic investigation, the complete Ubiquitin machinery (including Ubls as
Nedd8 and SumoI) was proposed to be generated and developed in an extinct
ancestor cell, named chronocytes. These chronocytes were thought to be the
ancestors able to endocyte the pro-cells which later became mitochondria,
chloroplasts

and

maybe

the

nucleus

(“endosymbiotic

theory”).

Within

eukaryotes, the Ubiquitin protein sequences of fungi, plants and animals are
virtually identical having only 3 substitutions between yeast and humans
demonstrating an early, important and conserved role during the evolution [1013].

Ubls
Ubiquitin

E1
Uba1, Uba6

Nedd8

Appbp1-Uba3

E2
Ubc1-8, Ubc10,
Mms2
Ubc12, “Nce2”

Sumo
I,II, III
ISG15

Aos1-Uba2

Ubc9

Ube1L

UbcH8

Ubc13,

Effect on proteins
Degradation,
localization,
endocytosis, interaction, other
Regulation of protein activity,
Cullins activation
Localization, interaction, other

Role in pre-mRNA splicing
during IFN response
Atg7
Atg3
Autophagy
ATG8
Atg7
Atg10
Autophagy
ATG12
Uba5
Ufc1
Unknown
UFM1
Uba4
Oxidative stress response
URM1
Uba6
Ubiquitin independent substrate
FAT10
degradation, induced by IFN-γ
and TNF-α
Role in pre-mRNA splicing
Hub1
Role in T cell activation
FUB1
Unknown
MUB
Table 1: Activating (E1) and conjugating (E2) enzymes of Ubiquitin-like proteins. Adapted
from Kerscher, Felberbaum & Hochstrasser [6].

In humans, 14 Ubiquitin copies are expressed from different loci. The Ubiquitin
genes can be divided in two classes: Class I are single Ubiquitins fused to
ribosomal proteins (ribosomal protein S27a and ribosomal protein L40); class II
are expressed as polycistronic copies of Ubiquitin (Ubiquitin B expresses 3
copies and Ubiquitin C expresses 9 copies) [14-16]. In both classes Ubiquitin is
translated as an inactive precursor which gets activated by a proteolytic
cleavage immediately behind its amino acid glycine 76 by the same enzymes
______________________________________________________________________
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responsible also for the deubiquitination of Ubiquitin substrates [17-19]. The
mature and active Ubiquitin is a small globular protein of 76 amino acids (~
8KDa). It is extremely stable regarding extreme pHs and high temperatures
[20].
The covalent modification of proteins by Ubiquitin (ubiquitination) is defined as
the formation of an isopeptide bond between the ε-amino group of a lysine on
the target protein and the C-terminal glycine (G76) of Ubiquitin. Ubiquitination
occurs in different manners regulating biological processes by changing the
specific properties of target proteins depend on i) the target itself and ii) the way
how Ubiquitin is attached. Ubiquitination of proteins with a single Ubiquitin
molecule (mono-ubiquitination) was reported to regulate biological processes
such as endocytosis, trafficking and regulation of gene expression [21-25]. In
addition, ubiquitination can occur via multiple events resulting in more than one
Ubiquitin molecule modifying the target protein (multi-ubiquitination). Multiubiquitination can be the result of multiple lysine modifications on the target
protein (also called multi-mono-ubiquitination) or of Ubiquitin getting attached to
another Ubiquitin molecule already conjugated to the substrate, thereby forming
an Ubiquitin chain (poly-ubiquitination). The effect of the poly-ubiquitination in a
chain depends on which lysine of Ubiquitin is predominantly attached. Ubiquitin
has seven lysines (K6, K11, K27, K29, K33, K48 and K63). Each of them can
be recognized generating different Ubiquitin chains. The best studied and most
abundant is the K48-linked chain, which works with a minimal length of 4 units
as a signal for proteasomal degradation. The K63-linked chains do not have a
proteolitic role and it has been shown to be involved in a variety of cellular
processes including DNA repair [26], stress responses [27], signal transduction
[28] and intracellular trafficking of membrane proteins [29-30]. The role of the
K6, K27 and K29 chains is not yet clear. K11-linked chains are reported to
target proteins for proteasome-mediated degradation. This was recently
confirmed by the finding that the E3 ligase complex APC targets its substrates
for degradation preferentially by catalyzing the formation of K11-linked Ubiquitin
chains on its substrates [31].

______________________________________________________________________
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1.1.1 Ubiquitin activation
The E1 mediates a nucleophilic attack on the C-terminal carboxyl group of
Ubiquitin to the α-phosphate of an ATP molecule in a reaction stabilized by
magnesium. A second nucleophilic attack of the thiol group of a cysteine of the
E1 (catalytic cysteine) to the adenylated C-terminus of Ubiquitin generates a
thiol-ester (thioester) bond (Figure 1) [32-36]. In humans, two E1 enzymes have
been described so far: UBE1/UBA3 and the recently identified UBA6/UBE1L2.
Both enzymes reveal similar Ubiquitin activation efficiency, however, UBA6 was
also reported to activate the Ubl protein FAT10 [37-39]. The molecular
relevance of Ubiquitin activation lies in the relative specificity of the E1 for its
substrate. With two exceptions (FAT10/Ubiquitin activation by UBA6 and
ATG8/ATG12 by Agt7) each E1 recognizes only one Ubl. This step is probably
the most important check point for a specific control of the correct Ubl pathway.
A point mutated Nedd8 (A72R) has been reported, which is efficiently activated
by the Ubiquitin specific UBE1 [40-41]. Consequently, it is transferred to an
Ubiquitin conjugating enzyme (i.e. UbcH5B) which leads finally to the
modification of substrates in an E3 dependent manner. This experiment
exemplifies the importance of the recognition and activation of the correct Ubls
at the E1 level [42].

1.1.2 Ubiquitin conjugation
After activation, Ubiquitin is transferred from the Ub-E1 thioester complex to an
E2 conjugating enzyme. E2s are usually short proteins of ~25KDa able to
receive the Ubiquitin with its catalytic cysteine forming a thioester. This reaction
is fast and does not require an extra source of energy (Figure 1) [43]. Thioester
bonds are reversible and can be disrupted in vitro by the addition of reductive
agents such as DTT or β-mercaptoethanol. This treatment can separate
Ubiquitin from the E1 or the E2 [44]. In humans there are over 30 E2
conjugating enzymes which can interact specifically with different E3s.
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Figure 1. The Ubiquitin proteasome system (UPS). Ubiquitin binds the Ubiquitin E1 activating
enzyme which catalyzes the formation of an adenylate intermediate with the C-terminus of
Ubiquitin, followed by the covalent thioester binding to its catalytic cysteine (top). Ubiquitin is
then transferred to an Ubiquitin E2 conjugating enzyme (centre) which can catalyze an
isopeptide bond on lysine residues of the substrate through different mechanisms dependent on
the respective E3 ligase involved: HECT (center left) or RING (center right). The substrates
modified with a chain of four Ubiquitin units predominantly at lysine 48 are recognized by the
26S proteasome and degraded.

1.2 Nedd8 and its conjugation
Nedd8 was discovered as a gene which is downregulated during the
development of the mouse brain [45] and later recognized as an Ubiquitin-like
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protein. Being 60% identical and 80% homologous to Ubiquitin, Nedd8 is the
Ubl most closely related to Ubiquitin. The unique nedd8 gene is located in locus
14q12 and is expressed as a precursor of 81 amino acids, which is activated by
a proteolytic cleavage in the same way as Ubiquitin, resulting in a globular
protein of 76 amino acids (~8KDa) [40, 46]. Nedd8 is also able to modify
proteins covalently through the formation of an isopeptide bond between the εamino group of lysine residues of the target protein and its C-terminal glycine.
Nedd8 itself contains 9 lysines (K4, K6, K11, K22, K27, K33, K48, K54, K60).
Although residues K11, K22 and K60 of Nedd8 were reported to be neddylated
in cells, it is still not clear if these modifications may correspond to ubiquitination
(in MS/MS, Ubiquitin and Nedd8 lead to the same signature on peptides
digested with trypsin, consisting in double glycine tagged lysines) [47]. Using
proteomic approaches, many proteins were found to be substrates of Nedd8
including p53, F-box proteins, BTB family proteins, WD repeat proteins, DNA
repair and replication proteins, ribosomal proteins, histones, transcription and
chromatin related proteins [47-49]. Nedd8 is also reported to bind the Nedd8
ultimate buster-1 protein (Nub1) and its alternative splice form Nub1-large
(Nub1L) [50]. Nub1 and Nub1L contain two or three Ubiquitin binding domains,
respectively, that are able to interact with proteasomes and probably recruit
neddylated proteins for proteasomal degradation [51]. The function of
neddylation of most of the Nedd8 substrates is still unclear.
The activation of Nedd8 has been extensively studied and the crystal structure
of Nedd8 bound to its E1 has been solved [52]. The E1 enzyme of Nedd8 is a
heterodimer formed by the β-amyloid precursor protein binding protein 1
(APPBP1) and the UBA3 protein. The catalytic cysteine of the heterodimer is
located in the UBA3 subunit (C216). The heterodimer APPBP1–UBA3
adenylates the C-terminus of Nedd8 as an intermediate step to generate a
thioester bond in the same manner that was described for Ubiquitin. The affinity
of the APPBP1-UBA3 heterodimer for Nedd8 (Km=0.95 ± 0.18 µM) is similar to
the affinity of the Ubiquitin E1 enzyme UBA1 for Ubiquitin (Km=0.8 µM) in
equilibrium studies [33, 53]. Previously, only one E2 enzyme for Nedd8 (Ubc12)
was reported. Our investigations, in parallel to another laboratory, led to the
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characterization of a second Nedd8 conjugating enzyme Nce2 and will be
discussed in more detail in results and discussion [54].

1.3 E3 ligases
E2s loaded with their corresponding Ubls (with the exception of the Sumo E2
Ubc9) are not able to recognize and modify the target proteins directly. The
transfer from the E2s to the substrates is mediated by functionally related
enzymes called E3 ligases. The E3 ligases interact directly with the E2s and
with the substrates. In humans, there are two major families of E3 ligases: the
HECT (homolog to E6AP C-terminus) E3 ligases (~5%) and the RING (Really
interesting new gene) E3 ligases (~95%). Additionally, other E3 ligases such as
slim-domain or PHD-domain proteins are reported [55-56].

1.3.1 HECT ligases
HECT E3 ligases contain a HECT domain at the C–terminus which is about 350
amino acids long. The HECT domain consists of a large N-terminal lobe
containing the E2 binding domain, whereas a smaller lobe containing the
catalytic cysteine residue lies at the C-terminus [57]. Structural data based on
the distances between the E2s binding domains and the catalytic cysteines of
the HECT E3 ligases predict the requirement of conformational changes of the
HECT domain during thioester bond formation with Ubiquitin. Comparing the Ntermini of various HECT E3s, it is possible to catalogue the HECT family in
three subfamilies [58]:
•

HECT E3s with RCC1 like domains (HERC)

•

HECT with WW domains called Nedd4-like E3s

•

Single HECT E3s called SI-HECT E3s.

The founder member of the HECT family is the E6 Associated Protein (E6-AP).
The main characteristic of the HECT family is the capacity to interact with E2s
and receive Ubiquitin through its catalytic cysteine located in the HECT domain
forming a thioester as it was shown for E1s and E2s (Figure 1). Generally, the
N-terminal region of HECT domain defines the substrate specificity of the 28
human HECT E3s ligases. They are involved in membrane transport, signal
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transduction (i.e. Smad1, Smad2, SnoN and TGF-β), ubiquitination of key
proteins including c-Myc and p53 (HECTH9) and can also form complexes with
viral proteins to control the cellular fate (HPV E6 proteins; E6-AP targets p53 for
degradation). There are no known overlapping functions of HECT E3 ligases.
Depletion is in many cases associated with embryonic lethality or strong
systemic disorders. Furthermore, some members of this family as Huwe1, EDD,
Nedd4-1, WWP and 1Smurf2 are found to be dysregulated in different cancer
types [44, 56, 59-66].

1.3.2 The Really Interesting New Gene (RING) ligases
The RING and U-Box E3 ligases contain about 615 member proteins in
humans. They are even more abundant in eukaryotic cells than kinases. The
RING ligases do not form thioester bonds with Ubls. They seem to catalyze the
attachment of Ubls directly from the E2 to the substrate, acting probably as an
allosteric activator of the E2 [67]. The RING domains are a special sub-group of
zinc finger domains defined as regular arrangements of eight cysteine and
histidine residues that coordinate two atoms of zinc [68]. They are divided into
two sub-groups: the H2s and the C2s, characterized by the amino acid at
position five (H2: histidine, C2: cysteine). The U-Box proteins were recently
separated from RING proteins. The U-Box domain has the same fold as RING
domains although the coordinated zinc ions are replaced by hydrogen bonds
[69]. RING proteins can be found as monomers, homodimers, heterodimers or
forming a part of multimeric E3 Ubiquitin ligase complexes. Some of the RING
ligases interact directly with others RING proteins which increase its E3 ligase
activity like Hdm2 with the inactive RING protein HdmX or BRCA-1 with BARD,
respectivaly [70-72]. The multimeric E3 Ubiquitin ligase complexes can be
divided into the Cullin-RING ligases (CRL) and the Anaphase-Promoting
complex (APC).
CRLs are the most intensively studied RING E3s. In total about 400 CRL
complexes are involved in the degradation of around 20% of all proteins in
mammalian cells [73]. CRLs are modular multi-subunit complexes that contain a
scaffold protein (Cullin) bound to a RING protein (ROC/RBX/HRD 1 or 2) and to
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substrates via different adapters by its N- and C-termini, respectively. There are
three Cullin proteins in yeast, eight in humans and nine in Arabidopsis thaliana.
The eight human Cullins are: Cul1 (CDC53), Cul2, Cul3, Cul4A, Cul4B and Cul5
(VCAM-1), Cul7 and Cul9 (PARC). CRLs recruit different adaptors depending
on the central Cullin protein and they are activated by reversible neddylation on
a specific lysine residue (Table 2) [74-79]. Regulators such as Dcn1 containing
a Nedd8 interacting domain (PONY) enhance the kinetics of Cullin neddylation
in vivo and appear to act as a scaffold-like Nedd8 E3 ligase that directly binds to
the E2 enzyme of Nedd8 Ubc12 and the Cullins to facilitate the Nedd8 transfer
[80-82]. Mechanistically, Nedd8 modification of Cul1 proteins were shown to
decrease the dissociation constant of the CRL complex Cdc34-Cul1-RBX1,
from 82±10nM to 29±4nM [83]. Nedd8 also interacts with the Ubiquitin E2
enzyme Ubc4 (human homolog: UbcH5). This interaction can be responsible for
a tight interaction with Cdc34 (Ub-E2 of CRL complex) and the stabilization of
the CRL complex [84].
The

Anaphase-Promoting

Complex

(APC/C)

in

humans

contains

14

components. There are obvious similarities between APC and CRL complexes.
For example, APC2 is a homologue of Cullin proteins, APC11 is a homologue of
the RING protein ROC1 and Cdc20 reveals homology to F-box proteins.
However, neddylation of APC/C has not been described. APC/C was initially
characterized by its ability to target vertebrate and yeast mitotic cyclins for
degradation [85]. APC/C is fundamental in the separation of the sister
chromatids during anaphase, it is involved in cellular differentiation and
neuronal physiology [86-89]
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Adaptors

RING
Finger
ROC1

Cullin-1

F-BOX, SKP1

Cullin-2

Elongin B, Elongin ROC1

Modify
Lysine
K720

Reference

K703

Swiss-Prot:Q13617

Swiss-Prot:Q13618

Swiss-Prot:Q13616

C, SOCS proteins
Cullin-3

BTB proteins

ROC1

K712

Cullin-4A

DDR1, DDR2, CSA

ROC1

4A(K705) Swiss-Prot:Q13619
4B(K841) Swiss-Prot: Q13620

/4B
Cullin-5

Elongin B, Elongin ROC2

K724

Swiss-Prot: Q93034

C, SOCS proteins
Cullin-7

Skp1, Fbx29

ROC1

K1576

Swiss-Prot: Q14999

Cullin-9

Parc and skp1

N/D

K1897

Swiss-Prot: Q8IWT3

Table 2: The CRL systems. Adaptors of the CRK systems and Cullins-specific lysine
neddylation.

The mechanism how RING E3 ligases promote the ubiquitination of substrates
is still unclear. By biochemical investigations, it has been shown that RING E3
ligases can allosterically activate E2s [67]. In contrast, the crystal structures of
E2s bound to E3s and free E2s show only little structural differences indicating
that the RING E3-dependent allosteric activation of E2s does not induce mayor
conformational changes [90-92]. However, there is the possibility of a special
arrangement involving more than one RING E3 ligase (as homodimer,
heterodimer or heterooligomers) which could interact with more than one
Ubiquitin E2 molecule to facilitate the conjugation reaction. For instance, UbcH5
contains a non-covalent Ubiquitin binding site which contributes to the
processivity of the ubiquitination mediated by the Ubiquitin E3 ligase BRCA [93].

1.4 The proteasome
Ubiquitin-mediated proteasomal degradation was originally identified as an ATP
dependent process using fractions of rabbit reticulocyte lysates. ATP is not only
required for the activation of Ubiquitin/Ubl but also for the function of the
proteasome during protein degradation [32-36, 94-95]. In 1986 it became clear
that these fractions contain a high molecular weight protease which can
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degrade Ubiquitin-tagged proteins [95]. The functional 2.5MDa multi-subunit
protease complex was assigned in 1988 as 26S-proteasome [96].

Figure 2. The 26S Proteasome. A large protein complex with protease activity (description in
the text).

The proteasome composition can vary between different cell types. In general,
the proteasome is a large protein complex consisting of two major subcomplexes: the catalytic 20S core particle and the 19S regulatory particle
(divided in base and lid). The 20S core particle can be capped by the regulatory
particle 19S, leading to the active form of the proteasomal complex called 26S.
The 20S core particle in yeast is composed of four heptameric rings. Two of
these rings consist of β subunits and are located at the centre of the core (in
human β1- β7) which contains the proteolytic active sites. The two β rings are
covered on both sides by a heptametrical ring of α subunits (in human α1- α7).
The 19S regulatory particle consists of at least 18 individual subunits regulating
the proteasomal gate, selectivity, deubiquination and unfolding of substrates
[97]. The 19S complex can be divided in the base and the lid complexes. The
base contains a set of six proteins with triple-A ATPase activity, Rpt1-Rpt6 and
the subunits Rpn1, Rpn2 and Rpn10. The lid is formed by the proteins Rpn3 to
Rpn9, Rpn11 and Rpn13 (Figure 2) [97-98]. Rpn11 plays an important role for
______________________________________________________________________
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the proper functioning of the proteasome. It mediates the deubiquitination of
substrates directly at the proteasome allowing for recycling of Ubiquitin from
Ubiquitin chains. Proteins tagged with a Ubiquitin chain of a minimal length of
four K48-linked Ubiquitin molecules are recognized by the proteasome for
degradation [99]. K48-linked Ubiquitin chains have been shown to bind to the
proteasomal subunits RPN10/S5a (containing one or two Ubiquitin binding
sites) [100-101] and Rpn13 [102].
An additional mechanism was reported involving proteins carrying Ubiquitin-like
(UBL)

and

Ubiquitin-binding

domains

(UBA).

These

proteins

interact

simultaneously with the proteasome (via UBL) and with Ubiquitin chains (via
UBA domains). This interaction can protect the Ubiquitin chains on the
substrates

from

premature

deubiquitination

and

therefore

catalyzing

proteasomal degradation of these substrates. Differences between yeast and
human UBL domains make it difficult to generalize where specific UBL-UBA
proteins bind to the proteasome. So far, Rpn1, Ppn10 and Rpn13 have been
reported to bind UBLs [103-105].
The proteasome plays a fundamental role in the immune system. In mammalian
cells, interferon induces the expression of a special pool of the proteasomal ßsubunits LMP2(ß1i), MECL-1(ß2i) and LMP7(ß5i) which replace the normal
subunits ß1, ß2, ß5, respectively. The modified proteasome is called
immunoproteasome due to the enhanced production of peptides used for the
MHC I-mediated peptide presentation [106-110]. Proteasome inhibitors have
been successfully used as chemotherapeutical agents [111-113].

1.5 p53
Cancer development starts with the accumulation of genetic mutations leading
to uncontrolled proliferation of cells which become immortalized and capable of
invading other tissues [114]. The tumor suppressor p53 is the most frequent of
a few common factors affected in tumors. Almost all tumors show a
misregulation of p53. In 50% of all human tumors the p53 gene has a direct
mutation and most of the others show a deregulation of the pathways upstream
or downstream of p53 [115-123]. Soft tissue sarcomas, for example, generally
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overexpress the main negative regulator of p53, the RING E3 ligase Hdm2.
Resulting in enhanced p53 degradation and inactivation [124-125]. Under
normal growth conditions, p53 is a protein which is maintained at very low levels
but after cellular insult such as DNA damage or ribosomal stress, p53 is
modified and not longer degraded by the regular mechanisms. Under these
circumstances, it becomes a powerful transcriptional activator of genes involved
in cell cycle arrest and apoptosis.
To summarize the ways in which p53 regulates the cellular fate is probably
harder than for any other protein known. The number of processes where it is
directly involved is huge and the indirect effects resulting from its activity as
transcriptional activator are still a matter of intensive study. The most significant
and relevant facts about p53 and its cellular regulation are summarized in the
following paragraph to help with the understanding of this study.

1.5.1 p53 structure and modifications
p53 is a protein of 393 amino acids which localizes in the nucleus under normal
growth conditions. Starting from the N-terminus, p53 contains: a transcription
activation domain (TAD, 1-44aa); a proline rich domain (PRD, 50-100aa); a
DNA binding region (102-292aa) with a zinc atom bound by four amino acids
(C176, H179, C238 and C242), a nuclear localization signal (305–321aa), a
nuclear export signal (339–350aa), and a tetramerization region (325 – 356aa)
[Swiss-Prot:P04637] (Figure 3) [126-127]. The activity of p53 is influenced by
several

post-translational

modifications:

ubiquitination,

neddylation,

sumoylation, acetylation, phosphorylation, methylation and ADP-ribosylation.
Ubiquitination of p53, which in some cases results in its proteasomal
degradation, was reported at lysines K370, K372, K373, K381, K382 and K386
by different E3 ligases including Hdm2, Arf-BP1, COP1, Pirh2 and TRIM24.
K386 is also reported to be a target for sumoylation by PIAS and PIASxβ but
the effect of this modification is still unclear [128-131]. The trans-activation
activity of p53 is negatively regulated by neddylation at K320, K321, K370,
K372 and K373 by Hdm2 and FBXO11 [49, 132].
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The major contribution to p53 ubiquitination is done by Hdm2 in a UbcH5B/C
mediated manner [133]. Hdm2 as well as its E3 ligase related protein HdmX
binds p53 through its trans-activation domain, blocking the recruitment of
transcription machinery. Additionally, two alternative mechanisms of Hdm2
contribute to its inhibitory effect on the activity of p53. In the first, Hdm2 has an
intrinsic transcription inhibitory activity in a region mapped to 50-222aa, which
works as a repressor of the transcription directly at the promoter of p53 target
genes [134]. In the second, Hdm2 can ubiquitinate histones at a close vicinity to
the p53 DNA binding sites, contributing to the silencing of p53 target genes by
chromatin remodeling [21]. p53 binding to this RING protein is highly regulated.
Phosphorylations of S6, S9, S15, T18 and S20 induced upon DNA damage by
ATM/ATR, DNAPK, CK1, p38, Chk1, Chk2, JNK and Pin1 can completely
abolish Hdm2 and HdmX recognition of p53. Phosphorylation of residues
located at the proline rich domain (S33, S37, S36, S46, T55 and T81) increase
the trans-activation activity of p53. Further phosphorylation regulate the affinity
for specific DNA sequences, modulate the binding with other interacting
partners or fine-tune the p53 response to cell growth arrest or apoptosis (Figure
3). Finally, p53 acetylation by Tip60, p300/CBP and PCAF generally modulate
the p53 response to growth arrest and apoptosis [135-138].
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Figure 3. p53 structure and Hdm2/HdmX binding regulation. The tumor suppressor p53
contains multiple domains which regulates its activity: TAD (trans-activation domain), PRD
(proline rich domain), DBR (DNA binding region), NLS (Nuclear localization signal), a
tetramerization region and a NES (Nuclear export signal). In addition phosporylation of its transactivation domain regulates its activity as trans-activator and the binding with the Ubiquitin E3
ligases HdmX and Hdm2.

1.5.2 p53 activation and response
p53 is activated upon DNA damage, ribosomal stress, oxidative stress and
chemical insults. Under normal growth conditions has a short half-life of 20
minutes. Upon DNA damage p53 gets phosphorylated by ATM, Chk2 and Chk2
at S15. As a consequence, p53 binding to Hdm2/HdmX is blocked and the p53
half-life increases to hours [139]. Additionally, the central region of p53 is
phosphorylated enhancing the trans-activation activity of p53. p53 binds a
consensus sequence on the promoter of various genes involved in DNA repair,
cell cycle arrest, oxidative stress response, transcription factors, MAPK kinase
signaling and apoptosis. Furthermore, the Ubiquitin ligases which target p53 for
proteasomal degradation such as Hdm2, Cop1 and Pirh2 are under the control
of p53 trans-activation. In consequence, increased levels of the ligases are
induced upon DNA damage by p53 [140-142]. In the specific case of Hdm2, its
p53-mediated de novo expression induces a rapid degradation of its homolog
HdmX. As a consequence HdmX-dependent inhibition of p53 is also abrogated
by de novo expression of Hdm2, resulting in enhanced expression of Hdm2,
therefore in the increased auto-ubiquitination activity and turnover of Hdm2
[143-146].
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During ribosomal stress which is naturally induced by starvation, the ribosomal
proteins are diffused. Some of them have the ability to bind Hdm2 blocking its
E3 ligase activity resulting in p53 stabilization, cell growth arrest and apoptosis
[147]. The magnitude of p53 responses in terms of numbers of proteins induced
and the effect of each of those on the cellular fate is fascinating. A partial
summary is shown in Figure 4.

Figure 4. Regulation of p53. Hdm2 mediates the proteasomal degradation of p53 and together
with HdmX blocks p53 trans-activation by direct binding. The binding of Hdm2 and HdmX to p53
is negatively regulated by several phosphorylation events predominantly by ATM/ATR, Chk2
and CKII upon DNA damage. Additionally, interacting proteins like the ribosomal proteins L11,
L23, L5 and S7 as well as p14 ARF can efficiently block Hdm2-mediated ubiquitination of p53.
Activation of p53 leads to the transcription of several genes which induce growth arrest, DNA
repair, antioxidant response and apoptosis.
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1.6 Hdm2
The murine double minute (mdm) genes are located on small, acentromeric
extrachromosomal nuclear bodies. These bodies are retained in the cell only if
they provide it with growth advantages. The mouse mdm2 gene was found in
one of these structures in transformed BALB/c mouse cells to be amplified more
than 50 times [148-149]. Hdm2 (human Mdm2) is the most important negative
regulator of the tumor suppressor protein p53 decreasing the activity of the
latter through at least two different mechanisms: by direct binding to the transactivation region [150] or by catalyzing its poly-ubiquitination and subsequent
proteasomal degradation [151-152]. In humans, approximately 5 to 10% of all
tumors overexpress Hdm2 suggesting an important role in tumor development
and tumor progression. Most of them are soft sarcomas [153]. Under normal
conditions Hdm2 is required to suppress the lethal activity of p53 [154]. Hdm2 is
also involved in the degradation of HdmX [146] and pRB [155]. Underlining the
relevance of Hdm2-mediated regulation of p53, mdm2-/- knockout mice are not
viable; Mdm2 deficiency leads to death within 3.5 days post coitum (dpc) due to
elevated apoptosis. The lethality of Mdm2 deficient mice is completely rescued
in the double knockout mouse mdm2-/-, p53-/- [156-157].
The hdm2 gene consists of 12 exons. Two different promoters lead to the
transcription of two different proteins: p90, which contains the p53 binding
domain, whereas p75 lacks this domain. Additionally, human and murine tumors
show splicing variants. In humans, the most abundant variants are Hdm2-A
(deletion of exons 4-9) and Hdm2-B (deletion of exons 4-11). Both splicing
forms lose the p53 binding domain and conserved exon 12, which contains the
RING domain of the protein [158]. Studies on the Hdm2-B isoform provide some
evidence about its possible p53-independent role: by lacking the p53 binding
domain, Hdm2-B induces cell growth and inhibits apoptosis in transformed cells
[159].
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1.6.1 Hdm2 structure and localization
Different regions of the human full-length Hdm2 protein (491aa) are
distinguished. At the N-terminus lies the p53 binding domain followed by a
nuclear localization signal (NLS), a nuclear export signal (NES), an acidic
domain (AD), a zinc finger (ZF) domain, a catalytic active RING and within the
RING a cryptic nucleolar localization sequence NoLS (466 – 473aa). The p53
binding motif of Hdm2 (1-107aa) reveals a Kd of 340±10nM to p53 [160]. Hdm2
can also bind other members of the p53 family like p73, in which case Hdm2
can efficiently inhibit its trans-activation activity but is not able to mediate its
degradation [161-162]. The NLS (179–185aa) is functional and Hdm2 localizes
indeed mostly to the nucleus. The NLS and the NES (190–202aa) participate in
the shuttling of p53 to the cytoplasm [163]. The Asp/Glu-rich acidic domain
(243-301aa) is an interesting subject of study, because many proteins including
p300 and p14arf, which regulate the activity of Hdm2, have been reported to
bind to this domain. The zinc finger structure (299-332aa) belonging to the C4
zinc fingers displays a sequence similarity with RanBP2/NZF, Npl4 and the
splicing factor Znf265 [164]. However, the functional role of the zinc finger of
Hdm2 is poorly understood. The RING domain of Hdm2 (438-491aa), like other
RING domains, has a compact ββαβ fold, a small hydrophobic core and two
zinc ions. Different combinations of cysteines and histidines are reported to
coordinate the zinc atoms of the RING. The most common structures are
C3H2C4 and C4C4. In the case of Hdm2, a C2H2C4 RING was determined by
NMR (Figure 5) [165][Swiss-Prot: Q00987].

1.6.2 Hdm2-mediated ubiquitination of p53
The strongest regulation of p53 is due to ubiquitination and proteasomal
degradation by E3 ligases as TRIM24, Pirh2, Cop1 and Hdm2. However, Hdm2
is by far the main regulator of maintaining low levels of p53 in cells. The RING
of Hdm2 interacts with members of the UbcH5 E2 family and catalyzes polyubiquitination of p53 in vivo and in vitro. The central region of Hdm2 (235300aa) contains a second binding site for p53 and could play a role in the
arrangement of Hdm2 oligomers with p53 tetramers [160]. Another important
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aspect of the regulation of p53 is the modification by other Ubls as SumoI and
Nedd8. At the same time, SumoI modification of p53 increases the
transcriptional activity of p53. Nedd8 is a negative regulator of p53 transactivity. Similar to Ubiquitin, the attachment of Nedd8 to p53 is catalyzed by
Hdm2 and potentiated by HdmX [49, 166].

Figure 5. Structure of Hdm2. The E3 ligase Hdm2 binds p53 through its p53 binding domain
located at its N-terminus. Hdm2 contain in addition an NLS (nuclear localization signal), a NES
(nuclear export signal), an acidic domain rich in aspartate and glutamate (Asp/Glu-rich), a ZN
(zinc finger motif) and RING (RING finger domain with Ubiquitin E3 ligase). Additionally, its
interaction with p53 and its activity is regulated by phosphorylations.

1.6.3 Regulation of Hdm2
The interaction between Hdm2 and p53 is strongly regulated at different levels.
Hdm2 controls p53 levels and trans-activity, while p53 for its part adjusts the
expression of Hdm2 via a p53 consensus sequence present on the promoter of
Hdm2 [167]. This regulation loop results in a delicate equilibrium, where Hdm2
regulates its own levels through its effect on p53, and p53 regulates its own
degradation through its trans-activation activity. The affinity of Hdm2 for p53 is
highly regulated by many post-translational modifications. Hdm2 binding to p53
is for example negatively regulated by phosphorylation of S17 by DNA-PK in
vitro [168]; ATM phosphorylation of S395 decreases p53 ubiquitination and
CDK2 phosphorylation of Y216 induces p14 binding and decreases p53
degradation [169-170]. On the other hand, Akt phosphorylation of S166 and
S186 [171] and CK2 phosphorylation of S267 were reported to increase Hdm2mediated p53 ubiquitination and degradation [172]. The regulation of Hdm2 is
also regulated by some interacting partners like p14Arf (Hdm2 binding site: 210______________________________________________________________________
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304aa), a protein which directly blocks Hdm2 activity as Ubiquitin E3 ligase
[173] and relocalizes it into the nucleoli [174]. Another important group of
negative regulators are ribosomal proteins: L5 (Hdm2 binding site: 221-274aa)
[175], L11 (Hdm2 binding site: 212-347aa) [176-177], and L23 (Hdm2 binding
site: 384-425aa) [178]. Hdm2 activity has also shown to be inhibited by nucleic
acids [179]. Hdm2 activity is positively regulated by p300/CBP, YY1, KAP1 and
its homologous protein HdmX. The acetylase p300/CBP (Hdm2 binding site:
217-246aa) [180]

increases Hdm2 levels and p53 ubiquitination. The

multifunctional transcription factor Ying-Yang1 (YY1) was reported to interact
with the central domain of Hdm2 (Hdm2 binding site: 150-290aa) increasing p53
ubiquitination [181]. The RING protein KAP-1 (Hdm2 binding: 150-230aa)
regulates positively Hdm2-mediated ubiquitination of p53 by competing with
p14Arf [182]. The Hdm2 homologue HdmX also enhances Hdm2-mediated p53
ubiquitination probably by a RING dimerization effect with a higher affinity than
the homomer of Hdm2 (Hdm2 binding site: 420-491aa) [72, 145, 166].
Ubl attachment is reversible. Specific enzymes can remove the Ubl from the
substrates, recycling the Ubl to be activated again and without leaving signs of
modifications. Certainly, Ubl modification affects in many cases the localization
or the status of the substrate facilitating other modifications or conformational
changes which remain even after the modification has been removed. Two
specific deubiquitinating enzymes are reported for Hdm2: the herpes virusassociated Ubiquitin specific protease 7 also known as HAUSP and the
Ubiquitin specific protease 2a (USP2a). HAUSP interacts directly with p53 and
Hdm2 and regulates their stability by its deubiquitination activity [183-186]. This
activity of HAUSP on p53, Hdm2 and HdmX is downregulated upon DNA
damage [186]. Like HAUSP, USP2a has been described to stabilize Hdm2 by
deubiquitination of the auto-ubiquitinated Hdm2. However, USP2a does not
deubiquitinate p53 and the stabilization of Hdm2 in this context decreases even
more the level of p53 [187].

______________________________________________________________________
20

Introduction

1.7 HdmX
HdmX (also called Mdm4 or MdmX in mouse) was discovered as an interacting
partner of p53 which shares some functional properties of Hdm2, inhibiting for
example the p53 trans-activation activity by direct binding [188]. HdmX is an
anti-apoptotic protein associated with cancer. High levels of HdmX have been
shown in many tumors and tumor cell lines [189-191]. The HdmX protein is 32%
identical to Hdm2, but this valor does not represent a homogenous identity
throughout the whole protein: some regions represent higher homology, for
instance, the RING domains reveal 45% identity while the p53 binding domain
of HdmX (1-120aa) shows 58% identity to the one of Hdm2 (1-120aa). The
structural conformations of the p53 binding pockets are almost indistinguishable
[192]. Like Mdm2, mdmX knockout mouse show embryonic lethality within
E10.5 - E11.5. Cells of mdmX -/- embryos show arrested growth correlated with
upregulation of p21. The viability can be completely rescued in a p53 deficient
background as it was reported for Mdm2 [193]. In addition, depletion of MdmX
is not compensated by Mdm2 expression in vivo, demonstrating that MdmX
inhibits p53 in an Mdm2-independent manner [194]. Another example of the
important differences between Mdm2 and MdmX on p53 regulation is the
finding that mdmX knockout mice carrying a p53 with a deletion in its proline
rich domain (58-98aa, partial trans-activation activity) are vital in contrast to the
lethality of the deletion of mdm2 in the same mouse [195].
HdmX and Hdm2 establish an interesting network. On the one hand, HdmX is
targeted for Hdm2-mediated ubiquitination and proteasomal degradation. As a
consequence, HdmX is very sensible to Hdm2 levels. On the other hand, HdmX
synergistically enhances the Ubiquitin ligase activity of Hdm2 and stimulates
Hdm2-mediated auto-ubiquitination and ubiquitination of p53. In short, HdmX is
also its own executioner [72, 146, 196-199]. It is commonly accepted that HdmX
and Hdm2 contribute in a cooperative manner to the regulation of p53. Peptides
simultaneously blocking p53 binding to Hdm2 and HdmX are more efficient in
inducing p53 activation, cell cycle arrest, and apoptosis in tumor cell lines which
overexpress Hdm2 and HdmX than inhibitors of each protein separately [189].
HdmX functions as an inhibitor of the trans-activation activity of SMADs
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(SMAD3 and SMAD4 are induced by TGF-β and induce p21 expression like
p53) [200-201]. Also HdmX interacts with E2F1, a transcription factor which
plays a pivotal role in cell cycle, proliferation, senescence and apoptosis and is
shown to be activated by p53 [202-203]. Moreover, E2F1 induces the
expression of p14arf, one of the most powerful inhibitors of Hdm2 activity.
Finally, HdmX is reported to bind to p73 together with Hdm2 [204] but not to p63
[205] (Table 3).

CDK1
HdmX
E2F1
HAUSP
Hdm2
AKT1 v-akt
RB1
ARF1
ATM
CASP3
CDK1
CHK1
CSNK1A1
SFN
EP300
SMAD3/4
TP53
TP73
UBCH5
14-3-3
CDKN2A

Protein Name
Cyclin-dependent kinase 1
Mdm4 p53 binding protein homolog
Transcription factor 1
Ubiquitin specific peptidase 7
Human homolog Murine double minute-2
Murine thymoma viral oncogene homolog 1
Retinoblastoma 1
ADP-ribosylation factor 1
Ataxia telangiectasia mutated
Caspase 3, apoptosis-related cysteine peptidase
Cyclin-dependent kinase 1
Checkpoint homolog
Casein kinase 1, alpha 1
Stratifin
E1A binding protein p300
SMAD family member 3/4
Tumor protein p53
Tumor protein p73
UBE2D1 Ubiquitin conjugating enzyme E2D 1
Family of proteins β,σ,ζ,γ,ε,η,τ
Cyclin-dependent kinase inhibitor 2A

Table 3. Validated interacting partners of HdmX [GeneID: 4194].

1.7.1 HdmX structure and localization
The primary amino acid sequence of HdmX can be divided in a p53 binding
domain (1-106aa), a central acidic region (243-308aa), a zinc finger motif (300329aa) and a C-terminal RING domain (437-490aa). In the crystal structure of
the heterodimer of the RING domains of HdmX/Hdm2, HdmX demonstrates to
have the same conserved coordination of residues as Hdm2, resulting in a
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C2H2C4 RING structure [206]. These amino acids are conserved during
evolution. Under normal growth conditions, HdmX is localized in the cytoplasm.
Relocalization of HdmX into the nucleus is induced by DNA damage in a p53
and Hdm2 independent mechanism [207]. Additionally, ectopic overexpression
of Hdm2 relocalizes HdmX into the nucleus [208]. It is still unclear in which
condition phosphorylation can induce relocalization of HdmX into the nucleus.
So far, phosphorylations of S96 and S367 were reported to be involved in this
process [209-210].

Figure 6. Structure of HdmX. The Hdm2 homolog protein HdmX binds p53 through its p53
binding domain located at its N-terminus. HdmX contains in addition an acidic domain rich in
aspartate and glutamate (Asp/Glu-rich) which shows strong differences with the acidic domain
of Hdm2, a ZN ( zinc finger motif) and RING (RING finger domain inactive as Ubiquitin E3
ligase)

1.7.2 Regulation of HdmX
A quantitative analysis showed that HdmX and p53 are kept at low levels under
normal growth conditions [211]. DNA damage induces stabilization and
activation of p53. As a consequence, Hdm2 expression is stimulated from its
p53-responsive promoter. Subsequently, Hdm2 and p53 are modified by
phosphorylation. Hdm2 cannot longer recognize activated p53 forms for
degradation, but HdmX is quickly ubiquitinated by Hdm2 and degraded via 26S
proteasomes [198-199]. The half-life of HdmX is decreased as has been shown
in pulse-chase experiments using protein synthesis inhibitors. Interestingly, the
half-life of Hdm2 is also decreased even though the induction of p53 resulted in
an increase of the Hdm2 level. This observation implies that the turnover of the
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protein is increased and Hdm2 is getting continually degraded, probably by a
mechanism involving post-translational modifications or by HdmX-mediated
activity enhancing mechanisms [211].
HdmX

is

highly

regulated

by

post-translational

modifications

like

phosphorylation, ubiquitination and neddylation. After double strand DNA
breaks (DSB), HdmX is phosphorylated at S403 by ATM/ART, resulting in destabilization of HdmX. Other phosphorylation sites of HdmX as S342, S367 and
T365 are also induced upon DNA damage and influence its degradation [198].
S367 is the major phosphorylation site of HdmX in vivo. It has been reported
that S367 is under normal growth conditions also regulated by Akt [212] and
upon DNA damage by ChK1/ChK2 [198]. S367 phosphorylation of HdmX is
responsible for the interaction of HdmX with almost all proteins of the 14.3.3
family. It has also been suggested that this binding could be required for an
efficient Hdm2-mediated degradation of HdmX in cells because Hdm2 shows
preferences for phosphorylated S367 [213]. S367 has also been shown to
induce nuclear translocation of HdmX and mutations of S367 decrease its
Hdm2-mediated ubiquitination. It is important to note that S367 phosphorylation
does not affect HdmX binding to the trans-activation domain of p53 [214-215].
ATM and ChK2 knockdown increase HdmX stability after DNA damage and
inhibitors of ATM or Chk2 decrease Hdm2-mediated ubiquitination of HdmX
[210]. Taken together, the regulation of ATM/Chk2 upon DNA damage is one of
the most critical steps in the HdmX stability and regulation. HdmX (150-350aa)
binds directly to CK1α and it induces S289 phosphorylation increasing the
inhibition of the trans-activation activity of p53 [216]. Phosphorylation of residue
S96 is probably performed by CDK2/Cdc2 p34 which leads to the relocalization
into the nucleus [209]. HdmX is also regulated by binding to other proteins
which modulate its becoming.

1.8 Interaction of Hdm2 and HdmX
Hdm2 and HdmX interact through their RING domain (yeast 2-hybrid) [217]. In
vitro, Hdm2 and HdmX form large complexes of an undetermined number of
subunits (oligomers). A deletion of seven amino acids (ΔC7) at the C-terminal
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part of the RING of Hdm2 leads to the inactivation of its E3 activity [218]. The
mentioned C-terminal part of the interface between Hdm2/Hdm2 and
Hdm2/HdmX dimerization is essential for the activity of Hdm2[165]. Mutants
lacking these amino acids can be complemented by full length HdmX resulting
in p53 ubiquitination in cells [219]. In vitro, the RING of HdmX (418-490) alone
is sufficient to stimulate Hdm2 activity [208]. A single mutation of HdmX
(N448C) results in a HdmX mutant that can efficiently catalyze ubiquitination of
p53 in vitro (data not shown). In vivo, the HdmX mutation N448C requires two
additional regions of Hdm2 to become active, a sequence described as a cryptic
nucleolar signal at the RING and the central acidic domain (data submitted for
publication). It has also been shown that some inactive Hdm2 mutants can be
rescued in trans by addition of an intact HdmX protein in vitro and in cellulo
[166]. Structural solution of the RING fingers (RING) of HdmX and Hdm2 shows
small differences. Moreover, Hdm2 homomers and Hdm2/HdmX heterodimers
present a similar arrangement which involves a stabilization of the interaction by
the extreme C-terminus of both RING domains [206].

1.9 Ribosomal stress and inhibition of Hdm2
Ribosomal biogenesis consumes a major part of the cells energy and resources
and plays a key role in the cellular life cycle [220-221]. Ribosomal stress has
been shown to increase the level of p53. The mechanism has been studied
usually inhibiting the ribosomal biogenesis by treatment with low concentrations
(5nM) of actinomycin D (ActD), a specific inhibitor of the RNA polymerase-I
[175]. Treatment with ActD induces the relocalization of ribosomal subunits from
the nucleolus to the nucleoplasm. In the nucleoplasm, four ribosomal proteins
were reported to interact with Hdm2 downregulating its activity as an E3
Ubiquitin ligase and stabilizing p53: L11 (RPL11; 20 kDa), L5 (RPL5; 34 kDa)
[176], L23 (RPL23; 15 kDa) and S7 (RPS7; 22KDa) bind to Hdm2 and inhibit its
activity [222-223].
L26 (RPL26; 17KDa) was reported to interact with Hdm2 and at the same time
to be an important positive regulator of p53 expression binding the 5´
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untranslated region (5´UTR) of p53 mRNA and augmenting its translation upon
exposure to DNA damage [147, 224-225]
The L5 protein binds to the same region on Hdm2 as L11 (284-374aa), it binds
to the 5S RNA and is like L11 reported to be crucial for rRNA maturation and
formation of the 60S ribosome.

1.10 Regulation of L11
L11 is the best studied ribosomal protein that inhibits Hdm2. It binds 5S
ribosomal RNA, is required for rRNA maturation and for the formation of the
60S ribosomal subunits being an important part of the ribosomal architecture
[225]. Hdm2 binds to L11 through a region overlapping with its zinc finger (284374aa), while L11 binding site for Hdm2 was mapped at 63-125aa. At the
transcriptional level L11 is induced by c-Myc, but at the same time L11
regulates negatively the activity of c-Myc establishing a negative feedback
[226]. L11 is also a substrate for Hdm2-mediated mono-ubiquitination and
mono-neddylation. Overexpression of L11 stimulates HdmX ubiquitination and
degradation by Hdm2 while, on the other hand L11 decreases the effect of
Hdm2 on p53. Recently, L11 was reported to be neddylated in cells together
with other ribosomal proteins [48]. This neddylation was proposed to regulate
the stability of L11 and the shuttling between the nucleolus and the
nucleoplams/cytoplasm. Neddylated L11 is located mainly in the nucleolus.
Ribosomal stress or knockdowns of Nedd8 induce a change in the localization
of L11 resulting in the shuttling from the nucleolus to the nucleoplasm where it
is prone for degradation by so far unknown mechanism, which could involve the
participation of Hdm2 [227]. Once in the cytoplasm, L11 inhibits Hdm2 and in
consequence activates p53 [176]. As it was shown, HdmX is also degraded in
an Hdm2-mediated manner upon ribosomal stress. Moreover, L11 seems to
potentiate the Hdm2-mediated ubiquitination and degradation of HdmX.
Interestingly, cell lines overexpressing HdmX, like JEG-3 and MCF7, are
resistant to ribosomal stress showing a very limited activation of p53 upon
treatments with ActD or with the chemotherapeutic agent 5-fluorouracil (5-FU)
[228-229]. The investigation of neddylation as a regulator of Hdm2, HdmX, p53
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and L11 is a very exiting research area which can lead to the identification of
new potential therapeutic targets in order to complement and improve the
sensibility of tumor cells to chemotherapeutics agents.

Figure 7. Regulation of p53 upon nucleolar stress. A) Under normal growth conditions
HdmX localizes almost exclusively in the cytomplasm, p53 at very low levels localizes in the
nucleus together with Hdm2 while a neddylated form of L11 is located in the nucleoli and also in
the cytoplasm forming part of the ribosomes. Hdm2 regulates negatively the amount of p53,
HdmX and itself by Ubiquitin-mediated proteasomal degradation, enhanced by HdmX binding.
Hdm2 and HdmX together inhibit the trans-activation activity of p53 contributing to the cell
growth progression. B) Starvation or treatment with chemical agents as ActD in low doses,
induces nucleolar stress. As a consequence L11 gets deneddylated and diffused to the
nucleoplasm where it binds Hdm2 and inhibits its Ubiquitin E3 ligase activity against p53 but not
against HdmX, which is rapidly degraded. L11 in the nucleaplasm is also prone for degradation
probably in a Hdm2-dependent manner. Upon the effect of L11 on Hdm2, p53 is activated and
induces de novo synthesis of Hdm2 through its regulatory loop with Hdm2. Finally, the stress
can be controlled and all the components return to their normal cellular levels or if the damage
cannot be repair the cells are addressed to p53-mediated apoptosis.

1.11 shRNA and miRNA
Silencing of gene expression by RNA interference (RNAi) has become a
powerful tool for functional studies in mammalian cells [230]. Gene expression
is regulated by different mechanisms at the mRNA level [231]. RNAi was
discovered in Caenorhabditis elegans as a system which regulates the
abundance of specific mRNAs involved in the development [232]. The RNAi
system is present in mammals and associated with the recognition and
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degradation of retroviral genomes. Mechanistically, dsRNAs are cleaved in 2125pb fragments by an RNAse III enzyme called Dicer [233-234]. One of the
strands of the RNA fragments associates with a complex called RNA-induced
silencing complex (RISC) to recognize the complementary target mRNA. This
recognition leads to the fragmentation and rapid degradation of the target
mRNA. In an additional mechanism, some endogenous mRNAs contain dsRNA
structures, which can be cleaved by an RNase III protein termed Drosha in
complex with the protein DGCR8 [235]. The generated RNA fragments can also
be recognized by Dicer and the RISC complex and are called microRNAs or
miR. Depending on its homology and binding sites with the target sequences,
microRNA can lead to transcriptional silencing by binding or to fragmentation
and degradation by the same mechanism as siRNA [236]. There are also cases
reported where miRNA increases the translation [237]. Synthetically, both
systems can be activated by transfection of plasmids encoding a single
stranded RNA which folds forming a double stranded RNA through a loop which
can be recognized by Dicer. This short hairpin forming RNA is called shRNA.
At present, there are two commonly used vector strategies which simulates a
shRNA or a miRNA to knockdown genes in cells by overexpression: i) the
shRNA expression vectors involve a 19nt target sequence and transcription by
RNA polymerase III (tRNA polymerase), a very effective and precise
polymerase for short RNA sequences. Like all shRNAs, this system requires an
optimized loop for efficient Dicer recognition and a short transcription
terminating sequence consisting of TTTT at the 3´ terminus of the ORF. ii) The
miRNA vectors involve a 21-23nt target sequence, transcription by the RNA
polymerase II, addition of a poly-adenine chain as usual for miR, flanking by the
5´UTR and 3`UTR and the existence of an internal loop sequence of an
endogenous miR (in this case miR-30).
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2

Aim of the study

Downregulation of the activity of the tumor suppressor p53 is the most common
event in many different cancers. It can be due to missense mutations in the p53
gene leading to an inactive truncated version of p53 or to mutations in its DNA
binding domain resulting in a trans-activation deficient form of p53. Among other
regulators of p53, the level and trans-activity of p53 is also tightly controlled by
Hdm2, a RING Ubiquitin E3 ligase, and its related protein HdmX. Both, Hdm2
and HdmX are upregulated in some tumor types carrying wt p53 and are
indispensable, to keep the activity of p53 under control. The role of HdmX in the
regulation of p53 is still poorly understood and its effect on negative regulators
of Hdm2 (i.e. L5, L11, L23 and p14arf) is completely uncharacterized.
Additionally, p53 trans-activity is controlled by neddylation in an Hdm2dependent manner. In order to further characterize the effects of HdmX and
Hdm2 on p53 ubiquitination and neddylation, we aimed to:

i)

generate expression constructs for an efficient knockdown of hdm2 and
hdmX genes in humans cells lines and determine phenotypically its
effects.

ii)

find new interacting partners of HdmX by affinity chromatography such as
GST pull-down or immunoprecipitation and by yeast two hybrid screens.

iii)

determine the effect of HdmX on the regulation of Hdm2 activity in
relation with other regulators such as L11.

In addition, during this work we discovered a new Nedd8 E2 (Nce2), which can
be involved in the neddylation of p53. In order to test this hypothesis we aimed
to:

iv)

characterize the activity and specificity of Nce2 as a Nedd8 E2 and to
investigate its biochemical properties.

v)

determine the contribution of Nce2 to Hdm2-mediated neddylation of
p53.
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3 Materials and Methods
3.1 Materials
3.1.1 Solutions and media
Solution and media
Name
Laemmli running buffer (10x)
Laemmli loading buffer (2x)

Stacking gel buffer
Separating gel buffer
DNA loading buffer (10x)
Buffer Z (for β-gal assay)

TAE-buffer (50x)
Transfer buffer
TNE-T
TNN lysis buffer

Phosphate buffer saline PBS
Guanidinium lysis buffer
(Gu-HCl)
Luria Broth (LB) medium

Yeast complete medium
(YPDA)- 1L
Yeast minimal medium (SC)- 1L

Solution and media
Composition
250mM Tris-HCl pH 8.4, 2M Glycine, 1% SDS
62.5mM Tris-HCl pH 6.8, 2% SDS, 10%
Glycerin, 100mM DTT, 0.001 % Bromophenol
blue (store at -20°C)
0.5M Tris pH-6.8, 0.4% SDS
1.5M Tris pH-8.8, 0.4% SDS
60% Saccharose, 0.25M EDTA, pinch of
Bromophenol blue
100mM NaH2PO4 pH 7.0, 10mM KCl, 1mM
MgSO4, 50mM β- Mercaptoethanol (store at 20°C)
2M Tris-HCl, 950mM Acetic acid, 50mM EDTA
12.5mM Tris HCl, 100mM Glycine, pH 8.3
10mM Tris-HCL pH 7.5, 2.5mM EDTA, 50mM
NaCl, 0.1% Tween 20
0.1M Tris-HCl pH 8.5, 0.1M NaCl, 1% NP-40,
1mM pfefabloc, 1µg/mL Aprotitin /Leupeptin,
additionally 1mM DTT was added before used
137mM NaCl, 2.7mM KCl, 10.1mM NaH2PO4,
1.8mM KH2PO4, pH 7.4
6M Guanidinium HCl, 100mM phosphate
buffer pH8.0, 10mM Imidazol, 10mM
Mercaptoethanol, 1mM pfefabloc, 1µg/mL A/L
10g/L NaCl, 5g/L yeast extract, 10g/L BactoTrypton (pH-7.5), for resistant bacteria LB was
complemented with Ampicillin 100µg/mL,
Kanamycin 25µg/mL or Chloramphenicol
170µg/ml final concentrations
10g Yeast extract (Gibco BRL), 20g Bacto
Peptone (Difco), 30ml Adenine (100mM) and
50ml Glucose (40%)
5g Yeast Nitrogen base (Gibco BRL), 15g
Ammonium sulphate, 4g Amino acid mixture
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Yeast transformation solution A
Yeast transformation solution B
Yeast transformation solution C
Aprotitin
Pefabloc
Leupeptin
Yeast Lyses Buffer A
SOC medium

10X Annealing buffer
HBS (2x)
PFA 4%
Crystal Violet Solution
Firefly assay buffer

Renilla assay buffer

Urea loading buffer (2x)
IP-disruption buffer
RIPA buffer
TE Buffer (1x)
Trypsin-EDTA Solution
Buffer A

1M Sorbitol, 10mM Bicine pH 8.35, 3%
Ethyleneglycol, 5% DMSO
40% Polyethyleneglycol 1000, 200mM Bicine
pH 8.35
150mM NaCl, 10mM Bicine pH 8.35
Serine proteases inhibitor(trypsin,
chymotrypsin and plasmin.125,000 IU/ml
Serine protease inhibitor 0.1-1mM
Protease inhibitor, inhibitor of calpain 1-10µM
(0,5-1 µg/ml)
2% Triton X-100, 1%SDS, 100mM NaCl,
10mM Tris-HCl pH 8.0, 0.1mM EDTA pH 8.0
For 1L, 20g Tryptone, 5g Yeast Extract, 0.5g
NaCl, pH 7, autoclave to sterilize, add 20 ml of
sterile 1 M glucose
100mM Tris-HCl, pH 7.5, 1M NaCl, 10mM
EDTA
280mM NaCl, 1.5mM Na2HPO4, 50mM
HEPES, pH 7.1
4g of paraformaldehy in 100ml of water
0.07% crystal violet, 1% paraformaldehy
25mM glycylglycine, 15mM K2HPO4, 15mM
MgSO4, 4mM EGTA, 1mM DTT, 2mM ATP,
0.1mM coenzyme A, 75μM D-luciferin, pH 8.0
1.1M NaCl, 0.22 M, KH2PO4, 2.2mM
Na2EDTA, 0.44mg/ml BSA, 1.43μM
coelenterazine, pH 5.0
0.2% Triton X-100, 10 mM 2-Mercaptoethanol,
6 M Urea and 27% (v/v) Glycerol.
25mM Tris HCl pH 8.8; 50mM NaCl; 1% SDS
25mM Tris HCl pH 8.8, 50mM NaCl, 0.5%
NP40, 0.5% Deoxycholate, 0.1% SDS
10mM Tris-HCl pH 7.5, 1mM EDTA, Autoclave
0.53mM EDTA, 0.05% trypsin
20mM TEA pH 7.4, 50mM NaCl and 1mM
EDTA, 1% Triton X-100(V/V) and 0,5% NP40(V/V), 1mM pfefabloc, 1µg/mL Aprotitin
/Leupeptin

Table 4. Solutions
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3.1.2 Bacterial strains
E. coli DH5α: F- φ80d lacZ∆M15 ∆(lac) U169 deo R rec A1 hsdR17 (rk-mk+)
supE44 λ- thi-1 gyrA96 rel A1 (Gibco BRL)
E. coli BL21-CodonPlus-RIL competent cells: B F– φT hsdS(rB– mB–) dcm+
Tetr gal endA Hte [argU ileY leuW Camr] (Stratagene)
E. coli XL10-Gold:Tetr D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endA1 supE44
thi-1 recA1 gyrA96 relA1 lac Hte [F¢ proAB lacI qZDM15 Tn10 (Tetr) Amy Camr]
(Stratagene)

3.1.3 Yeast strains
Lex-A System:

EGY48: MATa ura3 his3 trpl 3LexAop-LEU2::leu2

Cytotrap:

Cdc25H Yeast Strain (α): MATα ura3-52 his3-200 ade2-101 lys2-801 trp1-901
leu2-3 112 cdc25-2 Gal+

Cdc25H Yeast Strain (a): MATa ura3-52 his3-200 ade2-101 lys2-801 trp1-901
leu2-3 112 cdc25-2 Gal+

3.1.4 cDNA library for Yeast 2-Hybrid Screen
CytoTrap® XR Human Brain (cerebellum) cDNA Library
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3.1.5 Mammalian cell lines
Cell lines

Description

HEK293T

Human embryonic kidney (M. Scheffner)

RKO

Rectal colon carcinoma, wt p53 (A. Pause)

U2OS

Osteosarcoma, wt p53 (T. Rothmann)

MCF7

Mammary carcinoma, wt p53 (F. Hoppe-Seyler)

H1299

Non small lung carcinoma, p53 null (H. Oie)

SAOS-2

Osteosarcoma, p53-null (M. Scheffner)

C33A

Cervical carcinoma, mutant p53 (R273C), HPV-negative (M. Scheffner)

SiHa

Cervical carcinoma, wt p53, HPV-16 positive (M. Scheffner)

HeLa

Cervical carcinoma, wt p53, HPV-18 positive (M. Scheffner)

Table 5. Mammalian cells lines

3.1.6 Puromycin selection
Cell lines

Puromycin µg/ml

G418 mg/ml.

HEK293T

4

N/A

RKO

1

N/A

U2OS

4

1

MCF7

4

N/A

H1299

4

1

C33A

N/A

N/A

SiHa

2

N/A

HeLa

4

N/A

Table 6. Concentration of antibiotics used for single cell line selection N/A (not applicable)
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3.1.7 Antibodies
Name

Characteristics

Company

Dilution

Dilution

WB

IF

Anti-p53 IgG, Ab6 (DO-1)

Monoclonal mouse

Calbiochem

1:1000

1:500

Anti-Flag IgG1 M2

Monoclonal mouse

Sigma

1:1000

1:500

Anti-Myc A-14

polyclonal rabbit

Santa Cruz Biotech

1:1000

1:500

Anti-Ubc12 ab34737

polyclonal rabbit

Abcam

1:1000

1:200

Anti-Nce2 ab15707

Polyclonal Goat

Abcam

1:500

N/D

Anti-Nce2 AP1070b

Polyclonal rabbit

Abgent

1:500

1:200

Anti-Nedd8 PM023

Polyclonal rabbit

MBL

1:100

N/A

Anti-αTubulin DM1A

Monoclonal mouse

Abcam

1:1000

N/A

Anti HdmX 8C6

Monoclonal mouse

Dr. Jiandong Chen

1:200

N/A

Anti-HA IgG, HA.11

Monoclonal mouse

Hiss Diagnostics

1:1000

1:1000

Anti-6xHis His.H8

Monoclonal mouse

Abcam

1:1000

N/A

Anti-Mdm2 IgG, SMP14

Monoclonal mouse

Santa Cruz Biotech

1:1000

1:200

Anti-MdmX IgG, D19

Monoclonal goat

Santa Cruz Biotech

1:1000

-

Anti-mouse IgG

Peroxidase conjugated goat

Dianova, Germany

1:5000

-

Anti-rabbit IgG

Peroxidase conjugated goat

Dianova, Germany

1:5000

-

Anti-goat IgG

Peroxidase conjugated sheep

Sigma

1:5000

-

Anti-mouse IgG

AlexaFluor mouse Cy3

Molecular Probes

1:1000

-

Table 7. Antibodies and dilutions. WB: western blot; IF: Immunofluorescence; N/A (not
applicable)

3.1.8 Expression vectors
Vector
pEG202

Characteristic
Yeast expression and 2-hybrid analysis

Reference
Origene

LexA
pEJ4-5

Yeast expression and 2-hybrid analysis

Origene

LexA
pSOS

Yeast expression and 2-hybrid analysis

Stratagene

pMyr

Yeast expression and 2-hybrid analysis

Stratagene

pIres-puro

Mammalian expression, Puro-R

Clontech

pcDNA3-HA

Mammalian expression, in vitro translation

D. Roth, MPI, Frankfurt

pSG 5.0

Mammalian expression, in vitro translation

Stratagene

pcDNA3.1(+)

Mammalian expression, in vitro translation

Invitrogene

pcDNA4TO-HisMycB zeo

Inducible mammalian expression, Zeo-R

Invitrogene

pcDNA4TO-HisMycB Puro

Inducible mammalian expression, Puro-R

Martin Scheffner
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Inducible mammalian expression, Puro-R

Martin Scheffner

pThe-Neo

Inducible mammalian expression, Neo-R

Addgene

pThe-puro II

Inducible mammalian expression, Puro-R

Martin Scheffner

pET3a

Bacterial expression

Novagene

pGEX-2TK-Spl

Bacterial expression of GST-fused proteins

Amersham Biosciences

pEGFP-C2

Fluorescent protein green, mammalian

Clontech

pcDNA4TO-HA-HisMycB
Puro

expression
Fluorescent protein yellow, mammalian

pEYFP-C1

Clontech

expression
Fluorescent protein cyan, mammalian

pCFP-C1

Clontech

expression
pmRFP-C1

Fluorescent protein monomeric-Red,

Werner Hofer

mammalian expression
pcDNA3.0 YC155

Mammalian expression, in vitro translation

Martin Scheffner

pcDNA3.0-YN155

Mammalian expression, in vitro translation

Martin Scheffner

pRetroSuper-puro

siRNA expression

Screeninc NKI-AVL

Table 8. Commercial and modified empty vectors

3.1.9 Primers
Name

Sequence

Description

RS1

cgcggatccgcatgtgcaataccaacatg

5´Hdm2, 1aa, BamH1

AH32

ccgctcgagttaggggaaataagttagcac

3´Hdm2, 491aa+Stop, XhoI

RS10

cgcgaattcatgtgcaataccaacatgtct

5´Hdm2, 1aa, EcoRI

MS191

cgcggatccttaggggaaataagttagc

3´Hdm2, 491aa+stop, BamHI

MS244

cgcggatccatgtgcaataccaacatg

5´Hdm2, 1aa, BamHI

RS134

gcggaattcatgtgcaataccaacatgtc

5´Mdm2, 1aa, EcoRI

LL14

cgcggatccttatgctataaaaaccttaataac

3´HdmX, 490aa+Stop,BamHI

LL20

cgcggatccttagttttctgtatctgttctctg

3´HdmX, 426aa+Stop,BamHI

RS11

cgcggatccgcatgacatcattttccacc

5´HdmX, 1aa, BamHI

RS42

gcgggatccatgctaattaaagtgaagacg

5´m/h-Nedd8, 1aa, BamHI

RS119

ggcctcgagttatctcagagccaacaccag

3´hNedd8, 74aa+Stop, XhoI

MD34

gatccccgatgatgaggtatatcaagttcaagagacttgatatacctcatcatctttttggaaa

5´Hdm2-674 miRNA

MD35

agcttttccaaaaagatgatgaggtatatcaagtctcttgaacttgatatacctcatcatcggg

3´Hdm2-674 miRNA

AR3

cgggatcctgctgttgacagtgagcgctgcaggatctctcctggacaatagtgaagccacagatgtattgt

5´HdmX-164 miRNA

AR4

cgctcgagtccgaggcagtaggcattgcaggatctctcctggacaatacatctgtggcttcactattgt

3´HdmX-164 miRNA

AR5

cgggatcctgctgttgacagtgagcgcagagattcagctggttattaatagtgaagccacagatgtattaa

5´HdmX-1551 miRNA

AR6

cgctcgagtccgaggcagtaggcaaagagattcagctggttattaatacatctgtggcttcactattaa

3´HdmX-1551 miRNA
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AR7

cgcggtaccggggggaaataagttagcac

3´Hdm2–stop KpnI

AR8

cgcggtaccggtgctataaaaaccttaataaccagc

3´HdmX–stop KpnI

AR9

cgggatcctgctgttgacagtgagcgatggaatctagcttctccctgatagtgaagccacagatgtatcag

5´Mdm2-1523 miRNA

AR10

cgctcgagtccgaggcagtaggcagtggaatctagcttctccctgatacatctgtggcttcactatcag

3´Mdm2-1523 miRNA

AR11

cgggatcctgctgttgacagtgagcgcagccctctctatgacatgctatagtgaagccacagatgtatagc

5´MdmX-460 miRNA

AR12

cgctcgagtccgaggcagtaggcaaagccctctctatgacatgctatacatctgtggcttcactatagc

3´MdmX-460 miRNA

AR13

gagacgtgctacttccatttg

3´pMSCV sequencing

AR14

gatcccccaagagaccctggttagacttcaagagagtctaaccagggtctcttgtttttggaaa

5´Hdm2-sh70

AR15

agcttttccaaaaacaagagaccctggttagactctcttgaagtctaaccagggtctcttgggg

3´Hdm2-sh70

AR35

tctccattatatgatatgttgagaaagaatcttgttacatcag

5´MdmX 460 Rescue

AR36

caacatatcatataatggagatggatctttcacagaaaagctc

3´MdmX 460 Rescue

AR42

gatccccacattgacctcgagggcaattcaagagattgccctcgaggtcaatgttttttggaaa

5´Ubc12-1 shRNA

AR43

agcttttccaaaaaacattgacctcgagggcaatctcttgaattgccctcgaggtcaatgtggg

3´Ubc12-1 shRNA

AR44

gatccccccgaggacccactgaacaattcaagagattgttcagtgggtcctcggtttttggaaa

5´Ubc12-2 shRNA

AR45

agcttttccaaaaaccgaggacccactgaacaatctcttgaattgttcagtgggtcctcggggg

3´Ubc12-2 shRNA

AR54

gcgggatccatggcgctgaagaggattc

5´UbcH5A BamH1

AR55

gcgggatccatggctctgaagagaatc

5´UbcH5B BamH1

AR56

gcgggatccatggcgctgaaacggatt

5´UbcH5C BamH1

AR57

cgcctcgagttacatcgcatacttctgagt

3`UbcH5 A/B/C XhoI

AR58

gcgagatctatgatcaagctgttctcg

5´Ubc12 Forward BglII

AR59

cttagatctcaatggcgtacccatacgacgtccc

5´HA Bgl II

AR63

gcggaattcatgatcaagctgttctcg

5´Ubc12 EcoR1

AR64

gcggtcgacttatttcaggcagcgctc

3´Ubc12 Sal I

AR65

gagatgaattcatgctaattaaagtgaagacg

5´Nedd8 EcoR1

AR66

cagctcgagttatcctcctctaagagccaacacc

3´Nedd8 76 Xho I

AR67

gcagctcgagttatctaagagccaacaccaggtg

3´Nedd8 74 Xho I

AR69

ttctctagaatgtatgcatttatgc

3´HdmX 169 XbaI

AR70

cctctagaattgaagtgggaaaaaatgatgacc

5´HdmX 276 XbaI

AR71

ggtctagatgggccttgaggaaggattgg

5´HdmX 324 XbaI

AR72

cctctagactctccacgtctgatatcactgcc

5´HdmX 341 XbaI

AR73

ggtctagagatacagaaaacatggaggattg

5´HdmX 423 XbaI

AR74

ggggaattcatggtgagcaagggcgaggag

5´EGFP EcoR1

AR76

ccaagaccaggtaccatg

5´pSos Sequencing

AR77

gccagggttttcccagt

3´pSos Sequencing

AR78

actactagcagctgtaatac

5´pMyr Sequencing

AR79

cgtgaatgtaagcgtgacat

3´pMyr Sequencing

AR84

gtcggatccatgctaacgctagcaagtaaactg

5´Nce2 BamH1
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AR89

gtccatatgctaacgctagcaagtaaactg

5´Nce2 NdeI

AR90

cacggatcctcatctggcataacgtttgat

3´Nce2+Stop BamH1

AR91

cacgaattctcatctggcataacgtttgat

3´Nce2+Stop EcoR1

AR92

cttagatctatgcatcaccatcaccatcacatggcgtacccatacgacgtccc

5´His-HA Bgl II

AR95

cacctcgagtcatctggcataacgtttgat

3´Nce2+Stop XhoI

AR96

cagagacaggggaaataagcttgagtttattgagagaacattc

5´Nce2 C116S HindIII

AR97

gtctctgtcccctttattcgaactcaaataactctcttgtaag

3´Nce2 C116S HindIII

AR98

cagagacaggggaaatagctctaagcttgttgagagaacattc

5´Nce2 C116A HindIII

AR99

gtctctgtcccctttatcgagattcgaacaactctcttgtaag

3´Nce2 C116A HindIII

AR100

gatccccggaataaagtggatgactattcaagagatagtcatccactttattcctttttggaaa

5´Nce2-sh

AR101

agcttttccaaaaaggaataaagtggatgactatctcttgaatagtcatccactttattccggg

3´Nce2-sh

AR102

gatccccttgcagaacttgaagctaattcaagagattagcttcaagttctgcaatttttggaaa

5´Nce2-sh

AR103

agcttttccaaaaattgcagaacttgaagctaatctcttgaattagcttcaagttctgcaaggg

3´Nce2-sh

AR104

cattcaattgatggcactggcgactggaagccagtccttac

5´Ubc12+HSIDGTG

AR105

gccagtgccatcaattgaatgctctctgaggatgttgaggc

3´Ubc12+HSIDGTG

AR106

tgggctcccacaagaacatta

5´Nce2-∆HSIDGTG

AR107

ttctctcaataaactcagaca

3´Nce2-∆HSIDGTG

AR108

gggagatcttcagtgatggtgatggtgatgtttcaggcagcgctcaaag

3´Ubc12 6XHis-Stop Bgl II

AR109

cccggatcctcagtgatggtgatggtgatgtctggcataacgtttgatgtagt

3´Nce2 6XHis-Stop BamH1

AR110

cccggatcctcagtgatggtgatggtgatgcatcgcatacttctgagtccattc

3´UbcH5B-6X-His-BamH1

AR111

gacaggggaaatatctctgagtttattgag

5´Nce2 C116S

AR112

ctcaataaactcagagatatttcccctgtc

3´Nce2 C116S

AR113

gacaggggaaatagctctgagtttattgag

5´Nce2 C116A

AR114

ctcaataaactcagagctatttcccctgtc

3´Nce2 C116A

AR115

gggggtccatatggctctgaagagaatc

5´UbcH5B forward NdeI

AR116

cccggatcccatcgcatacttctgagt

3´UbcH5 A/B/C BamHI-Stop

AR117

gggggtccatatgatcaagctgttctcg

5´Ubc12 NdeI

AR118

ggaggaggcatatggcgtcggcggcgcagctgcgga

5´Ubc12-∆N26 NdeI

AR119

gcgagatctatggcgtcggcggcgcagctgcgga

5´Ubc12-∆N26 BglII

AR120

ggaggaggcatatgactcggagggtttctgtgagag

5´Nce2-∆N26 NdeI

AR121

gtcggatccatgactcggagggtttctgtgagag

5´Nce2-∆N26 BamHI

AR122

gcgagatcttttcaggcagcgctcaaagtag

3´Ubc12 BglII

AR123

cacggatcctctggcataacgtttgat

3´Nce2 BamHI

AR130

gagatatacatatgcatcaccatcaccatcacatgctaattaaagtgaagacg

5´Nedd8 6XHis NdeI

AR131

gagatatacatatgcatcaccatcaccatcacatgcagatcttcgtcaagacc

5´Ubiquitin 6XHis NdeI

AR135

cggaattcggatcctgctgttgacagtgagc

5´miRNA EcorR IBamHI

AR140

atggcgtacccatacgacgtcccgaattcggatccgcggccgctcgagatgaaagcgttaacggccaggc

5´pEG202-HA-MCS-LexA
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AR141

cgcctcgagcatcgcatacttctgagt

3´UbcH5 A/B/C -Stop XhoI

AR149

cacgaattctctggcataacgtttgat

3´Nce2-Stop EcoR1

AR150

gcggtcgactttcaggcagcgctc

3´Ubc12 -Stop SalI

AR166

cgggtcgaccctcgagtttcaggcagcgctcaaagtag

3´Ubc12 SalI XhoI

AR167

caatatttcaagctataccaagcatacaatcaactccaagcttcaccatgctaacgctagcaagtaaactg

5´Nce2 SalI

AR168

cgctgaaaaactcgtagggcagctgctgcgcctgcataagctttctggcataacgtttgatgtagtc

3´Nce2 SalI

AR169

gagagcggccgctgctgttgacagtgagcgatgcctcaacatcctcagagagtagtgaagccacagatgt

5´Ubc12-329 miRNA

actc

AR170

cacagaattctccgaggcagtaggcactgcctcaacatcctcagagagtacatctgtggcttcactactc

3´Ubc12-329 miRNA

AR171

gagagcggccgctgctgttgacagtgagcgagcagaggtcctgcagaacaactagtgaagccacagat

5´Ubc12-446 miRNA

gtagtt

AR172

cacagaattctccgaggcagtaggcacgcagaggtcctgcagaacaactacatctgtggcttcactagtt

3´Ubc12-446 miRNA

AR173

gagagcggccgctgctgttgacagtgagcgaagagacaaattgcttgttaaatagtgaagccacagatgta

5´Nce2-95 miRNA

ttt

AR174

cacagaattctccgaggcagtaggcagagagacaaattgcttgttaaatacatctgtggcttcactattt

3´Nce2-95 miRNA

AR175

gagagcggccgctgctgttgacagtgagcgcagcgtgacgatggtctcaaagtagtgaagccacagatgt

5´Nce2-24 miRNA

actt

AR176

cacagaattctccgaggcagtaggcaaagcgtgacgatggtctcaaagtacatctgtggcttcactactt

3´Nce2-24 miRNA

AR177

gagagcggccgctgctgttgacagtgagcgaccaatccagatgatcctttagtagtgaagccacagatgta

5´UbcH5B-336 miRNA

cta

AR178

cacagaattctccgaggcagtaggcacccaatccagatgatcctttagtacatctgtggcttcactacta

3´UbcH5B-336 miRNA

AR179

gagagcggccgctgctgttgacagtgagcgctggcagcatttgtcttgatattagtgaagccacagatgtaat

5´UbcH5B-241 miRNA

a

AR180

cacagaattctccgaggcagtaggcaatggcagcatttgtcttgatattacatctgtggcttcactaata

3´UbcH5B-241 miRNA

AR181

gagagcggccgctgctgttgacagtgagcgcggccagtatattatgactaaatagtgaagccacagatgta

5´Hdm2-481 miRNA

ttt

AR182

cacagaattctccgaggcagtaggcatggccagtatattatgactaaatacatctgtggcttcactattt

3´Hdm2-481 miRNA

AR190

ggcggatccatgctaattaaagtgaagacg

5´Nedd8 BamH1

AR191

caggcggccgcttatcctcctctaagagccaacacc

3´Nedd8 Not I

AR192

gcaggcggccgcttatctaagagccaacaccaggtg

3´Nedd8 ∆GG(1-74) Not I

AR197

gtcgaattcatgctaacgctagcaagtaaactg

5´Nce2 EcoR1

AR200

cccggatcctcagtgatggtgatggtgatgcatcgcatacttctgagt

3´UbcH5A-B-6XHis-BamH1

AR201

cgcggatatcatgaccgagtacaagcccac

5´EcoRV Puromycin cassette

AR202

gtgcttcgaatcaggcaccgggcttgcgggtc

3´BsTBI Puromycin Cassette

AR203

gcgcgaatccatggcgtacccatacgacgtccc

5´EcoRI HA

AR213

cgagctgtacaagtaaagcggccgctgctgttgacagtgagcg

5´EGFP-miRNA Fusion

AR214

cgctcactgtcaacagcagcggccgctttacttgtacagctcg

3´EGFP-miRMA Fusion

AR217

gggggaggggcaaacaaca

5´pThe -5020 Sequencing

AR225

gaaaaacacgatgataatttgggggagcttggatat

5´pTHE-puro Frame

AR226

atatccaagctcccccaaattatcatcgtgtttttc

3´pTHE-puro Frame
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AR227

caacagcagaggctcatcgccgctggcaagcagatg

5´Nedd8 Y45A S46A

AR228

catctgcttgccagcggcgatgagcctctgctgttg

3´Nedd8 Y45A S46A

AR229

cagatgaatgatgagaaggcagcagctgatgccaagattttaggtgg

5´Nedd8 T55A Y59A

AR230

ccacctaaaatcttggcatcagctgctgccttctcatcattcatctg

3´Nedd8 T55A Y59A

AR231

caagattttaggtggtgcagtccttcacctggtgttgg

5´Nedd8 S65A

AR232

ccaacaccaggtgaaggactgcaccacctaaaatcttg

3´Nedd8 S65A

AR233

ctggtgttggctcttagagcaggataactcgagcatgcatc

5´Nedd C-terminal RAG

AR234

gatgcatgctcgagttatcctgctctaagagccaacaccag

3´Nedd C-terminal RAG

AR235

ctggtgttggctcttagagcaggaggataactcgagcatgcatc

5´Nedd C-terminal RAGG

AR236

gatgcatgctcgagttatcctcctgctctaagagccaacaccag

3´Nedd C-terminal RAGG

AR238

cagatgaatgatgagaaggcagcagctgattacaagattttaggtgg

5´Nedd8 T55A

AR239

ccacctaaaatcttgtaatcagctgctgccttctcatcattcatctg

3´Nedd8 T55A

AR240

cagatgaatgatgagaagacagcagctgatgccaagattttaggtgg

5´Nedd8 Y59A

AR241

ccacctaaaatcttggcatcagctgctgtcttctcatcattcatctg

3´Nedd8 Y59A

AR242

cagatgaatgatgagaaggaagcagctgatgagaagattttaggtgg

5´Nedd8 T55E Y59E

AR243

ccacctaaaatcttctcatcagctgcttccttctcatcattcatctg

3´Nedd8 T55E Y59E

AR244

cagatgaatgatgagaaggaagcagctgattacaagattttaggtgg

5´Nedd8 T55E

AR245

ccacctaaaatcttgtaatcagctgcttccttctcatcattcatctg

3´Nedd8 T55E

AR246

cagatgaatgatgagaagacagcagctgatgagaagattttaggtgg

5´Nedd8 Y59E

AR247

ccacctaaaatcttctcatcagctgctgtcttctcatcattcatctg

3´Nedd8 Y59E

AR248

gagatatacatatgcatcaccatcaccatcacatggcgcaggatcaaggtg

5´L11 6Xhis NdeI

AR249

gcgagatctttatttgccaggaaggatgatc

3´L11 BglII

AR253

ctgactattggaaattcacttcatgcaatgaaatg

5´Hdm2 C305F

AR254

catttcattgcatgaagtgaatttccaatagtcag

3´Hdm2 C305F

AR255

tacaagagtgggcggtttgtgttcagtttt

5´Ubc12 K75R

AR256

aaaactgaacacaaaccgcccactcttgta

3´Ubc12 K75R

AR257

ccttgtacatgtcgagtgcattttcctgatc

5´Nce2 K53R

AR258

gatcaggaaaatgcactcgacatgtacaagg

3´Nce2 K53R

AR263

gagagatctatggcgcaggatcaaggtg

5´L11 BglII

AR266

gagccaggctttcatc

3´Hdm2 RT-PCR-440

AR267

cgtccctgtagattcac

3´Hdm2 RT-PCR-498

AR268

caagagcttcaggaagag

5´Hdm2 RT-PCR-492

AR269

ggaatcatcggactcag

5´Hdm2 RT-PCR-413

AR270

cgaaattaatacgactcactatagggatggggagtagcaagagc

5´T7 promoter-Myr

Table 9. Primers used for cloning
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3.1.10 Plasmids constructed and used in this study
Name

Insert

Vector

Primers/Res. site

ARF-1

pcDNA3-ECFP

Hdm2-fl

BamHI-XhoI

ARF-2

pcDNA3-EGFP

Hdm2-fl

BamHI-XhoI

ARF-3

pEYFP-C1

Hdm2-fl

BamHI-XbaI

ARF-4

pECFP-C1

HdmX-fl

BamHI-XbaI

ARF-5

pEYFP-C1

HdmX-fl

BamHI-XbaI

ARF-6

pBIFC-YN

Hdm2(-stop)

BglII/BamHI-KpnI

ARF-7

pBIFC-YC

Hdm2(-stop)

BglII/BamHI-KpnI

ARF-8

pBIFC-YN

HdmX(-stop)

BglII/BamHI-KpnI

ARF-9

pBIFC-YC

HdmX(-stop)

BglII/BamHI-KpnI

ARF-10

pBIFC-YN

Hdm2 K448A(-stop)

BglII/BamHI-KpnI

ARF-14

pRetrosuper

shUbc12-2 AR44/AR45

BglII-HindIII

ARF-18

pET3a

Ubc12

NdeI-BglII/BamHI

ARF-41

pRetrosuper

shRNA Hdm2 34MD

BglII-HindIII

ARF-42

pRetrosuper

shRNA Hdm2 lety-70

BglII-HindIII

ARF-43

pcDNA4T/O zeo

miRNA HdmX 164

BamHI-XhoI

ARF-44

pcDNA4T/O zeo-

miRNA HdmX 1551

BamHI-XhoI

ARF-45

pcDNA4T/O zeo-

miRNA HdmX 460

BamHI-XhoI

ARF-46

Pet3a

Ubiquitin

NdeI-BamHI

ARF-56

pET3a

Ubc12 ΔN26 6XHis

NdeI-BglII/BamHI

ARF-57

pET3a

Ubc12+ HSIDGTG 6XHis

mPCR AR104-AR105

ARF-64

pcDNA4T/O-puro

miRNA MdmX 460

BamHI-XhoI

ARF-65

pcDNA4T/O-puro

miRNA HdmX 1551

BamHI-XhoI

ARF-66

pEG202

Hdm2

BamHI-XhoI

ARF-67

pEG202

HdmX

BamHI-XhoI

ARF-68

pEG202

HdmX Δ170-223

BamHI-XhoI

ARF-69

pJG4-5

Hdm2

BamHI-XhoI

ARF-70

pcDNA3.1HA

MdmX (mouse)Rescue mi460

BamHI-XhoI

ARF-71

pcDNA3.1HA

Hdm2 Rescue mutation 448

BamHI-XhoI

ARF-72

PEG202

HA-HdmX Δ300

BamHI-XhoI

ARF-73

PEG202

HA-HdmX 101-426

BamHI-XhoI

ARF-74

PEG202

HA-HdmX 423-stop

BamHI-XhoI

ARF-75

pmRFP-C2

Human p53

XhoI-BamHI

ARF-76

Pet3a

hNedd 8 76aa

NdeI-BamHI

ARF-77

Pet3a

hNedd 8 A72R

NdeI-BamHI

ARF-78

Pet3a

Ubiquitin ΔGG

NdeI-BamHI

______________________________________________________________________
40

Materials and methods
ARF-79

Pet3a

Ubiquitin R72A

NdeI-BamHI

ARF-80

pcDNA4toHA Puro

Human UbcH5A

KpnI-XhoI

ARF-81

pcDNA4toHA Puro

Human UbcH5B

KpnI-XhoI

ARF-82

pcDNA4toHA Puro

Hdm2G448S

KpnI-XhoI

ARF-83

pcDNA4to Puro HA

HA-MdmX mouse

KpnI-XhoI

ARF-84

pcDNA4to-puroStrepHis

Strep-His HdmX

NheI-ApaI

ARF-85

pcDNA4to-puroStrepHis

Strep-Step HdmX

NheI-ApaI

ARF-86

pcDNA4to

siHX1551-Ires puro

XhoI-XbaI

ARF-111

pSOS

HdmX

BamHI-SalI/XhoI

ARF-112

pMyr

Hdm2

EcoRI-XhoI

ARF-113

pEG202

Hdm2 1-429

BamHI-XhoI

ARF-114

pEG202

HdmXΔ169-324

mPCR AR69-AR71

ARF-115

pEG202

HdmXΔ169-341

mPCR AR69-AR72

ARF-116

pEG202

HdmXΔ169-423

mPCR AR69-AR73

ARF-117

pJG4-5

Hdm2 1-429

EcoRI-XhoI

ARF-119

pcDNA3.1HA-His-HA

HdmX

BglII/BamHI-XhoI

ARF-120

pcDNA3.1HA-His-HA

EGFP

BglII/BamHI-XhoI

ARF-121

pcDNA3.1HA-His-HA

Nedd8

BglII/BamHI-XhoI

ARF-122

pcDNA3.1HA-His-HA

His-HA-Nedd8 ΔGG

BglII/BamHI-XhoI

ARF-123

pcDNA3.1HA

Nce2

BamHI-XhoI

ARF-124

pECFP-C1

Nce2

BamH1/BglII-EcoR1

ARF-125

pEYFP-C1

Nce2

BamH1/BglII-EcoR1

ARF-126

pET3a

Nce2

NdeI-BamH1

ARF-127

pET3a

Nce2 C116S

mPCR AR111-AR112

ARF-128

pET3a

Nce2 C116A

mPCR AR113-AR114

ARF-129

pcDNA3.1HA

Nce2 C116A

mPCR AR113-AR114

ARF-130

pcDNA3.1HA

UbcH5a

BamHI-XhoI

ARF-131

pcDNA3.1HA

UbcH5b

BamHI-XhoI

ARF-132

pcDNA4TO

UbcH5b

BamHI-XhoI

ARF-133

pcDNA4TO

Nce2

BamHI-XhoI

ARF-134

pcDNA3HA

Ubc12

BamHI/BglII-XhoI/SalI

ARF-135

pcDNA3HA

Ubc12 C111S

BamHI/BglII-XhoI/SalI

ARF-136

pcDNA3HA

Ubc12 C111A

BamHI/BglII-XhoI/SalI

ARF-137

pcDNA3.1HA

ΔN26-Ubc12

BamHI/BglII-XhoI/SalI

ARF-138

pcDNA3.1HA

Nce2 C116A

mPCR AR113-AR114

ARF-139

pcDNA3.1HA

Nce2 C116S

mPCR AR111-AR112

ARF-140

pET3a

ΔN26Ube2F-6xHis

NdeI-BamHI
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ARF-141

pET3a

Ubc12 C111A 6xHis

mPCR AR113-AR114

ARF-142

pET3a

Ubc12 C111S 6xHis

mPCR AR111-AR112

ARF-143

pET3a

ΔN26 Ubc12+HSIDGTG 6XHis

NdeI-BamHI/BglII

ARF-144

pET3a

Ubc12 wt 6xHis tag

NdeI-BamHI/BglII

ARF-145

pET3a

UbcH5B wt 6xHis tag

NdeI-BamHI

ARF-146

pcDNA4TO

Ubc12 wt

BamHI/BglII-XhoI/SalI

ARF-147

pcDNA4TO

Ubc12 C111A

BamHI/BglII-XhoI/SalI

ARF-148

pcDNA4TO

Ubc12 C111S

BamHI/BglII-XhoI/SalI

ARF-149

pcDNA4TO

Ubc12ΔN26

BamHI/BglII-XhoI/SalI

ARF-150

pcDNA4TO puro-HA

Ubc12wt

BamHI/BglII-XhoI/SalI

ARF-151

pcDNA4TO puro-HA

Ubc12 C111A

BamHI/BglII-XhoI/SalI

ARF-152

pcDNA4TO puro-HA

Ubc12 C111S

BamHI/BglII-XhoI/SalI

ARF-153

pcDNA4TO puro-HA

Ubc12 ΔN26

BamHI/BglII-XhoI/SalI

ARF-154

pcDNA4TO

Nce2(C-2)

BamHI-XhoI

ARF-156

pcDNA4TO

Nce2 C111S

BamHI-XhoI

ARF-157

pcDNA4TO puro-HA

Nce2 wt

BamHI-XhoI

ARF-158

pcDNA4TO puro-HA

Nce2 C116A

BamHI-XhoI

ARF-159

pcDNA4TO puro-HA

Nce2 C116S

BamHI-XhoI

ARF-160

pcDNA4TO

UbcH5B

BamHI-XhoI

ARF-162

pcDNA3HA

ΔN26 Nce2

BamHI-XhoI

ARF-163

pcDNA4TO

ΔN26 Nce2

BamHI-XhoI

ARF-164

pcDNA4TO Puro HA

ΔN26 Nce2

BamHI-XhoI

ARF-165

pIres-puro

miRNAUbc12 329

NotI-EcoRI

ARF-166

pIres-puro

miRNAUbc12 446

NotI-EcoRI

ARF-167

pIres-puro

miRNANce2 95

NotI-EcoRI

ARF-168

pires-puro

miRNANce2 24

NotI-EcoRI

ARF-169

pIres-puro

miRNAUbcH5B-1 336

NotI-EcoRI

ARF-170

Pires-puro

miRNAUbcH5B-2 241

NotI-EcoRI

ARF-171

pIres-puro

miRNAHdm2-1 481

NotI-EcoRI

ARF-172

pcDNA4/TO Myc His

Ubc12 C111S

BglII-BamHI

ARF-173

pcDNA4/TO Myc His

Ubc12 C111A

BglII-BamHI

ARF-174

pcDNA4/TO Myc His

Ubc12+loop2 Nce2

BglII/BamHIBamHI/BglII

ARF-175

pcDNA4/TO Myc His

Nce2 wt

BamHI-BamHI

ARF-176

pcDNA4/TO Myc His

Nce2 C116S

BamHI-BamHI

ARF-177

pcDNA4/TO Myc His

Nce2 C116A

BamHI-BamHI

ARF-178

pcDNA4/TO Myc His

Nce2 ΔN26

BamHI-BamHI
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ARF-181

pcDNA4/TO Myc His

Ubc12 wt

BglII-BamHI

ARF-184

pGEX2TK

Nce2

BamHI-EcoRI

ARF-185

pGEX2TK

Nce2∆N26

BamHI-EcoRI

ARF-188

pDHFR

HdmX

BamHI-XhoI

ARF-189

pDHFR

HdmX ∆169-273

BamHI-XhoI

ARF-190

pDHFR

HdmX ∆169-324

BamHI-XhoI

ARF-191

pDHFR

HdmX ∆169-341

BamHI-XhoI

ARF-192

pDHFR

HdmX ∆169-423

BamHI-XhoI

ARF-193

pDHFR

Hdm2 1-426(∆Ring finger)

BamHI-XhoI

ARF-194

pTHE

Puromycin cassette

EcoRV-BsTBI

ARF-195

pTHE-puro

EGFP-miLuc

EcoR1-MfeI

ARF-196

pTHE-puro

EGFP-miNce2

EcoR1-MfeI

ARF-197

pTHE-puro

EGFP-miHdm2-481

EcoR1-MfeI

ARF-200

pTHE-puro II

EGFP-miHdm2-481

mPCR AR225-AR226

ARF-201

pTHE-puro II

EGFP-miLuc

mPCR AR225-AR226

ARF-203

pMyr-RAS

hRAS

Cytotrap Library

ARF-204

pcDNA3.1HAHisHA

Nedd8 Y45A S46A

mPCR AR227-AR228

ARF-205

pcDNA3.1HAHisHA

Nedd8 T55A Y59A

mPCR AR229-AR230

ARF-206

pcDNA3.1HAHisHA

Nedd8 S65A

mPCR AR231-AR232

ARF-207

pSG5.0-His

Nedd8 T55A Y59A

mPCR AR229-AR230

ARF-208

pSG5.0-His

Nedd8 S65A

mPCR AR231-AR232

ARF-209

pcDNA3.1HAHisHA

HA-His-Nedd8 G75A

mPCR AR233-AR234

ARF-210

pcDNA3.1HAHisHA

HA-His-Nedd8 RAGG

mPCR AR235-AR236

ARF-211

pSG5.0-His

Nedd8 Y45A S46A

mPCR AR227-AR228

ARF-212

pET3a

His-Nedd8-T55A

mPCR AR238-AR239

ARF-213

pET3a

His-Nedd8-Y59A

mPCR AR240-AR241

ARF-214

pET3a

His-Nedd8-Y45A S46A

mPCR AR227-AR228

ARF-215

pET3a

His-Nedd8 S65A

mPCR AR231-AR232

ARF-216

pET3a

His-Nedd8 T55E

mPCR AR238-AR239

ARF-217

pET3a

His-Nedd8-Y59E

mPCR AR240-AR241

ARF-218

pET3a

His-Nedd8-T55E Y59E

mPCR AR242-AR243

ARF-219

pSG5.0-His

Nedd8-Y59E

mPCR AR240-AR241

ARF-220

pSG5.0-His

Nedd8–T55A

mPCR AR238-AR239

ARF-221

pSG5.0-His

Nedd8–Y59A

mPCR AR240-AR241

ARF-222

pSG5.0-His

Nedd8–T55E

mPCR AR238-AR239

ARF-223

pSG5.0-His

Nedd8– T55E Y59E

mPCR AR242-AR243

ARF-224

pET3a

His-L11

NdeI-BamHI/BglII
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ARF-226

pGEX2TK

Hdm2 C305F

mPCR AR253-AR254

ARF-227

pcDNA3

Hdm2 C305F

mPCR AR253-AR254

ARF-228

pEYFP-C1

Hdm2 C305F

mPCR AR253-AR254

ARF-229

pET3a

Nce2-6XHis K53R

mPCR AR257-AR258

ARF-230

pcDNA3HA

Nce2-6XHis K53R

mPCR AR257-AR258

ARF-231

pcDNA4TO-HismycB puro

Nce2-6XHis K53R

mPCR AR257-AR258

ARF-232

pET3a

Ubc12-6XHis K75R

mPCR AR255-AR256

ARF-233

pcDNA3HA

Ubc12-6XHis K75R

mPCR AR255-AR256

ARF-234

pcDNA4TO-HismycB puro

Ubc12-6XHis K75R

mPCR AR255-AR256

Table 10. Vectors constructed in the study. mPCR (mutagenesis PCR)

3.1.11 Other plasmid, used
No.

Common Name

Insert

Vector

Reference

1

CMV-p53

P53

pRc-CMV

Martin Scheffner

2

pcHdm2

Hdm2

pcDNA3.1(-)

Martin Scheffner

3

pcHdmX

HdmX

pcDNA3.1(-)

Martin Scheffner

4

β-gal

β-gal

pRC-CMV

Martin Scheffner

5

His-Ub

His-myc-Ubiquitin

pcDNA3.1

Martin Scheffner

6

E6-AP

E6-AP

pcDNA3-HA

Martin Scheffner

7

G6

G448S-Hdm2

pcDNA 3.0

Martin Scheffner

8

N31, N32

Nedd8

pSG 5.0-Spl

Martin Scheffner

9

PCN19

HA-Nedd8

pcDNA 3.0

Martin Scheffner

10

LL1169

HdmX

pGEX2TK

Martin Scheffner

11

LL1189

HdmX∆423

pGEX2TK

Martin Scheffner

12

LL1100

Hdm2

pGEX2TK

Martin Scheffner

13

LL1132

Hdm2∆417

pGEX2TK

Martin Scheffner

14

LL1129

Hdm2∆401

pGEX2TK

Martin Scheffner

15

RFP-PML6

PML-VI

pmRFP

Werner Hofer

16

siLuc

pRS-siLuc

pRS

Martin Scheffner

17

Flag-L11

Flag-L11

pcDNA3.1

Dimitris Xirodimas

18

pBind

Renilla luciferase

pBind

Werner Hofer

19

pE2F-Luc

Firefly luciferase

pCMV

Werner Hofer

20

pAAV-EGFP

EGFP

pAAV

Tulio Nunez

Table 11. Other vectors used in the study
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3.2 Methods
3.2.1 PCR and cloning
3.2.1.1Polymerase chain reacrion (PCR)
PCRs for cloning and for site directed mutagenesis were set up using Phusion
Hot Start II High-Fidelity DNA Polymerase (Finnzymes) and Pfu-polymerase
(stratagene), respectively, according to manufacturer’s instructions. For colony
PCR, self prepared Taq-polymerase, purified by heating and supplemented with
ThermoPol 10x buffer (New England Biolabs), was used. Primers were
dissolved to 100µM in sterile distillated water (Gibco) and used as 50x stocks.

3.2.1.2Site directed mutagenesis
Silent point mutations were generated using Pfu-polymerase by quick change.
Two solutions were separately prepared. Solution-I contained 2µL forward
primer (100µM), 2µL reverse primer (100µM) and 1µL template vector
(50ng/µL). Solution-II contained 1x Pfu-polymerase buffer, 4µL dNTPs (2,5mM
each), 37µL sterile distillated water (Gibco) and 1µL Pfu polymerase. The two
solutions were mixed shortly before the PCR. PCR settings were: 1: 95°C 2
minutes, 20X (2: 95°C 15 seconds, 3: 55°C 30 seconds, 4: 68°C 10 minutes), 5:
68°C 10 minutes, 6: 4°C ∞. Optionally, cycles 4 and 5 were increased to 70°C
or 72°C when the reaction did not work at 68°C. PCR products were run site by
site with the templates in 1% agarose gels to check effective amplification. 10µL
of the nicked amplified PCR product were digested with 2µL DpnI in a total
volume of 50µL (New England Biolabs) and 2 hours incubation at 37°C. The
digested DNA was purified by NucleoSpin Extract II kit (clontech), eluted in
25µL. 5µL were finally transformed in super-competent XL10-Gold or supercompetent DH5α cells.

3.2.1.3Restriction digestion
All restriction enzymes were obtained from New England Biolabs and the
digestions were performed according to the manufacturers’ instructions.
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3.2.1.4Agarose gel electrophoresis
Agarose solutions in 1X TAE buffer (1%(w/v) or 2%(w/v)) were melted by
boiling. 10µg/µL Ethidium bromide (Roth) was added to a final concentration of
0.5µg/ml and poured into a special mold to allow the gelling of the agarose. The
agarose gels were submerged with 1x TAE buffer in a horizontal
electrophoresis tank. Samples were prepared using 10x DNA loading buffer
stocks. Electrophoresis was performed at 3V/cm for approximately 1 hour. The
gels were observed using an UV Trans-illuminator and photographed using a
LAS-3000 imaging system with CCD camera (Fujifilm). Images were analyzed
by Aida Image Analyzer software (Bio Imaging).

3.2.1.5Mini preparation of DNA
3mL bacterial overnight cultures were collected by centrifugation and the DNA
was obtained as described by Birnboim HC, Doly J (1979) [238].

3.2.1.6Purification of DNA
DNA fragments from restriction digestions, PCRs or agarose gels were purified
using NucleoSpin Extract II kit (clontech) according to the manufacturer’s
instructions.

3.2.1.7Ligation
Purified vector and insert were ligated using a ratio 1:3 - or alternatively 1:6 for
little fragments (<500nt) - using T4 ligase (Fermentas) supplemented either with
5x Rapid T4 DNA Ligase Buffer (Fermentas) or 10x T4 DNA Ligase Buffer
(Fermentas). Incubation was done at room temperature for 1 hour. After
incubation an aliquot of 10µl was used for transformation in bacteria and the
remnant 10µL were incubated overnight at 16°C to be transformed in the case
that the first transformation failed.

3.2.1.8Transformation of DNA into chemical competent E. coli
Aliquots of 50µL of super chemical competent cells XL10-Gold or DH5α cells
were mixed with 10μL of the ligation reaction, incubated on ice for 30 minutes,
then heat-shocked at 42ºC for 90 seconds and incubated 5 minutes in ice.
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Transformants of ampicillin resistance vectors were plated directly after the 5
minutes ice incubation while transformants carrying vectors with kanamycin or
chloramphenicol resistance were incubated in SOC or LB medium for 1 hour at
37°C with shaking before selection on plates to allow phenotypic expression of
the resistant gene. Once on the plates, the bacteria were incubated at 37°C
during a maximum of 16 hours. Growth was detected by colony formation.

3.2.1.9Measurement of DNA and RNA concentrations
DNA and RNA concentration was measured using a NanoPhotometer
(NorthStar Scientific) according to the manufacturer’s instructions.

3.2.1.10 Cloning of shRNA and miRNA
For shRNA knockdown oligos carriying the targeting sequences were dissolved
at a concentration of 10µg/µL. For annealing 10μg of each oligo were incubated
in a total of 50μL in 1X annealing buffer for 5 minutes at 94°C followed by a
slow cooling down to 70°C and incubation at 70°C for 10 minutes. Finally, oligos
were cooled down to room temperature, purified by NucleoSpin Extract II kit
(clontech) and eluted in 40µL in sterile distillated water (Gibco). The purified
DNA

fragments

were

phophorylated

using

T4

Polynucleotide

Kinase

(Fermentas), again purified by NucleoSpin Extract II kit (clontech) and eluted
finally in 20µL in sterile distillated water (Gibco). The annealing of the oligos
generated a DNA fragment with restriction sites (i.e. 5´ Bgl II sense-loopantisense Hind III 3´). Therefore, the purified fragments could be ligated directly
into the pre-digested pRetrosuper vector.
For the cloning of miRNA which containing 5´ and 3´extensions together with
the loop of the sequence of the miR-30 or miR-155 direct cloning is not
possible. Therefore, miRNA requires two oligos which anneal only partially but
sufficient to be filled up by Pfu-polymerase (stratagene). Following, the
fragments were digested with restriction enzymes and ligated into the required
vectors.
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3.2.1.11

Generation of pThe-puro II EGFP-miRNA

The neomycin resistant cassette in pThe vector was replaced by a puromycin
cassette using the sites EcoRV and BstB1 which are present on the vector. The
EGFP fragment and the miRNA were fused by PCR generating the EGFPmiRNA cassette which then was cloned downstream of the 4XTet Operator
using the sites MfeI and EcorRI. Additionally, an undescribed starting codon in
the vector immediately after the IRES element was deleted by mutagenesis
PCR using the primers AR225 and AR226.

3.2.2 Maintenance of bacterial cultures and mammalian cell
lines
3.2.2.1Bacterial cultivation and preparation of glycerol stocks
Glycerol stocks of plasmids were prepared by mixing 600µL of autoclaved
glycerol and 1400µL of bacterial overnight culture in a cryovial and stored at -80
°C.

3.2.2.2Maintenance of mammalian cell lines
An incubator for mammalian cells, Heraeus CO2 Incubator BBD 6220 (Thermo
Fisher Scientific), was used to keep the cells at 37°C, 95% humidity and 5%
CO2 under sterile conditions due a permanent sterilization of the complete
vapor generation system. The external water reservoir allows continuous
thermal decontamination by cyclically heating it up to 800°C. All the previously
listed cell lines were cultured in DMEM (Gibco) supplemented with 10% (V/V)
FBS. To prevent contamination, antibiotics were added to a final concentration
of 100U/mL Penicillin, 100µg/mL Streptomycin (Sigma) and 50 µg/mL Normocin
(InvivoGen).

3.2.2.3Trypsinization of cells
Dishes with 70%-90% confluent cells were washed with 1x PBS. A sufficient
amount of trypsin-EDTA (Gibco) to cover the cells was added. Cells were
incubated at 37°C for 5 minutes until they detached from the dish. Equal
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volumes of DMEM containing 10% FBS were added and the cells were
transferred to a 15cm falcon tube and centrifuged at 1000RPM for 1 minute.
The cells pellet was resuspended and distributed in new dishes according to the
cell line and the aim of the experiments.

3.2.2.4Freezing of cell lines in liquid nitrogen
Approximately

80%

confluent

10cm

dishes

were

trypsinized.

After

centrifugation, the cell pellet was resuspended in 2mL FBS 10% DMSO(V/V)
and transferred to an 2ml cryovial. The cryovial was deposited in a freezing
container Cryo 1°C (Nalgene) and then transferred to a –80°C freezer. After two
days at -80 °C the cryovials were finally submerge into liquid nitrogen.

3.2.2.5Transfection with lipofectamine 2000
Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions using a ratio of Lipofectamine 2000: DNA of 2μl:
1μg.

3.2.2.6Transfection with calcium phosphate
One hour before transfection, HEK293T cells (approximately 70–80% confluent)
were washed with 1x PBS and supplied with fresh full DMEM medium
containing 10% FBS. The total amount of DNA for a 10cm plate should not
exceed 30µg and 10µg for each single vector. The DNA was diluted in 1mL
0,3M CaCl2. In a second tube 1mL 2x HBS was added. The DNA/CaCl2 mixture
was added drop wise during constant vortexing. The DNA/CaCl2/HBS
suspension was applied immediately to the dish of cells in a dropwise fashion,
swirling gently to distribute the DNA suspension evenly in the medium. The
tissue culture dish was returned to the incubator for 6 hours. After this
incubation period, the medium was replaced by 10ml of fresh DMEM growth
medium. Cells were returned to the incubator for an additional 24–48 hours
before the experiment.
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3.2.2.7Transfection efficiency
In transient transfections, the transfection, efficiency was normalized by the cotransfection of an expression construct that encodes for β-galactosidase
(pRc/CMV-β gal, 200ng) or EGFP (pEGFP-C1).

3.2.2.8Cell lyses and β-galactosidase assay
Approximately 20 hours after transfection cells were lysed in TNN buffer
supplemented with 1mM fresh DTT at a final concentration of ~1μL TNN with
1mM DTT for 1x104 cells. An aliquot of the lysate was regularly taken to
normalize the loading by β-gal assay. Therefore, two times 5-10µL aliquots
were pipetted into a 96 well plate on ice and mixed with 120µL Buffer Z and 5µL
of the substrate ONPG. The plate was incubated at 37°C for 10-20 minutes and
absorbance was measured at λ405 using a micro plate reader (Wallac 1420
VICTOR Multilabel Plate Reader).

3.2.2.9Estimation of knockdown efficiency in transient
transfection or puromycin selected cells.
Six well plates were co-transfected with constant amounts of the target gene
containing together with increasing amounts of the shRNA or miRNA vectors.
As negative controls, the empty vector and a non-related shRNA or miRNA
vectors as shLuciferase, miLuciferase or shGFP were transfected taking always
care of filling up to the same amount of total DNA with the respective empty
vector. The cells were -either lysed and analyzed by western blot 48 hours after
transfection using β-gal for loading normalization -or selected during 72 hours
with puromycin and then analyzed by western blot using the protein
concentration or a tubulin western blot for loading normalization. Alternatively,
endogenous knockdown was tested when the antibodies were able to detect the
endogenous proteins.

3.2.2.10 In cellulo ubiquitination and neddylation assays
90% confluent cells were transfected in 6cm plates with His-tagged Ubls
(Ubiquitin or Nedd8) using Lipofectamine 2000. ~20 after transfection, the cells
were lysed in 500μL Gd-HCl buffer. Then 100 μl sepharose beads (equilibrated
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in Gd-HCl buffer) were added. The samples were incubated rotating at 4ºC for 2
hours. Afterwards, samples were centrifuged and 50μL of Ni-Agarose beads
(equilibrated in Gd-HCl buffer) were added to the supernatant followed by
incubation at 4ºC for 3-4 hours or overnight. The beads were washed two times
with Gd-HCl buffer and two times with a buffer consisting of one part of Gd-HCl
buffer and four parts of 50mM Tris-Cl (pH 6.8) containing 20mM imidazol.
Finally, the samples were washed two times with 50mM Tris-Cl (pH 6.8) buffer
containing 20mM imidazol. The samples were boiled at 95 ºC for 5 minutes in
100μL Laemmli buffer containing 300mM imidazole and loaded onto SDSPAGE gels.

3.2.2.11 Immunofluorescence
Covers slips with a diameter of 12mm were sterilized by autoclavation and
dried. One cover slip was transferred to one well of a 24 well plate (Greiner),
and cells were seeded on the cover slips. Cells were transfected using
Lipofectamine 2000. ~20 hours post-transfection, the cover slips containing the
transfected cells were washed with PBS and fixed with 500µL 4%
paraformaldehyde in PBS for 1 hour at room temperature. The cover slips were
washed twice with PBS and permeabilized with 500μL of freshly prepared 0.1%
Triton X-100 in PBS for 10 minutes on ice. After permeabilization, the cover
slips were washed twice with PBS. Unspecific binding of antibodies was
prevented by a preincubation with PBS containing 10% FBS (V/V) or 1%BSA
(W/V) for 1 hour at room temperature. Afterwards, cells were washed twice with
PBS. Then, 180μL of the primary antibody in PBS containing 1% BSA was
added to each of the cover slips that contained fixed and permeabilized cells.
The applied antibody dilutions are listed in the Table 7. Antibody incubation took
place at room temperature for 1 hour. Afterwards, the cover slips were washed
four times with PBS to remove the unattached primary antibody. The cover slips
were then incubated with 180μl of the secondary antibody for 1 hour in the dark
(dilution 1:1000 in PBS containing 1% BSA). Following this incubation, the
cover slips were again washed two times with PBS and incubated with DAPI
diluted 1:5000 in PBS for 10 minutes. After two washing steps with first PBS
and then distilled water, the cover slips were covered with 500µL of pure
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ethanol. From the ethanol, the cover slips were carefully transferred to a paper
towel to allow drying and mounted on microscopic slides using 5µL Mobiol. The
cover slips were allowed to solidify for at least four hours. The samples were
subsequently analyzed by confocal microscopy.

3.2.2.12

Fluorescent proteins and confocal settings

Transfected cells were prepared as is indicated for immunofluorescence. It is important
to note that DAPI staining should not be used together with cyan fluorescence protein
(ECFP) because both share excitation at λ405. Confocal images were obtained using a
LSM-510 confocal microscopy (Carl-Zeiss) with a plan-Apochromat 68x/1.4 oil dic
objective. The settings of the images acquisition were: DAPI: λ405 5% BP420-480;
ECFP: λ458 10% BP470-500; EGFP: λ488 5% BP505-530; YFP: λ514 10%BP530600; Cy3 and mRFP: λ543 15% LP650, pinhole: 100-300nm.

3.2.2.13 Doxycycline induction
For induction of the expression of Tet-repressed vectors, cells were incubated
in full DMEM with 10% FBS with antibiotic supplement at a final concentration of
5-10μg/ml doxycycline (Sigma).

3.2.2.14 Fluorescent resonant energy transfer (FRET)
H1299 cells were co-transfected with CFP-HdmX and YFP-Hdm2, fixed and
mounted as described as is indicated for immunofluorescence. FRET was
measured using a TCS SP5 confocal microscope (Leica, Wetzlar, Germany)
with the help and know-how of Alexander Buntru from the laboratory of Dr.
Christof R. Hauck. (more information about the settings:
see reference [239].

3.2.2.15 Bradford assay
Normalization of total protein amounts was performed using the Bio-Rad Protein
assay (BIO-RAD) according to the manufacturer’s instructions.
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3.2.3 In vitro biochemical assays
3.2.3.1SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was mounted in a SE 600 Ruby vertical slab gel electrophoresis
unit (GE Healthcare, gels was prepared according to the protocol of Laemmli
[240]. Using Rotiphorese NF-Acrylamide/Bis-solution 30% (Carl-Roth) different
final concentrations of acrylamide were used to optimize the resolution:
Dependent on the size of the protein, 8%, 10%,12.5% and 15% were commonly
used. Additionally, gradient gels from 5-15% were prepared for pull-downs
where many different sized proteins were expected. 5x Laemmli buffer was
used to prepare samples for loading under reductive conditions. Alternatively,
2x urea loading buffer was used for samples where no reduction was required
(i.e. Thioester assay). Samples were heated at 98°C for 6 minutes. The
electrophoresis unit was connected to a power supply and set at constant
current of 50mA (each gel) for 200 minutes (large gel) or 50mA for 60 minutes
(short gels).

3.2.3.2Colloidal coomassie staining
The Roti-Blue (Carl-Roth) is a colloidal staining solution for proteins in
polyacrylamide gels. It was used according to the manufacturer’s instructions.

3.2.3.3Western blotting
Using a Trans-Blot Electrophoretic Transfer Cell (BIO-RAD) the proteins of a
SDS-PAGE were transferred to a PVDF membrane. The SDS-gel was washed
for 3 minutes in 1x transfer buffer. PVDF membranes (Millipore) were cut and
activated by incubation in methanol for 1 minute and then incubated in 1x
transfer buffer. The gel and the membrane were mounted into the blotting
cassettes, bubbles were removed, and the cassette closed and submerged in
1x transfer buffer in the transfer cell. The instrument was connected to the
power supply at a constant voltage of 60V for 90 minutes at room temperature.
After blotting, the membrane was incubated for 1h in 5% milk (blotting grade,
Carl-Roth), washed two times for 10 minutes with TNE-T buffer and incubated
either 1h at room temperature or at 4°C overnight with a specific first antibody.
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Afterwards, it was washed three times for 10 minutes with TNE-T, incubated for
1h at room temperature with a correspondent secondary antibody conjugated to
horseradish peroxidase, washed three times for 10 minutes with TNE-T, and
developed using ECL (Enhanced Chemiluminescence) kit (Amersham)
according to the manufacturer’s instructions in the imaging system LAS-3000
(Fujifilm). Images were analyzed by Aida Image Analyzer software (Bio
Imaging).

3.2.3.4HA-tagged co-immunoprecipitation (Co-IP) for Low
affinity interactions
Cell were lysed in TNN lyses buffer supplemented with 1mM DTT, incubated 30
minutes on ice and centrifuged 30 minutes at 13.000RPM. The supernatant was
transferred to a new tube and precleared using protein A sepharose in TNN
(50µL slurry for each 100µL lysate). The samples were incubated rotating at
4°C for 2 hours and then centrifuged. 10µL-20µL HA-agarose beads (Sigma A2095) in TNN lysis buffer - for each 100µL lysate - were added to the
supernatant. The samples were incubated with the beads at 4°C with rotation
for 3-5 hours. The HA-agarose beads were then washed 5 times with 1x TNN
lysis buffer. The proteins were eluted from the beads either by incubation with
100µL/mL HA-peptides (Sigma I2149) in PBS or by adding of 2x Laemmli
loading buffer and boiling at 98°C for 6 minutes. The elution was analyzed by
SDS-PAGE. It is strongly recommended to take aliquots of the lysates before
and after HA-agarose incubation to determine the efficiency of the IP.

3.2.3.5HA-tagged co-Immunoprecipitation (Co-IP) for very high
affinity interactions or covalent modifications
Cells were scraped from a 10cm dish, washed with PBS and mixed in 100µL IPdisruption buffer. The lysates were diluted 1:10 in RIPA buffer without SDS and
heated for 2 minutes at 98°C. Samples were precleared by adding 200µL
sepharose 1:1 slurry in RIPA Buffer and incubated 4°C with rotation for 2 hour.
Samples were then centrifuged. To the supernatant anti-HA agarose conjugated
beads (Sigma A-2095) in RIPA buffer were added (10µL-20µL slurry each
100µL lysate). The samples were incubated at 4°C with rotation for 3-5 hours.
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The HA-agarose beads were washed three times with RIPA buffer + 1%BSA
and finally 2 times with RIPA buffer. The proteins were eluted from the beads
either by incubation with 100µL/mL HA-peptides (Sigma I2149) in PBS or by
addition of 2x Laemmli loading buffer and boiling at 98°C for 6 minutes. The
elution was analyzed by SDS-PAGE. It is strongly recommended to take an
aliquot of the lysates before and after the incubation with the HA-agarose beads
to determine the efficiency of the IP.

3.2.3.6Crystal violet staining to determine amount of viable
cells
Adherent cells were fixed and stained with a crystal violet solution containing
4%PFA for 10 minutes and washed with abundant water. Cells were dried at
room temperature and scanned directly with an office scanner.

3.2.3.7Dual luciferase assay to measure the activity of p53 in
cells
The successive measurement of two different luciferase proteins with non
substrate crosstalk was used. This allows not only the measurement of reporter
activity by detection of firefly luciferase luminescence, but it is also an efficient
normalization for the measurement of the luminescent of Renilla luciferase
under the control of a constitutive promoter. The firefly luciferase catalyzes the
oxidation of D-luciferin to oxyluciferin, while the Renilla luciferase catalyzes the
oxidation of coelenterazine to coelenter-amide. Cells were co-transfected with a
p53 activity reporter (the E2F-firefly luciferase) together with a constant amount
of Renilla luciferase vector (an enzyme from sea pansy Renilla reniformis which
is encoded in the pBind vector). Cells were lysed in passive lysis buffer (PLB,
Promega). In 6 well plates 250µL of PLB was added and incubated at room
temperature. The lysates were resuspended by pipetting up and down and
immediately transferred in triplicates of 20µL per well into a 96 well plate. Using
a Wallac 1420 VICTOR Multilabel Plate Reader (Perkin Elmer) allowed the
addition of buffers to the plates by automatic injection through a double pump
system. The automatic injection and measurement were performed in two
steps.
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Step1: Firefly measurement - 100µL firefly assay buffer were injected. The plate
was shaken for one second. After a delay of three seconds the firefly
luminiscene was recorded for 10 seconds.
Step2: Renilla measurement - 100µL Renilla assay buffer were injected. After a
delay of three seconds the Renilla luminiscene was recorded for 10 seconds.
The ratio firefly/Renilla was used to quantify the reporter activity. To test miRNA
on p53 reporter, cells in 6 well plates were co-transfected with 500ng firefly
luciferase reporter E2F-Luc, 500ng Renilla luciferase vector pBind and
increasing amounts of miRNA using the empty vector to fill up to 4µg miRNA.

3.2.3.8Thioester assay using S35 labeled Nedd8
In vitro translated Nedd8 was incubated with purified GST Nedd8 E1 (hetero
complex APPBP1-Uba3). Additionally increasing amounts of Nedd8 E2 (Nce2
or Ubc12) were added to demonstrate the transfer of S35labeled Nedd8 from the
E1 to an active E2. An efficient thioester between Nedd8 and E2 can be shown
using final concentrations of 15mM DTT, 4.5mM ATP and 4.5mM MgCl2 1
minute after incubation. To assure that the E2 was neddylated on its catalytic
cystein, an additional sample was treated with Laemmli loading buffer
containing DTT to significantly reduce thioester bonds. The samples were
loaded on a SDS-PAGE using 2x urea loading buffer. The electrophoresis was
performed slowly at 25mA over 2 hours.

3.2.3.9Thioester assay of His-tagged purified components
(Radioactive free protocol)
Nce2, Ubc12 and Ubc5b (carrying a 6x C-terminal His-tag) and Nedd8 and
Ubiquitin (carrying an N-terminal 6x His-tag) were cloned and expressed in
bacteria. Purified proteins were mixed in presence of thioester standard
conditions (15mM DTT, 4.5mM ATP, 4.5mM MgCl2). Alternatively, bacterial
expressed Nedd8 E1 APPBP1-Uba3 or baculovirus-expressed Ubiquitin E1
(Ube1) were used, according to the experiment. After 1 minute of incubation,
the samples were split. Respectively, 20µL were mixed with an equal amount of
2x urea loading buffer or 2x Laemmli loading buffer. The urea and Laemmli
samples were loaded side by side on a SDS-PAGE. The electrophoresis was
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performed slowly at 25mA over 2 hours. The gel was transferred to a PVDF
membrane and a western blot with anti 5x His-antibody was performed.

3.2.3.10 GST-tagged and His-tagged protein purification from
bacteria
LB medium containing 100mg/mL ampicillin and 170µg/ml chloramphenicol was
inoculated with bacteria from a single colony which contained a plasmid that
encoded a (A) GST-fused or (B) His-tagged protein. The culture was grown
overnight at 37°C with shaking at 220 RPM. The next morning, a fresh culture
was inoculated 1:10 with the overnight grown culture. This main culture was
grown for ~ 2 hours until an absorbance of λ600 0.6-0.8. Protein expression was
induced by addition of 0.4mM IPTG final concentration. Bacteria were incubated
for further 4 hours either at 37°C or at 30°C with shaking at 220 RPM. The
culture was centrifuged and the cell pellet was resuspended in 1% triton X-100
(V/V) in PBS. The bacteria were lysed by sonication (duty cycle: 30-40%; output
control: 3-4) for 1 minute using BRANSON sonifier 250 followed by
centrifugation at 10,000g for 10 minutes at 4°C. The supernatants were
processed depending on their destination. (A) GST-fused proteins were either
used for GST pull-down assays or eluted with 2 volumes of 10mM glutathione in
50mM Tris-Cl pH8.0. Glutathione sepharose beads in 1% triton X-100 (V/V) in
PBS (200µL slurry each 100mL diluted culture) were added to the supernatant
and incubated for 1-2 hours at 4°C with rotation. The beads were washed 4
times with 1% triton X-100 (V/V) in PBS. Efficiency of expression was analyzed
by SDS-PAGE and coomassie staining (B) His-tagged protein supernatant was
treated with 10mM imidazole and incubated with Ni-NTA agarose beads
(QIAGEN) in 1% triton X-100 (V/V) in PBS (100µL slurry for each 100mL diluted
culture) for 1-2 hour at 4°C with rotation. The beads were washed 4 times with
1% triton X-100 (V/V) in PBS, 20mM imidazole. The His-tagged proteins were
eluted with 2 volumes of 300mM imidazole in 25mM Tris-Cl pH8.0, 50mM NaCl.
Efficiency of expression was analyzed by SDS-PAGE and coomassie staining
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3.2.3.11

In vitro ubiquitination assays

Proteins were in vitro translated using Rabbit Reticulocyte Lysate kit (promega)
supplemented with S35 methionine for radiolabelling according to the
manufacturer’s instructions. For in vitro ubiquitination assays 0.5-3µL of the S35
labelled protein were incubated with 50ng of E1 (Ube1 from baculovirus), 50ng
of E2 (His-purified UbcH5B), 20µg of Ubiquitin (Sigma), 1mM DTT, 2 mM ATP,
4mM MgCl2, T25N50 buffer (25mM Tris-HCl pH 7.5, 50 mM NaCl) and 50200ng E3 Ligase . The ubiquitination mix was incubated for 2 hours at 35°C.
The reaction was stopped by the addition of 5x Laemmli buffer and loaded onto
SDS-PAGE gels.

3.2.3.12 In vitro neddylation of Nedd8 conjugating enzymes
Nce2 and Ubc12
0.5-3µL of the S35-labelled Nedd8 conjugating enzymes Nce2 or Ubc12 were
incubated with 50ng of purified GST Nedd8 E1 (APPBP1-Uba3) [241],1mM
DTT, 2mM ATP, 4mM MgCl2 and T25N50 buffer. The neddylation mix was
incubated for 2 hours at 35°C. The reaction was stopped by the addition of 5x
Laemmli buffer and loaded onto SDS-PAGE gels.

3.2.3.13 GST pull-down assays
GST-tagged proteins were incubated 1 hour with 1mL TNN 1% BSA(V/V)
containing 1mM DTT. The beads were collected by centrifugation and
resuspended in 800µL TNN buffer 0.5% BSA(V/V), 1mM DTT. 10µL of in vitro
translated S35-labelled protein were added and the mix was incubated at 4°C for
3-10 hours. The beads were washed 5 times with TNN buffer. Then 50µL of
Laemmli buffer was added. The samples were heated for 6 minutes at 98°C,
centrifuged briefly and the supernatants were loaded onto SDS-PAGE together
with 1µL of the in vitro translated protein S35-labeled as input.

3.2.3.14 GST-tagged affinity chromatography for the
identification of interaction partners
Eighty 14.5cm dishes of HEK293T or H1299 cells were lysed in 10mL Buffer A.
Cells were homogenized by sonication and centrifuged at 20.000g for 20
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minutes at 4°C. The supernatant was collected and centrifuged for additional 60
minutes at 20.000g. The supernatant complemented with 10% glycerol and the
lysate was incubated for 2 hours with 4mg GST bound to glutathione sepharose
beads. Finally, the lysate was centrifuged at 10.000g for 10 minutes at 4°C and
filtrated with 0.45µm filters.
Approximately

4mg

GST-tagged

protein,

coupled

to

glutathione

sepharose beads, were packed in Poly-Prep Columns (10mL of sample volume,
0.8 x 4cm, BIO-RAD).The columns were equilibrated with 3 column volumes of
Buffer A. The lysates were loaded into the columns by circulation of extracts in
a loop connected to a peristaltic pump at ~0.5mL/min for 8 hours at 4°C. After
loading, the columns were washed with 4 column volumes of Buffer A.
Subsequently, bound proteins were eluted with 2mL of increasing NaCl
concentrations (200, 500, 800 mM and 1M) and a last elution using 2mL 8M
urea. Proteins from the collected fractions were precipitated by the
methanol/chloroform method, resuspended in 100-140μL SDS-PAGE sample
buffer and separated by SDS-PAGE on a 3-15% PAA gradient gel, which was
subsequently stained with colloidal coomassie Roti-blue (Carl-Roth).

3.2.3.15 Fixation, amplification and drying of acrylamide

Gels

containing radioactive proteins
Polyacrylamide gels containing radioactive samples were fixed by submerging
the gel in a solution containing 40% methanol and 10% acetic acid for 20
minutes. The signal of the radioactive proteins was amplified in NAMP100V
(Amersham biosciences) for 20 minutes. Then the gel was dried using a gel
dryer of Model 583 60x50cm from BIORAD. The dried gel was scanned by a
phosphor Imaging Bio-Imaging Analyzer Systems 5000 (BAS-5000). Images
were analyzed and quantified by Aida Image Analyzer software (Bio Imaging).

3.2.3.16 Data analysis of mass spectrometry
Results from MS/MS analysis were analyzed using the Mascot server
(134.34.110.108)

using

the

following

settings.

Fixed

modification:

carbamidomethyl in C-terminal, variable modification: Gln->Pyro-Glu(N-term Q);
Glu->Pyro-Glu(N-term E); oxidation in methionine; additionally for high quality
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data variable modification: Gly-Gly on lysines, phosphorylation in serine and
threonine and phosphorylation on tyrosines were included. Two alternative data
bases were used: NCBI and Swissprot. Due the samples were digested with
trypsin (Lysine, Arginine) and some variable modifications (i.e. ubiquitination,
acetylation and Neddylation) could inhibit the trypsin cleavage, it was allowed to
use peptides with a maximum of 3 missed cleavages. The peptide charge
selected was +2 and +3 with a peptide tolerance of 1.2Da and MS/MS tolerance
0.6Da. The result was set automatically. This means that the identity or
extensive homology of the identified protein with a single peptide should at least
have a p<0.05.

3.2.4 Yeast 2-hybrid interaction system
3.2.4.1 Competent cell preparation and transformation from
frozen cells (low efficiency)
An overnight culture of yeast was diluted in 100mL of YPDA media (final
absorbance: 0.2, OD λ600). The yeast culture was grown at 30°C with shaking at
250 RPM until an OD of λ600 ~ 0.8 was obtained. The cells were then
centrifuged at 3000 g for 5 minutes at room temperature. The pellet was
washed with 50mL of yeast transformation solution A and the supernatant was
discarded. The pellet was resuspended in 2mL of yeast transformation solution
A. The competent cells were finally aliquoted (200µL each) into 2mL tubes and
stored at -80°C. For the transformation 200µL of competent cells were
thoroughly mixed with 1-2µg of DNA and then 1mL of the yeast transformation
solution B was added. The mixture was vortexed for 10 seconds and then
incubated for 1 hour at 30°C. The transformed cells were washed with yeast
transformation solution C and then resuspended in 200µL of yeast
transformation solution C and finally plated on their respective selection plates.

3.2.4.2Reporter assay: Yeast 2-Hybrid LexA system
Yeast strain EGY48 was transformed with pEG202(His3) baid vector, pSH1834(Ura3)reporter and pJG4-5(Trp1) prey vector, and selected on glucose plates
-his, -ura, -trp. After 3 days, 5 colonies were streaked on reporter plates
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galactose/raffinose -his, -ura, -trp, -Leu (leucine reporter plates) or galactose/
raffinose -his, -ura, -trp, X-Gal 40µg/mL (X-gal reporter plates). The growth on
leucine reporter plates or the activity on X-Gal reporter plates were monitored
everyday during 4 days as is proposed for the MATCHMAKER LexA system
(Clontech K1609-1).

3.2.4.3Purification of plasmid DNA from yeast
5ml overnight yeast culture was collected by centrifugation and resuspended in
0.5mL distilled water. The cells were transferred to a 1.5mL tube spinned down
by centrifugation and the water was removed. The pellet was resuspended in
0.4mL yeast lyses Buffer A and 100µL glass beads were added. The mix was
vortexed two times for 3 minutes, centrifuged 2 minutes at 13.000 RPM room
temperature and the supernatant was transferred to a new tube. The DNA
contained in the 400µL lysate was purified by NucleoSpin Extract II kit
(clontech), eluted in 15µL. The 5µL were finally transformed into super
competent DH5α cells.

3.2.4.4Cytotrap yeast 2-Hybrid screening
The CytoTrap system is based on the yeast S. cerevisiae temperature-sensitive
mutant strain cdc25H, which contains a point mutation at residue 1328 of the
cdc25 gene. Cdc25 is the yeast homologue of the human Sos (hSos) gene
encoding a guanyl nucleotide exchange factor that binds and activates Ras,
beginning the Ras signal transduction pathway. The cdc25 mutation present in
the cdc25H strain prevents growth at 37°C, but allows normal growth at the
permissive temperature (25°C). The CytoTrap system is based on the ability of
the human Sos protein (hSos), to complement the cdc25 defect and to activate
the yeast Ras-signaling pathway. Expression of hSos and its subsequent
localization to the plasma membrane allow the cdc25H yeast strain to grow at
37°C. The localization of hSos to the plasma membrane occurs through the
interaction of 2-hybrid proteins. The pSos vector (Leu2) is used as a bait and
the library is cloned in the pMyr prey vector (Ura3). The test of positive and
negatives controls for HdmX as well as the yeast 2-hybrid screening was done
according to the manufacturers’ instructions (CytoTrap Vector Kit Stratagene______________________________________________________________________
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217438). The Cytotrap system was facilitated from Professor Dr. Thomas
Arendt, Paul Flechsig Institute, University of Leipzig
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4 Results
4.1 The role of Hdm2 in the neddylation of p53
mdm2 and mdmX knockout mice have a lethal phenotype, which is rescued in
the p53 knockout mice, demonstrating a non-redundant role of these two
proteins in the regulation of p53. Hdm2 (human Mdm2) has been reported to be
the most important regulator of the tumor suppressor p53, regulating its levels in
cells through ubiquitination and proteasome-mediated degradation. Additionally,
Hdm2 and HdmX (human MdmX) can block the trans-activation domain of p53
by direct binding to this domain. Hdm2 is also known to repress the transactivation activity of p53 by neddylation. In this study, we aimed to implement
new knockdown tools to enlighten p53 regulatory pathways.

4.1.1 Effect of the knockdown of Hdm2 and HdmX expression
on p53
The fast development of shRNA systems allows the use of different strategies
to knockdown the expression of a single protein. Here, we used two different
systems: a shRNA (19nt) for knockdown Hdm2 expression and a miRNA (21nt)
system for the knockdown of HdmX expression. HdmX and MdmX are 85%
identical. It is possible to target both orthologs for knockdown with a single
miRNA targeting sequence, but in order to find the optimal target sequences we
designed individual miRNAs. For HdmX, the two targeting sequences miHdmX
164 and miHdmX 1551 were designed. For MdmX (mouse HdmX) only the
sequence miMdmX 460 was designed (Figure 8E).
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Figure 8. Knockdown of HdmX/MdmX increases p53 levels. The efficiency of the knockdown
vectors generated against HdmX was tested by co-transfections in H1299 cells. In A) (left to
right) 4µg pcDNA4TO miLuciferease (line 1), 2µg and 4µg pcDNA4TO miHdmX 164 (lines 2 and
3), 2µg and 4µg pcDNA4TO miHdmX 1551 (lines 4 and 5). (B) 1µg pECFP-HdmX was cotransfected with 4µg: miLuciferease, miHdmX 164 or miHdmX 1551. (C) 1µg pcDNA3.1-HAMdmX (mouse) was co-transfected with: 4µg pcDNA4TO empty vector (line 1), 1µg, 2µg and
4µg miHdmX 460 (lines 2, 3, 4) or 4µg miLuciferase (lines 5). (D) The stabilization of
endogenous p53 upon HdmX knockdown was measured in p53 wt cells. U2OS cells were
transfected with 3µg: empty vector (line1), miHdmX1551 (line 2) or miMdmX460 (line 3), p53
stabilization was determined by western blot. (E) The miMdmX 460 target sequence recognized
also the HdmX due to the highly conserved target region. In A, B, C, D 250ng pCMV β-gal were
additionally transfected of and ~20 hours after transfection cells were lysed in TNN buffer and
transfection efficiency was normalized by β-gal activity, the samples were treated for SDSPAGE and western blotting with the corresponding antibody

The sequences were cloned into the tetracycline inducible vector pcDNA4TOzeo and sub-cloned into the vector pcDNA4TO-puro. H1299 cells were cotransfected with pcDNA3 HA-HdmX and tested with increasing amounts of
either pcDNA4TO-puro miHdmX 164 or pcDNA4TO-puro miHdmX 1551. In both
cases the knockdown of ectopically expressed HdmX was confirmed by western
blot (Figure 8A). Additionally, pECFP-HdmX was used for HdmX expression
and co-transfected with pcDNA4TO-puro miHdmX 164 or pcDNA4TO-puro
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miHdmX 1551 (Figure 8B). Both knockdowns indicated that miHdmX 1551 is
more efficient than miHdmX 164. Similarly, pcDNA3 HA-MdmX was cotransfected with miMdmX 460 which resulted in an efficient knockdown of
MdmX expression (Figure 8C).
It was already shown that mdmX knockout leads to activation and stabilization
of p53 [72]. To determine the stabilization of p53 with our knockdown system,
U2OS cells endogenously expressing wt p53 were used. These cells were
transfected with miHdmX 1551 or miMdmX 460 and the effect of the knockdown
on p53 levels was determined by western blot analysis. Cells transfected with
either miRNA 1551 or miMdmX 460 showed an increased p53 levels compared
to cells transfected with the empty vector (Figure 8D). A single mismatch
between the target sequences of miMdmX 460 and the human sequence of
HdmX explains the knockdown of the human sequence by the mouse miMdmX
460 vector (Figure 8E). As transfection control, a vector expressing βGalactosidase (β-gal) was co-transfected and the samples were loaded
according to β-gal activity.
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Figure 9. Knockdown of Hdm2 increases p53 levels. The efficiency of the knockdown vector
generated against Hdm2 was tested by co-transfection in H1299. (A) 1,5 µg of pcDNA3 HAHdm2 G448S was co-transfected with 4µg of pcDNA4TO empty (line 1), 1µg, 2µg or 4µg
pRetrosuper shHdm2 674 (lines 2, 3, 4), 1µg, 2µg or 4µg pRetrosuper shHdm2 70 (lines 5, 6, 7)
or 4µg pRetrosuper shLuciferase (B) Stabilization of endogenous p53 upon Hdm2 knockdown.
U2OS were transfected with 4µg pRetrosuper shluciferase (line1) or 0,5µg, 1µg, 2µg,
4µg.shHdm2 70 (C) Toxic effect of the knockdown shHdm2 vectors tested by 6 days selection
with puromycin in panel left shHdm2 674, right shHdm2 70. In A and B additionally 250ng of
pCMV β-gal were co-transfected and ~20 hours after transfection cell were lysed in TNN buffer
and normalised by β-gal, the samples were treated for SDS-PAGE and western blotting with the
corresponding antibody

In cells, Hdm2 is maintained at very low levels with the exception of some tumor
cell lines –generally derivated from soft tissue sarcomas (i.e OSA & U2OS
cells)- where Hdm2 is overexpressed leading to the downregulation of p53. The
analysis of endogenous knockdown of Hdm2 is rather difficult since even
ectopic expression of Hdm2 is not detectable by standard western blots using
SMP14 anti-Hdm2 antibody in H1299 cells. The inactive Hdm2 mutant (G448S)
is relative stable in cells and was therefore used for the detection of the
knockdown efficiency in co-transfection assays.
For knockdown of Hdm2 expression, two shRNA vectors were constructed. The
two sequences shHdm2 674 and shHdm2 70 were cloned into the retroviral
vector pRetrosuper (pRS) carrying a puromycin resistance gene for selection.
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An efficient knockdown of ectopically expressed Hdm2 G448S was observed
with both shHdm2 target sequences in H1299 cells (Figure 9A). In addition,
shHdm2 70 increased p53 levels in U2OS cells which express wt p53 (Figure
9B). The toxicity of the knockdown constructs was determined by a colony
formation assay using crystal violet staining after puromycin selection. The
vector pRS shHdm2 674 was toxic after puromycin selection in U2OS cells
(Figure 9C) and also in p53 null cells H1299(data not shown), possibly as a
consequence of an unspecific off-target affecting an essential gene [242].
To determine the homogeneity of the cellular response upon knockdown of
HdmX or Hdm2, U2OS cells were transfected with either shLuciferase, miHdmX
1551, miMdmX 460 or shHdm2 70, selected with puromycin and treated for
immunostaining using an anti-p53 antibody. Increased levels of p53 were
detected in all knockdowns compared to the shLuciferase control. However, this
effect was not homogeneous in the different cell populations as it is indicated by
immunostaining (Figure 10A). Moreover, the effects of Hdm2 knockdown on
p53 were quantified by the use of a reporter construct, carrying a p53
responsive promoter sequence derivated from the E2F promoter and the firefly
luciferase as a reporter gene (E2F-luciferase reporter). The E2F-luciferase
reporter was co-transfected together with a Renilla luciferase vector (used as
transfection control) and increasing amounts of shHdm2 70 in two wt p53 cell
lines (RKO and U2OS). The knockdown of Hdm2 in RKO cells increased the
activity of p53 ~five fold (Figure 10B) and in U2OS cells ~fourteen fold (Figure
10C), demonstrating that the knockdown of Hdm2 leads to an increase in the
level and activity of p53.
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Figure 10. Increase of p53 levels and activity upon knockdown of Hdm2 or HdmX. (A)
U2OS cells were grown on 12mm diameter cover slips and transfected with 1µg pRS
shLuciferase, 1µg pcDNA4TO-puro miMdmX 460, 1µg pcDNA4TO-puro miHdmX 1551 or 1µg
pRS shHdm2 70 respectively. Cells were selected 48 hours with 4µg/mL puromycin and
immunostaining was performed using the p53 specific antibody DO-1 and DAPI. (Bars =
200µm).(B) RKO cells and (C) U2OS cells were co-transfected with the p53 reporter E2F-firefly
luciferase and a control vector Renilla luciferase (pBIND). The effect of the knockdown of Hdm2
on the activation of p53 is shown as a ratio of firefly/Renilla luciferases.
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4.1.2 A new tool for a inducible knockdown of protein using
EGFP cDNA fused to a miRNA of interest in a single
vector
The tetracycline inducible vector pThe-neo contains a newly developed Tetrepressor (TR-SID) which is more effective in blocking the Tet operator [243].
We adapted the pTHE-neo for cloning of miRNA by using the design of
expression cassette of the pcDNA6.2-GW EmEGFP-miR from Invitrogen as a
model, which allows the cloning of miRNA fused to EGFP cDNA. Moreover, to
facilitate the selection of transfected cells, we replaced the neomycin resistance
cassette of pThe-neo by a puromycin cassette. The new vector was named
pThe-puro II-EGFP miRNA. Immediately after transfection this vector should
overexpress a bicistronic mRNA containing the TR-SID bound to an IRES
sequence and the puromycin resistance protein. We observed that the
expression of the miRNA carrying cassette is not completely repressed during
the first hours, presumably until the TR-SID reaches a critical concentration
necessary to block the expression of the EGFP-miRNA cassette (Data not
shown). Cells were then selected after transfection. The expression level of the
EGFP-miRNA in non-induced conditions was very weak after six days posttransfection, although some cells show EGFP expression (Figure 12C and
12D).
After six days, the remaining cells were resistant to puromycin and expressed
high amounts of TR-SID maintaining an efficient repression of the Tet-Operator
(Figure 10A). The knockdown cassette can be induced by doxycycline (Dox).
Dox binds the Tet repressor hindering it to interact with the Tet operator. This
allows high transcription of the EGFP-miRNA cassette. The miRNA is
recognized and cleaved from the EGFP mRNA by the Drosha/DGCR8 complex
and transformed into active siRNA by Dicer and the Risc complex.
Simultaneously, the EGFP mRNA is translated and can be used to follow the
induction of the miRNA (Figure 11B).
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Figure 11. Development of the single inducible vector system for miRNA mediated
knockdown and simultaneous expression of EGFP. (A) In absence of Dox, the vector pThepuro II-EGFP miRNA expresses the puromycin resistance gene and the Tet repressor which is
repressing the transcription of EGFP fused to the miRNA cassette. (B) Dox hinders the Tet
repressor to bind the Tet operator. EGFP-miRNA is expressed and the miRNA targeting
sequence is recognized by Drosha/DGCR8 and cleaved from the EGFP. The targeting
sequence is in consequence recognized by Dicer and RISC leading an efficient knockdown of
the target protein.
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Figure 12. Induction of pTHE-puro II-EGFP miRNA. (A) H1299 cells were transfected with
pThe-puro II-EGFP miHdm2 and selected for 10 days with puromycin. (B) The vector pTHEpuro II-miRNA was selected in different cell lines. Only SIHA and H1299 cells survived after
transfection. (C) H1299 cells were transfected with pThe-puro II-EGFP miHdm2 or (D) with
pThe-puro II-EGFP miLuciferase. The cells were diluted and kept under puromycin selection for
15 days. Single cell colonies were picked by cloning cylinders, cultivated and classified by
expression of EGFP after 3 days with 2µg/mL Dox treatment (Bars = 50µm). In (A), (C) and (D),
cells were seeded on 12mm cover slips. The next day, the medium was changed for full DMEM
containing 2µg/mL Dox. The cells were fixed in 4%PFA and EGFP expression was analyzed by
confocal microscopy.
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Two miRNAs were cloned to evaluate the new system: miLuciferase and
miHdm2 481. H1299 cells were transfected with pThe-puro II-EGFP miHdm2
481 or pThe-puro II-EGFP miLuciferase (miLuc), selected during 10 days with
puromycin and induced with Dox for three days. A mixed population of induced
and non-induced cells is shown in Figure 12A. This experiment demonstrates
that the selection and induction of a mixed cell population is efficient and highly
homogeneous. However, for long term experiments, clonal cell lines were
generated. The isolated clones were characterized by EGFP expression upon
Dox induction: pThe-puro II-EGFP miHdm2 clon 5 and pThe-puro II-EGFP
miLuc clone 6 both responded with homogeneous, reproducible and high levels
of EGFP expression after Dox treatment (Figure 12C and 12D). Real time PCR
was used to quantify the Hdm2-knockdown efficiency in both cell lines before
and after Dox induction. However, no differences in the Hdm2 mRNA levels
were observed, probably because the Hdm2 mRNA amount in H1299 cells is
already extremely low (data not shown). The system was tested in different cell
lines (Figure 12B). Unfortunately, only H1299 and the HPV-positive SIHA cells
were able to be selected with puromycin, possibly because of a toxic effect of
the bicistronic TR-SID-Ires-puro cassette.

4.1.3 Endogenous Hdm2: A role in the neddylation of
ectopically expressed p53
The regulation of the neddylation pathway is the central topic of this study.
Neddylation of p53 and L11 have been reported Hdm2 [48-49, 166], although
some neddylation of p53 and L11 was also observed in the absence of cotransfected Hdm2. To address the question whether in the absence of
overexpression of Hdm2, the neddylation of p53 and L11 depends on
endogenous Hdm2 or if other ligases contribute to this process, p53 neddylation
was analyzed after knockdown of endogenous Hdm2. The EGFP-miHdm2
clone 5 cells and EGFP-miLuc clone 6 cells were induced for 4 days with Dox to
reach knockdown of Hdm2 levels and transfected with either His-Nedd8 or HisUbiquitin, respectively, and Flag-L11. After ~ 20 hours, His-tagged proteins
were purified and the samples were used for western blotting using an anti-Flag
antibody.
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Figure 13. Inducible knockdown of endogenous Hdm2 expression strongly decreased
L11 and p53 neddylation, using the pThe-puro II-EGFP miHdm2 system. (A) The single cell
lines pThe-puro II-EGFP miHdm2 and pThe-puro II-EGFP miLuc were induced for 4 days with
2µg/mL Dox and afterwards co-transfected with 1µg Flag-L11 and with either 2µg His-Nedd8 or
His-Ubiquitin, respectively. A background band was used as control for quantification and the
ratio between mono-neddylated L11/control or mono-ubiquitinated L11/control was plotted. (B)
Induced and non induced pThe-puro II-EGFP miHdm2 clone 5 cells were co-transfected with
400ng p53, 2µg His-Nedd8 and 1µg Hdm2. Additionally, cells were incubated for 2 hours with
MG132 as is indicated. Aliquots equivalent to 20% WCL (whole cell lysate) were used as
loading control with an anti-tubulin western blot. The Dox induction control was visualized by
EGFP western blot. In A and B ~ 20 hours after transfection the cell were lysed under
denaturing conditions and His-tagged proteins were purified by Ni-NTA beads. The samples
were separated by SDS-PAGE and modified proteins were detected by western blot whith the
indicated antibodies.

Mono-neddylation of L11 was decreased in cells carrying miHdm2 compared to
miLuc cells. In addition, ubiquitination of L11 did not seem to be affected (Figure
13A, upper panel). Because the two cell lines have a different growth speed, the
protein amount in this assay was difficult to equalize. Therefore, an unspecific
band was used to normalize and compare the effect of miLuc and miHdm2
(Figure 13A, lower panel). After quantification using the ratio of modified
L11/loading, the decrease of L11 mono-neddylation in miHdm2 cells was
calculated to be 75%.
To demonstrate the importance of endogenous Hdm2 for p53 neddylation, we
used pThe-puro II-EGFP miHdm2 clone 5 (EGFP-miHdm2) for further
experiments. One important consideration about the ectopic overexpression of
p53 is that p53 acts as a trans-activator of the endogenous hdm2 gene. Equal
amounts of EGFP-miHdm2 cells were plated out. The plates were divided into
two groups: one group was treated for 4 days with Dox to induce the
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knockdown cassette and the other was not induced. Afterwards, cells were
transfected with His-Nedd8, p53, and Hdm2 as indicated. Additionally, we
tested the influence of the proteasome inhibitor MG132 which did not generate
a significant effect (Figure 13B). After 20 hours, cells were aliquoted: 20% were
used for whole cell lysates (WCL) to determine the total protein amount by
western blot analysis with anti-tubulin antibody and the induction of the EGFPmiHdm2 cassette by western blot analysis using anti-EGFP. The remaining
cells were lysed under denaturing conditions to purify His-tagged proteins for
the detection of neddylated p53 by western blot analysis using an anti-p53
antibody. We observed that neddylation of ectopic p53 is completely abrogated
after induction of Hdm2-knockdown induction, indicating that a major
contribution of the basal p53 neddylation in cells is done by the endogenous
Hdm2. In addition, p53 neddylation by ectopically expressed Hdm2 is also
strongly inhibited upon Dox induction, indicating a strong effect of the induction
of Hdm2-knockdown on the ectopic expressed Hdm2. In conclusion, the low
endogenous levels of Hdm2 are responsible in part for the neddylation of L11
and in total for the neddylation of p53 in H1299 cells.
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4.2 Search of new interacting partners of HdmX and a further
characterization of HdmX-Hdm2 interaction
An important issue in the regulation of p53 is the determination of all proteins
involved in this complicated and exquisitely regulated network. Proteins as
HdmX, p14ARF, L11, L5, and CBP/p300 are reported to control p53 levels
through interaction with Hdm2 which modulates its activity as an Ubiquitin E3
ligase. For the search for new interacting partners of HdmX, a set of different
techniques was optimized:

-

LexA yeast 2-hybrid systems

-

Cytotrap yeast 2-hybrid systems

-

GST pull-down using cell lines (H1299 and HEK293T) and mouse
tissue lysates (brain, liver, lung, kidney and heart)

-

Immunoprecipitation of HA-tagged HdmX from cell lines.

Additionally, this chapter includes a further characterization of the localization of
HdmX and Hdm2 using confocal microscopy, an analysis of the interaction of
the HdmX/Hdm2 complex in cells by Florescence Resonant Energy Transfer
(FRET) and Bi-Fluorescence Complementation (BIFC).

4.2.1 Yeast 2-hybrid screening with HdmX
First, a Yeast 2-Hybrid (Y2H) screening using HdmX fused to the Gal4 DNA
binding domain was performed with a Matchmaker GAL4-based system. In this
system, HdmX showed a strong trans-activation of the reporter. This transactivation region was identified (170-223aa). To prevent trans-activation,
deletion mutant of HdmX was used HdmX
∆170

-223 to identify the trans-

activation domain. Even though more than 200 positive colonies were found in
the screening using this construct, most of them lacked a continuous open
reading frame indicating some remaining trans-activation activity of HdmX
∆170-223 (data not shown). To identify further trans-activation regions of HdmX,
a quantitative and more sensitive Y2H was used. The LexA-Y2H was
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implemented and new deletions of the N-terminal part of HdmX were generated
in the pEG202 vector carrying a LexA DNA binding domain: HdmX
∆300
containing a zinc finger motif and HdmX 423-stop containing only the RING
finger. The expression was controlled (Figure 14B).

Figure 14. HdmX trans-activation in the LexA yeast 2-hybrid system. (A) YPG48 cells were
co-transformed with deletion mutants of HdmX (fused to the DNA binding domain LexA)
together with the activation domain B42 and Hdm2 fused to the activation domain B42,
respectively. (B) Expression of HdmX ∆300 and the RING finger of HdmX (HdmX 423 -stop) in
yeast were compared by western blot.

wt HdmX or the two deletion mutants were co-transformed into yeast together
with the empty vector pJG4-5 carrying the activation domain B42 (AD B42) as
negative control and pJG4-5 Hdm2 as positive control, respectively. Yeast
carrying both vectors were selected on -Trp/-His SD plates. Positive
transformants were replated on the SD reporter plates –Trp/-His and -Leu or
+Xgal. HdmX ∆300 activated the reporter and allowed cells to grow on Leu
deficient reporter plates, while HdmX 423-stop activated the reporter only in the
presence of Hdm2 (Figure.14A). These data indicate the presence of a second
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trans-activation region of HdmX which overlaps with the zinc finger motif. The
size of the deletion of HdmX 423-stop corresponds to ~16% of the whole protein
which was considered as too short for a screening to find new interacting
partners of HdmX.
Due to the impossibility to find a reasonably sized fragment of HdmX which
does not trans-activate the reporter, a completely different approach of Y2H that
is not based on the transcription of reporters was used.
The Cytotrap system is based on the interaction of proteins in the yeast
cytoplasm which activate the Ras-signaling pathway allowing cell growth at
37°C (Figure 15A). The Cytotrap system can be used for proteins which cannot
be assayed by conventional Y2H because they act as transcription activators
(like HdmX). The system has the two disadvantages that nuclear localized
proteins cannot be identified and a basal background of about 25 false positive
proteins in the library belonging to the RAS pathway (RAS and RAS-like
proteins). The pSos-HdmX vector was co-transformed together with: the pMyr
empty vector, pMyr-laminC (a non-related protein) as negative control or pMyrSB as positive control, respectively. SB is a Sos binding protein which
relocalizes the Sos protein to the membrane to activate the RAS signaling
pathway and pSos-Col I (a non-related protein) is an additional negative control.
In the reporter plates Gal/Raff –Leu/-His, transformation of pMyr-SB allowed the
yeast cells to grow at 37°C only if Sos-HdmX was localized correctly in the
cytoplasm and if the levels of Sos-HdmX were high enough for RAS activation.
The used controls are shown (Figure 15B and 15C).
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Figure 15. Use of full length HdmX for yeast 2-hybrid screenings using the Cytotrap
system. Controls for the Cytotrap system are shown. (A) HdmX fused to Sos protein can only
activate the RAS pathway to growth at 37°C when a myristylated prey recolalize Sos-bait (SosHdmX) fusion to the membrane. (B) Reporter plates –Leu, -Ura Gal(Gal/Raff) incubated for 4
days at 37°C. (C) Result and interpretation table.
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Figure 16. Screening of HdmX interacting partners by using the Cytotrap yeast 2-hybrid
system. Twentyone positive colonies were identified in the first screening step. Recovered and
purified DNA from these colonies was co-transformed with pSos empty vector (left side of each
panel) or pSos HdmX (right side of each panel) into yeast. The seven positives colonies after retransformation resulted to growth independent of HdmX co-transformation.

For the screening, a whole brain library was screened 1.25 times. The DNA of
21 positive clones was purified from yeast and recovered in bacteria. The
isolated bacterial DNA of single colonies was re-transformed into yeast together
with pSos empty vector and pSos-HdmX, respectively. After four days, single
colonies were replated in a dilution of 1/10 on the reporter plates Gal/Raff –
Leu/-His which were incubated for 3 days at 37°C. Unfortunately, all cotransformed clones turned out to be negative. Most clones were not able to
grow at all while other clones grew also in the absence of HdmX. The colonies
which are able to grow in the absence of the bait are part of the background of
the system consisting in genes belonging to the RAS pathway. Thus,
unfortunately, new interacting partners could not be identified by the Cytotrap
Y2H (Figure 16).

4.2.2 Identification of interacting partners of HdmX using GSTHdmX pull-downs and mass spectrometry
GST pull-down assays using high amounts of bacterially expressed GST-HdmX
and GST as negative control were used to identify interacting partners of HdmX.
Lysates from mouse tissues (brain, liver, lungs, heart and kidney) and cell
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lysates (H1299 and HEK293T) were used alternatively. However, unspecific
binding was very strong even after several pre-cleaning steps with GSTsepharose beads. Three bands from one pull-down with H1299 cell lysates
were analyzed by mass spectrometry (Figure 17).

Figure 17. Identification of new interacting partners of
HdmX by GST pull-down. A pull-down with lysates of
H1299 cells was performed: GST (lane 1) or GST-HdmX
(lane 2).

Due to the high contamination with chaperons and mitochondrial proteins as
well as to the limitations in the GST-HdmX purification, a complete optimization
of this system was not possible during this work. However, we identified the
heat shock protein 70 (HSP70) and the two DNA damage-induced helicases
ku70 and ku86 in the pull-down. Recently, it was reported that the Ku helicases
are substrates for Hdm2-mediated ubiquitination [244].
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4.2.3 Identification of interacting partners of HdmX using
immunoprecipitation of ectopically expressed HA-HdmX
and mass spectrometry
The high affinity of the monoclonal antibody anti-HA for its epitope allows the
specific purification of HA-tagged proteins using antibody-coupled beads.
HEK293T cells are well known for the ability to express high amounts of ectopic
proteins and to be transfected efficiently by low cost methods. To quantify the
efficiency of the immunoprecipitation (IP), samples of the lysates before and
after the incubation with HA-beads were taken and analyzed by western blot
using anti-HA antibody (Figure 18A, upper panel).
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Figure 18. Identification of new interacting partners of HdmX by immunoprecipitation of
overexpressed HA-HdmX in HEK293T cells. Twenty 14cm plates of HEK293T cells were
transfected with pcDNA3.1 HA-HdmX and the lysates were treated for IP using covalently
attached HA-agarose beads. (A) Proteins were eluted by the addition of 1x Laemmli buffer and
boiled. A western blot comparing the lysates before and after the IP was used to quantify the
efficiency of the IP (line 1 and 2) and the elution of the IP (line 3). (B) The elution was applied
onto a 10% SDS-gel, stained by colloidal coomassie and identified by mass spectrometry. The
major bands correspond to HA-HdmX, Ig heavy chain (Ig-H) and Ig light chain (Ig-L). (C) The
coverage of immunoprecipitated HdmX determined by mass spectrometry was around 66%. (D)
Identified HdmX peptides carrying phosphorylation are shown (red): residues S208 and Y210
with a score of 36.8 and S342 with a score of 29.1, respectively.

To determine the conditions in which HA-HdmX can be immunoprecipitated
while binding to interacting partners, a co-IP of endogenous p53 was used as a
control. Lysate samples before and after the IP and aliquots of the IP elution
were analyzed by western blot with an anti-p53 antibody. The efficiency of HAHdmX the IP was calculated to correspond to 25% (Figure 18A, lower panel).
______________________________________________________________________
82

Results

HA-HdmX was eluted from the beads by denaturation using Laemmli buffer and
boiling the sample. The proteins were loaded on a 10% SDS-gel and stained
with colloidal coomassie. Bands were cut for mass spectrometry (Figure 18B).
The most predominant bands were identified as HdmX, the heavy chain of the
anti-HA antibody (Ig-H) and the light chain of the anti-HA antibody (Ig-L). The
extended analysis of the mass spectrometry data was performed using the
MASCOT server. Since many proteins were found in the IP, it is necessary to
improve it in order to separate background proteins from the HdmX interacting
partners (i.e by the use of a parallel IP control and/or specific elution with HA
specific peptides). Nonetheless, 66% of the protein sequence of HdmX was
covered as peptides in the analysis (Figure 18 C). Some information about posttranslational modifications of HdmX was found in the database search: some of
the peptides were phosphorylated. In total three phosphorylated residues were
identified

in

two

different

pull-downs:

S342,

S208

and

Y210.

The

phosphorylation of residue S342 was already reported as a stable modification,
indicating that it is not responsive to DNA damage. Nevertheless, a substitution
(S342A) virtually abrogated the HdmX ubiquitination in cells [210]. The
modifications of S208 and Y210 have not yet been reported. They could be
involved in the regulation of HdmX by ATM and Chk2.
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Figure 19. Identification of new interacting partners of HdmX by Immunoprecipitation of
overexpressed HA-HdmX in HEK293T cells using specific HA peptides for elution. Twenty
14cm plates of HEK293T cells were transfected using calcium phosphate with pcDNA3.1-HAHdmX and the lysates were treated for IP using HA-agarose beads. (A) Beads were precleaned with 1x PBS containing 100mg/ml HA peptide. Proteins were eluted by the addition of
1x Laemmli buffer and boiled. Samples of the lysates before and after the IP, the washing steps
and the elution with HA peptide were treated for SDS-PAGE and western blot as indicated in the
figure. (B) The IP elution of HA-HdmX transfected cells and untransfected cells using PBS
containing HA peptide or 1x Laemmli buffer were run in a gradient SDS-Page (5%-15%) and
stained by colloidal coomassie. Bands were cut and analyzed by mass spectrometry.

One of the main problems of mass spectrometry analysis is the validation of the
data. Large lists of proteins have to be separated into real interacting proteins
and background. It is complicated to identify false positives, which can be either
products of the sample management or proteins binding to the matrix used for
the purification or, even more complicated, proteins binding the interface
between the prey protein and the matrix. These problems are not solved here,
but some improvements were made decreasing the number of possible
candidates of interacting partners of HdmX. IPs using pcDNA3.1-HA-HdmX and
pcDNA3.1 empty vector were done in parallel. In contrast to the previous IP, the
purified proteins were eluted from the beads by incubation with a synthetic HA
peptide to elute specifically HdmX and its interacting proteins from the beads.
After a second elution, Laemmli buffer was added and the samples were boiled
to remove all proteins from the beads. The efficiency of the HA peptide elution
was measured. The elution with specific HA peptides can recover only ~50% of
the total HA-HdmX bound to the beads However, the antibody bands as well as
unspecific background were depleted and enough material for mass
spectrometry analysis was purified (Figure 19B). Western blot with anti-HA
antibody and anti-p53 antibody was used to determine the efficiency of the
elution with HA peptides and Laemmli buffer (Figure 19A). The remaining
elution was loaded on a gradient (5%-15% acrylamide) gel and stained with
colloidal coomassie. The gel was cut in identical horizontal fragments
generating gel pieces from the HA-HdmX elution and the control elution. The
bands were analyzed by qualitative mass spectrometry. From the list of putative
HdmX interacting partners, all keratins were removed together with all the
proteins found in the control. The final list indicated only proteins with individual
high ion scores of more than 50, indicating identity or extensive similarity
(p<0.05) between the MS/MS spectrum and the protein data base (Table 12).
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Table 12. Possible interacting partners of HdmX. Result of the Mascot analysis of the HAHdmX IP, in green known interacting partners of HdmX are shown.

Because of the good efficiency of the HA-HdmX IP, high amounts of
endogenous p53 and its interacting partners were co-immunoprecipitated. This
is a general problem of pull-downs and complicates to distinguish direct
interacting partners of HdmX. To diminish the background of interacting
partners of p53, stable p53-/- H1299 cell lines expressing HA-HdmX were
established. Two different single cell lines were generated in H1299 for the
overexpression of pcDNA3.1-HA-HdmX: clones number 22 and 23 (Figure
20A). The homogeneity of the HA-HdmX expression of the single cell clone 23
was tested by immunofluorescence (Figure 20B).
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Figure 20. Single cell lines of H1299 cells expressing HA-HdmX and a combination of
knockdown and overexpression system with HA-MdmX. (A) Single cell clones of H1299
cells overexpressing HA-HdmX. (B) Confocal images of immunostained HA-HdmX clone 23
using secondary Anti-mouse cy3 antibody. (C) Single cell clones of H1299 cells overexpressing
a knockdown cassette miMdmX 460 and overexpressing HA-HdmX R460 (R460 containing
silent mutations to escape of the target sequence of miMdmX 460). (D) Confocal images of HAMdmX R460 plus miMdmX C-8 clone 8 using secondary Anti-mouse cy3 antibody. E) Stable cell
lines of H1299 HA-HdmX clone 23 and HA-MdmX R460 plus miMdmX 460 clone 8, were
treated for IP with HA-beads and western blot analysis.

A second H1299-based single cell line was simultaneously selected for
endogenous HdmX knockdown with pcDNA4TO-puro miMdmX 460 and HAMdmX overexpression using the specially designed construct pcDNA3.1 HAMdmX R460 (R460 is a modified version of the HdmX cDNA containing silent
mutations missing the target sequence of miMdmX 460). The combination of
knockdown and overexpression was expected to enrich the interaction of
ectopically expressed HA-HdmX with endogenous partners by elimination of the
endogenous competitor. 10 double resistant single cell lines were analyzed by
western blot (Figure 20C) and the clone number 8 was additionally tested by
immunofluorescence (Figure 20E). The immunoprecipitation using HA-beads
was tested by western blot with anti-HA antibody but the efficiency was not as
good as with the ectopic expression in HEK293T cells. H1299 clones did not
provide enough material for further mass spectrometry analysis (Figure 20D).
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Possibly due to low expression of HdmX compared to the expression in
HEK293T cells, new conditions are required to be stablished.

4.2.4 Interaction of HdmX and Hdm2 using FRET and BIFC
approaches
Today microscopy is based on physical principals to quantify biological
processes, for example inside of cells. Methods to detect protein crosstalk and
localizations are useful tools to study interacting partners. The nuclear
localization of Hdm2 (Figure 21A) and the cytoplasmic localization of HdmX
(Figure 21B) in addition to the ability of Hdm2 to transport HdmX into the
nucleus have been reported. However, the regulation of the relocalization of
HdmX and the route on which Hdm2 takes HdmX into the nucleus are still
unclear. Furthermore, nuclear p53 shows a strong interaction with HdmX but
under normal growth conditions it is not able to relocalize HdmX into the
nucleus (Figure 21C). In order to determine changes in the localization of Hdm2
and HdmX, fusion proteins using a FRET couple were cloned: CFP-HdmX,
YFP-HdmX, YFP-Hdm2 and CFP-Hdm2. The constructs were tested for
localization. The results are in accordance to the literature (Figure 21A and
21B).
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Figure 21. Relocalization of HdmX into the nucleus by Hdm2. (A) Nuclear localization of
YFP-Hdm2. (B) Cytoplasmic localization of CFP-HdmX. (C) Co-expression EGFP-p53 and HAHdmX. (D) Co-expression of YFP-Hdm2 and CFP-HdmX, relocalizes HdmX into the nucleus
(red arrows).

As indicated with red arrows (Figure 21D), YFP-Hdm2 is able to relocalize
HdmX into the nucleoplasm. However, it has not been shown yet whether Hdm2
and HdmX stay in a complex in the nucleus or not. To study this, FRET using
acceptor photo-bleaching was applied. Two regions of interests (ROIs) inside
the nucleoplasm of cells (excluding the nucleolus) showing similar expression
levels of YFP-Hdm2 and CFP-HdmX were measured. The yellow signal
(acceptor) was bleached in one of the ROIs (ROI-Y) using high laser intensities,
whereas the non-bleached ROI (ROI-N) served as control. In Figure 22A a
representative experiment is shown. The upper panel shows the cell before
bleaching (pre-bleaching), in the lower panel the YFP-bleached cell is depicted
(post-bleaching). A graphic of the FRET efficiency in ROI-N and ROI-Y is
illustrated in Figure 22B. The increased CFP fluorescence signal after YFPbleaching indicates that the two proteins were close enough to allow nuclear
interaction. The quantification of the FRET signal as normalized efficiency of 8%
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is depicted (the positive control CFP-YFP shows 50% FRET efficiency, Figure
22C) [245]. This percentage changes dramatically from cell to cell, oscillating
between 2% to 12%, suggesting that the interaction of HdmX with Hdm2
strongly depends not only on the amount of the proteins in the cells, but also of
unknown conditions.

Figure 22. Fluorescence Resonance Energy Transfer (FRET) and BI-Florescence
Complementation (BIFC) between HdmX and Hdm2. The FRET signal was detected in the
nucleus of cells co-transfected with YFP-Hdm2 and CFP-HdmX. (A) Pre-bleaching and postbleaching images of two ROIs inside of the nucleus: The left ROI indicates a non bleaching
region (N), the right ROI indicates a photo-bleached region (Y). (B) Efficiency of FRET is plotted
in a pixel diagram. (C) A representative example of the FRET efficiency between Hdm2 and
HdmX with ~7% efficiency. (D) pBIFC-YN Hdm2 and pBIFC-YC HdmX were co-transfected and
complementation of fluorescence was detected.
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Bi-fluorescence complementation BIFC was used as an alternative to FRET.
pBIFC-YN Hdm2 and pBIFC-CN HdmX were transfected into H1299 cells. 24
hours after transfection, BIFC was detected in cells. A weak BIFC signal was
observed in the nucleus, confirming the observed FRET data (Figure 22D).

Another interesting observation in the analysis of the localization of the
Hdm2/HdmX complexes was the effect of overexpression of p53. As was
shown, the overexpression of YFP-Hdm2 relocalized CFP-HdmX into the
nucleus. In addition, we found that simultaneous overexpression of p53
decreased the relocalization of HdmX into the nucleus, probably by
sequestering Hdm2 into the nucleus (Figure 23).

Figure 23. Figure 23. Inhibition of the Hdm2-mediated nuclear relocalization of HdmX, by
co-transfeccion of p53. H1299 cells were transfected on 12mm cover glass with fluorescence
fusion proteins. (A) CFP-HdmX is relocalized by overexpression of YFP-Hdm2 into the nucleus.
(B) The overexpression of mRFP-p53 inhibits the YFP-Hdm2-mediated relocalization of CFPHdmX into the nucleus.
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4.2.5 Effect of Leptomycin B (LMB) on the level of Hdm2 and on
the localization of HdmX
LMB is an inhibitor of exportin-1 and consequently an inhibitor of the nuclear
export. Hdm2 contains a nuclear export signal (NES) at position 190 – 202aa
and a nuclear localization signal (NLS) at position 179 – 185aa. The deletion of
the NES retains Hdm2 in the nucleus and the deletion of the NLS retains Hdm2
in the cytoplasm. Moreover, the NES of Hdm2 is published to be important for
p53 degradation [163]. Additionally, Hdm2 has been shown to co-localize with
PML proteins after treatment with LMB[246]. However, the effect of LMB on the
localization of HdmX has not been examined.
Cells were transfected with pEGFP Hdm2 and incubated with LMB overnight.
The next day, cells were fixed and observed by confocal microscopy. The total
amount of EGFP Hdm2 measured as intensity of fluorescence, was dramatically
reduced after LMB treatment (Figure 24A). Furthermore, the effect of LMB on
YFP-Hdm2 was tested in presence of CFP-HdmX. Surprisingly, Hdm2 was
localized in compact structures inside the nucleus (probably similar to PML
bodies), together with a small proportion of CFP-HdmX. The main proportion of
CFP-HdmX was relocalized to the cytoplasm (Figure 24B).
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Figure 24. Effect of LMB on Hdm2 levels and localization analyzed by confocal
microscopy. (A) H1299 cells were transfected with GFP-Hdm2 and incubated with 10ng/mL
LMB as is indicated for 12 hours. (B) H1299 cells were transfected with CFP-HdmX and YFPHdm2 and incubated with 10ng/mL LMB as is indicated for 12 hours.

Furthermore, GFP-Hdm2 and mRFP-PML6 were co-transfected in order to test
if the observed structures were indeed PML bodies. We perceived that GFPHdm2 structures induced upon LMB treatment did not colocalize with PML
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bodies, but are found behind the latter. These structures were called: "Hdm2
nuclear structures upon LMB treatment” (H2NS). They could represent a new
nuclear structure involved in the degradation of proteins which is supported by
the low levels of Hdm2 observed after LMB treatment (Figure 25).

Figure 25. Determination of the nuclear structure of Hdm2 upon LMB treatment (H2NS).
H1299 cells were transfected with GFP-Hdm2 and mRFP-PML6 and incubated with 10ng/mL
LMB as is indicated for 12 hours. In the left, a 20X magnification of the overlay image is shown.
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4.3 The discovery of a new E2 for Nedd8

The high efficiency of Hdm2-mediated neddylation of p53 in cellulo opposes its
almost undetectable in vitro neddylation (unpublished data). Although the
activity of each component was optimized separately, the activity of the in vitro
neddylation of p53 with Ubc12 did not improve. Several possibilities were
investigated: addition of fractionated cell lysate to the in vitro neddylation, preubiquitination of Nedd8 substrates, titration of all compounds, and adjustment of
pH and temperature, all conditions were not successful. Finally, other E2s
homologous to Ubc12 were searched in the NCBI database. The protein with
the highest score, Ube2F/Nce2, also belongs to the E2 family. Both, Nce2 and
Ubc12 contain an N-terminal extension which in the case of Ubc12 plays a role
in the stabilization of its interaction with the Nedd8 E1 APPBP1-UBA3. The
objective of this study is the in vitro and in cellulo characterization of Nce2 as a
specific Nedd8 E2 conjugating enzyme. The discovery of Nce2 as an E2 for
Nedd8 opens the possibility of different substrate specificities depending on the
E3 which is interacting with Ubc12 or Nce2. Unfortunately, while this project
was ongoing, the protein Nce2 has been reported to be a Nedd8 conjugating
enzyme by Huang et at [54].

4.3.1 Identification of Nce2 and its structural relation to Ubc12
The Nedd8 E2 Ubc12 interacts directly with the E1 of Nedd8 APPBP1-UBA3
and receives the activated Nedd8 with its respective catalytic cysteine (Ubc12:
C111). Interestingly, Ubc12 contains an N-terminal extension of 26 amino acids
which is not present in Ubiquitin E2s. This extension of Ubc12 docks into a
groove on the UBA3 subunit while the Ubc12 core region binds to the Ubiquitin
fold domain (UFD) of UBA3. The negatively charged C-terminal UFD interact,
with the positively charged first helix of Ubc12 via electrostatic interactions [53].
Additionally, Ubc12 also binds directly to the Nedd8 attached to E1. A
hydrophobic groove formed by the α3 helix of Ubc12 wraps around Nedd8 and
is stabilized by electrostatic interactions [52]. We found Nce2 using NCBI______________________________________________________________________
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BLAST, displaying 38.3% sequence identity with Ubc12 and 33,7% identity with
UbcH5B (Ubc12 is 34,5% identical to UbcH5B) (Figure 26A and 26B), which is
far below the structural similarity of 90% with an error of 4Å calculated using the
database ASTRAL40 [247]. The structure of Nce2 (structure code: 2EDI)
reported as a putative Ubiquitin conjugating enzyme was used for the analysis.
Nce2 shares the N-terminal extension with Ubc12. However, the amino acid
sequences at this region don’t present significant homology. We found that
Nce2 contains a unique additional insertion of six amino acids in its second loop
(124-129aa) which maybe involved in its recognition by E3 enzymes, as it was
shown for UbcH5B by structural modelling with the RING of Hdm2. By structural
similarity with Ubc12 we determined that the catalytic cysteine of Nce2 should
be located at position 116 (C116).

A)

______________________________________________________________________
95

Results

B)

Figure 26. Identity of Nce2 with Ubc12 and UbcH5B. A) Nce2 shows 38.32% identity in 167
aa overlap with the known Nedd8 E2 Ubc12. B) Nce2 shows 33.77% identity in 151 aa overlap
with UbcH5B. In both cases, Nce2 shows a unique insertion of six amino acids (SIDGTG) in the
second loop (124-129aa)

4.3.2 Nce2 and the evolution of the Nedd8 pathway
The relation of Nce2 to E2 family was analyzed by the construction of a
phylogenetic tree. Applying BLAS-PHI, we used a fast minimum evolution
method, with a maximal sequence difference of 0.85 and Kimura distances. On
the phylogenic tree, Nce2 and Ubc12 are distinguishable as a sub-group of the
E2 family which has split early from the other Ubiquitin E2s. The nearest
ancestor of the Nedd8 E2 family in the Ubiquitin E2 family is Ube2S, an E2
described as an Ubiquitin K11-linked chain elongation factor, associated with
the APC/C complex (Figure 27).
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Figure 27. Phylogenetic tree of the human E2 family. Nce2 and Ubc12 are phylogenically
closely related. Both enzymes belong to a sub-group of E2s with only two members.
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4.3.3 Localization of Nce2
Intracellular localization of Nce2 was analyzed using fusion constructs of Nce2
with CFP. Nce2 localized unspecific everywhere in the cells in overexpression
conditions (Figure 28).

Figure 28. Cellular localization of NCE2. H1299 cells were transfected with pECFP-NCE2.
Images were taken by used of confocal microscopy.

4.3.4 Characterization of a specific thioester bond between
Nce2 and Nedd8
During the activation of Nedd8, the E1 (APPBP1-UBA3) forms a thioester with
Nedd8 through its catalytic cysteine. The activated Nedd8 is transferred to a
specific E2 which receives Nedd8 in a trans-thioesterification reaction. Hence,
the first step in the characterization of Nce2 as a specific Nedd8 conjugating
enzyme was the identification of the catalytic cysteine. An alignment between
Ubc12 and Nce2 proposed C116 of Nce2 as the corresponding catalytic
cysteine (Figure 32C). The ability of Nce2 to receive Nedd8 from the Nedd8 E1
is demonstrated by band shifting of radioactive labeled Nedd8 after incubation
(in the order of seconds) with the Nedd8 E1 and the Nce2 enzyme (Figure 29).
In the experiment, S35 labeled-Nedd8 was incubated with increasing amounts of
APPBP1-UBA3 to depict the efficiency of E1 thioester formation. The addition of
increasing amounts of Nce2 led to the transfer of activated Nedd8 from the E1
to the catalytic cysteine of Nce2. This experiment approves that Nce2 can act
as a Nedd8 E2. To further confirm that the transfer is due to thioester bond
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formation, Nce2, Nedd8 and APPBP1-UBA3 were incubated under reducing
conditions with DTT or β-mercaptoethanol (BM). In this sample, no Nce2-Nedd8
complex was detected (Figure 29).

Figure 29. Nce2 is a Nedd8 conjugating enzyme. In vitro translated Nedd8 was incubated
under thioester conditions together with increasing amounts of APPBP1-UBA3 (lines 2 to 4). To
samples with 10µL APPBP1-UBA3, increasing amounts of Nce2 were added (lines 5 to 7). As
controls, the reaction was performed without additional APPBP1-UBA3 (line 8) or in the
presence of the reductive compound β-mercaptoethanol (BM) which disrupts thioester bonds
(line 9). The reactions were stopped with 1x urea sample buffer, and treated for SDS-PAGE and
autoradiography. Concentrations: APPBP1-UBA3 ~5ng/µL, Nce2 ~20ng/µL.

An alternative thioester formation assay avoiding the requirement of radioactive
Nedd8 was established by using purified His-tagged proteins Nce2, Ubc12,
UbcH5b, and Nedd8 as well as the GST-tagged heterocomplex APPBP1-UBA3,
the baculovirus purified Ubiquitin E1, and western blot analysis. The new
protocol was used to demonstrate the specificity of Nce2 for Nedd8, comparing
the efficiency for thioester formation of Nce2 with Nedd8 and with Ubiquitin
(Figure 30). Here, Ubc12 was used as positive control for Nedd8 thioester
(Figure 30D) and the Ubiquitin E2 UbcH5B served as positive control for
Ubiquitin thioester formation (Figure 30C). In summary, Nce2 reveals high
specificity for Nedd8 and similar to Ubc12 does not conjugate to Ubiquitin.
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Figure 30. Western blot of an in vitro thioester formation of Ubc12, UbcH5B and Nce2
with Nedd8 and Ubiquitin. Bacterial GST-APPBP1-UBA3, His-Ubiquitin, His-Nce2, His-Ubc12,
His-UbcH5B, His-Nedd8, His-Ubiquitin and Baculo Ubiquitin E1 (UBE1) were used for the
thioester formation assay. Thioester formation assay were performed using: (A) Ubc12 with
Ubiquitin, (B) Nce2 with Ubiquitin, (C) UbcH5B with Ubiquitin, (D) Ubc12 with Nedd8, (E) Nce2
with Nedd8, (F) UbcH5B with Nedd8. As a control, DTT was added to disrupt the covalent
binding by reduction. Arrows on the right side of each panel indicate effective thioester
formation, (*) marks unspecific dimerization of Nce2 during bacterial purification. Samples were
treated for western blot using anti-His antibody. This experiment was done in collaboration with
Dana Pagliarini.

4.3.5 Dominant negative mutants and knockdown of Nce2
A single mutation exchanging the catalytic cysteine inactivates the E2s. The
corresponding catalytic cysteine of Nce2 which was found by similarity with
Ubc12 was mutated to alanine (Nce2 C116A) or to serine (Nce2 C116S) by
mutagenesis PCR. Additionally, we generated a vector with a deletion of the Nterminal extension (Nce2∆N26). Ubc12 was mutated similarly as a control
(Ubc12 C111A, Ubc12 C111S and Ubc12
∆N26). Considering that Ubc12 is
involved in cell cycle progression, a possible toxic effect of overexpression of
cysteine inactive mutants of Nedd8 E2s was tested by colony formation assays
in H1299 cells. Puromycin resistant expression vectors of the Nce2 and Ubc12
mutants were transfected in H1299 cells and selected for 6 days with
puromycin, fixed and finally stained using crystal violet (Figure 31). A strong
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toxic effect of the cysteine mutants was observed, correlating with a dominant
negative effect. Overexpression of wt E2s was also toxic. Additionally, deletion
of the N-terminal extension abrogates the toxic effect of Nce2 whereas the
same deletion in Ubc12 shows no effect on viability (posterior, we have shown
that the activity of Nce2 is completely abrogated in Nce2
∆N26, but not in
Ubc12 ∆N26 in vitro (Figure 34) and in cellulo (Figure 35)). The reason for the
toxic effects of the wt Nedd8 E2s is not clear yet.
Next, Nce2 and Ubc12 knockdown vectors were cloned and tested in H1299
cells. For Nce2, four different knockdown constructs miNce2-1 to miNce2-4
were tested, but only miNce2-1 turned out to have a functional knockdown
targeting sequence (Figure 32A). The knockdown of Ubc12 expression was
toxic and affected the cell growth (data not shown). The best knockdown was
obtained with the first generation shRNA shUbc12-1(Figure 32B). Selection of
single cell clones with shUbc12-1 increased the efficiency of the knockdown of
endogenous Ubc12 to a maximum of 70%. However, these single cell clones
have problems in replication. To confirm the position of the catalytic cysteine of
Nce2, the mutation C116S was tested for formation of hydroxyl ester with
Nedd8 in cells. Cells were transfected with wt and catalytic cysteine mutants of
Nce2 and Ubc12 and straight western blot was performed (Figure 32C). The
C116S of Nce2 was able of hydroxy esters formation as Ubc12 C111S,
confirming the position of the catalytic cysteine predicted by structural similarity
with Ubc12.

Figure 31. Colony formation assays show a toxic effect of Nce2 and Ubc12
overexpression in H1299 cells. 6 well plates were transfected with 4µg of puromycin resistant
vector expressing Ubc12, Ubc12 C111S, UBC12 C111A, UBC12 ∆N26 or the empty vector as
positive control (upper panel) and Nce2, Nce2 C116S, Nce2 C116A or Nce2
∆N26 (lower
panel), respectively. Cells were treated for 6 days with puromycin before, stained with crystal
violet.
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Figure 32. Knockdown and catalytic cysteine mutants constructs of Nce2 and Ubc12 in
H1299 cells. (A) Nce2-Myc was co-transfected with four different knockdowns constructs
miNce2-1 to miNce2-4. (B) Ubc12-Myc was co-transfected with three different knockdown
constructs miUbc12-1, miUbc12-2, and shUbc12-1. In (A) and (B) co-transfection of EGFP was
used as a control. (C) H1299 cells were transfected with Nce2wt, Nce2 (putative catalytic
cystein-C116), Ubc12wt and Ubc12 C111S to verify the predicted position of the catalytic
cysteine on Nce2 by hydroxy ester formation. The proteins were detected by straight western
blot using anti-Myc antibody.

4.3.6 Auto-neddylation of Nce2 and Ubc12: an in cis reaction
In in vitro thioester assays, a fraction of the Nedd8 E2s was modified covalently
by Nedd8 forming isopeptide bonds (auto-neddylation). Based on this
observation, in vitro and in cellulo auto-neddylation assays were performed with
increasing incubation times. The in vitro neddylation of Nce2 (Figure 33A),
Ubc12 (Figure 33B), but not UbcH5B (negative control) (Figure 33C) was
detected after 15 minutes and 2 hours.
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Figure 33. In vitro auto-neddylation of Nce2 and Ubc12. Radiolabel S35 E2s (were incubated
with a Nedd8 master mix containing bacterial expressed and purified Nedd8 E1 (APPBP1UBA3), His-Nedd8, DTT, MgCl2, ATP and T25N50. The samples were incubated for 15 and 120
minutes and afterwards treated for SDS-PAGE and autoradiography. In vitro neddylation of (A)
Nce2, (B) Ubc12 and (C) UbcH5B was used as negative control.

In this experiment, the Nedd8 E2s were covalently modified in an isopeptide
manner. They were not disturbed by reductive agents (which means they were
auto-neddylated). Additionally, deletion mutants of the N26 region of the Nedd8
E2s were tested for auto-neddylation and also Ubiquitin E2s such as UbcH5A,
UbcH5B, Ubc8 and UbcH7 were tested for auto-ubiquitination in vitro (Figure
34). We demonstrated that:

i)

Auto-neddylation is an intrinsic characteristic of Nedd8 E2s.

ii)

A strong correlation between the presence of the N-terminus and
the efficiency of auto-neddylation exists.

Figure 34. Auto-neddylation and auto-ubiquitination of E2s. The auto-neddylation activity of
Nce2 wt and Ubc12wt was compared with the N-terminal deletion versions Nce2 ΔN26 and
Ubc12 ΔN26. Additionally, some Ubiquitin E2s were tested for auto-ubiquitination with negative
results. In vitro translated radiolabeled S35 E2s proteins were incubated for 2 hours in the
presence of their respective Ubl, E1 and modification conditions.
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The in vitro auto-neddylation activity of the Nedd8 E2s was confirmed in cellulo.
We demonstrated auto-neddylation of Nce2 and Ubc12 in the presence and
absence of ectopically expressed E3 ligase Hdm2 in H1299 cells. Both
conjugating enzymes were active and specifically modified by Nedd8 but not
Ubiquitin (Figure 35).

Figure 35. Auto-neddylation of Nce2 and Ubc12 in H1299 cells. The auto-neddylation
activity of Nce2 and Ubc12 was tested in transient transfection assays. His-Ubiquitin and HisNedd8 transfected cells were harvested and lysed. 20% of the lysates were used for a control
western blot with the anti-HA and anti-GFP antibodies (lower panel). The remaining 80% were
used for His-purification under denaturing conditions using Ni-NTA beads. Nedd8 modified
forms of Nce2 and Ubc12 were detected with anti-HA antibody and are labelled with *.
Additionally, the RING E3 ligase Hdm2 was co-transfected as is indicated. EGFP was cotransfected as loading control.

Furthermore, HA-tagged inactive variants of the E2s together with Myc-tagged
wt E2s were co-transfected in H1299 cells to determine whether autoneddylation of E2s takes place by a single E2 molecule which is able to
neddylate itself (cis) or if one E2 molecule is involved in the neddylation of a
second E2 (trans). The experiment with Nce2 is depicted in Figure 36A and the
one with Ubc12 is depicted in Figure 36B. The result shows that autoneddylation of the Nedd8 E2s is in vitro and in cellulo a very efficient process
which requires an intact catalytic cysteine in order to catalyze the autoneddylation presumably in a cis mechanism. Structurally, the N-terminal
extension of Ubc12 (1-26aa) is reported to bind to the Nedd8 E1 APPBP1UBA3 and to be a flexible region rich in lysines [52]. The lysines of the N26
______________________________________________________________________
104

Results
region are probably able to attack nucleophilic the catalytic cysteine inducing
auto-neddylation of the Nedd8 E2s in a cis mechanism. A deletion of this region
abrogated the auto-neddylation of Nce2 and decreased significantly the autoneddylation of Ubc12 in cells (Figure 36). Interestenly, in contrast to autoneddylation, the deletion of the ∆N26 E2s are still actives for neddylation of
substrates in cells (Figure 37).

Figure 36. Auto-neddylation of Nce2 and Ubc12 works in a cis mechanism in H1299 cells.
His-Nedd8 modified proteins were purified by Ni-NTA and detected by western blot using antiHA antibody. (A) Auto-neddylation activity (*) of Nce2 wt, inactive mutants (C116A and C116S)
and Nce2 ∆N26 in the presence or absence of Hdm2 (lines 1 -5). Nce2 C116A was used as a
substrate for trans-neddylation using Myc-Nce2 wt or Myc-Ubc12 wt as active enzymes (lines 6
& 7). (B) Auto-neddylation activity of Ubc12 wt, inactive mutants (C111A and C111S) and
Ubc12 ∆N26 in the presence or absence of Hdm2 (lines 1 -5). Ubc12 C111A was used as a
substrate for trans-neddylation using Myc-Nce2 wt or Myc-Ubc12 wt as active enzymes (lines 6
& 7). 20% of the cells lysates, indicated as WCL, were used for expression control (anti-HA and
anti-Myc antibodies) and transfection control (anti-EGFP antibody). (*) indicates neddylation.
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Figure 37. Nedd8 conjugating enzymes induce neddylation independing of their Nterminal extension. H1299 cells were co-transfected with HA-His-Nedd8 and either wt Nedd8
E2s or ΔN26 deletions. ~20 hours post-transfection, cells were harvested and His-tagged
proteins were purified under denaturing conditions using Ni-NTA beads. The neddylation
patterns were detected by western blot using anti-HA antibody. From left to right: Cells were
transfected with empty vector 4µg (line1), Nce2wt 2 and 4µg (lines 2 and 3), Nce2 ΔN26 2 and
4µg (lines 4 and 5), empty vector 4µg (line 6), Ubc12wt 2 and 4µg (lines 7 and 8) and Ubc12
ΔN26 2 and 4µg (lines 9 and 10).

4.3.7 Characterization of a specific E2-dependent neddylation
pattern upon ectopic expression
In many cases the detection of Ubl modified proteins is complicated. Ubl
modifications are dynamic processes which exist in equilibrium between
conjugation of Ubl to the substrates and their deconjugation specific proteases.
Here, we developed an assay to induce neddylation of substrates in an E2
dependent manner. His-tagged Nedd8 was cloned into a mammalian
expression vector containing 2x HA-tags. The new vector, pcDNA3.1-2xHA-HisNedd8 (HA-His-Nedd8), allows the purification of Nedd8 modified proteins from
cells lysates under denaturing conditions by their His-tag conserving the intact
neddylated status of substrates during the purification due to denaturation of the
deneddylating enzymes. In addition, the double HA-tag is used for the detection
of the neddylated proteins by western blotting. We called the overall size shift
due to the HA-His-Nedd8 in the western blot the “neddylation pattern”. The HAHis-Nedd8 vector was used to determine the effect of the overexpression of
Nce2, Ubc12 and their ∆N26 mutants on the neddylation pattern upon cotransfection. In contrast to the catalytic cysteine mutants which act as dominant
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negatives, overexpression of wt E2s dramatically induced the neddylation in
cells. The∆N26 deletions of Nce2 and Ubc12 were also able to induce
neddylation. This experiment indicated that N-terminal deletion mutants are
active in the neddylation of substrates in cells, despite their incompetence in
auto-neddylation (Figure 37). Together, these data suggest that autoneddylation is not fundamental for the conjugation of Nedd8 to substrate
proteins. Furthermore, the observation that ∆N26 E2s are active for Nedd8
conjugation to substrates but not for auto-neddylation suggests that the Nedd8
E2s are specifically modified at their N-terminus.

Figure 38. Overexpression of Nce2 or Ubc12 induces the
neddylation of different proteins in cells. H1299 cells were
co-transfected with HA-His-Nedd8 and different tagged
versions of the Nedd8 E2 enzymes. ~20 hours posttransfection, cells were harvested and His-tagged proteins
were purified under denaturing conditions. Auto-neddylated
forms of the Nedd8 E2s (#).The immobile bands represent
proteins which are specifically modified by the overexpression
of Nce2 indicated with (*), or Ubc12 indicated with (*).
subsequent MS/MS analysis identified some bands as the
characterized Nedd8 substrate proteins Cullins as indicated
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Figure 39. The Nce2 and Ubc12 neddylation pattern. H1299 cells were co-transfected with
HA-His-Nedd8 Hdm2, HdmX and E2 enzymes as is indicated. ~20 hours post-transfection, cells
were harvested and His-tagged proteins were purified under denaturing conditions. Western blot
with anti-HA antibody was performed for the detection of the whole neddylation pattern.

The overexpression of the E2s in cells induces an artificial ratio of substrates to
products, which leads to the stimulation of neddylation. As E2s belong to the
most prominent substrates itself, the bands corresponding to the E2s or to other
neddylated proteins must be defined. Therefore, different sized E2 proteins
were used: Ubc12 and Nce2 were expressed untagged, HA-tagged and MycHis-tagged. Thus, bands corresponding to the neddylated E2s could be
identified by a migration shift corresponding to the length of the tag (Figure 38).
Once the bands corresponding to the Nedd8 E2s were indentified, the next
observation was the presence of other neddylated proteins which were
selectively stimulated by co-transfection of Nce2 or Ubc12. In consequence, the
overexpression of the respective Nedd8 E2s induced a specific neddylation
pattern in cells, which can be used to characterize different Nedd8 pathways.
Moreover, the effect of the E3 Ubiquitin/Nedd8 ligase Hdm2 on the neddylation
pattern was tested by co-transfection of Hdm2 and HdmX with Nce2, Ubc12 or
UbcH5B as indicated (Figure 39). Interestingly, higher amounts of Hdm2 led to
a weak inhibition of the neddylation pattern.

______________________________________________________________________
108

Results

4.3.8 Identification of specific E2 dependent substrates of
Nedd8
The observation of E2-dependent neddylation patterns in cells opens the
possibility to identify proteins and clarify the pathways. The 2xHA-His-Nedd8
and the E2-expression vectors were co-transfected in HEK293T cells.
Neddylated proteins were purified by IP using anti-HA antibody coupled to
agarose bead (HA-beads). Because the Nce2 pathway was completely
unknown at the time, most of our efforts were orientated towards the
identification of Nce2 substrates. As shown in Figure 40A, Nce2 was coimmunoprecipitated with HA-His-Nedd8, observed on a coomassie gel and
identified by mass spectrometry. In parallel, an HA-Nedd8 IP was performed to
identify neddylated proteins induced by co-transfection of Nce2 and Ubc12,
respectively. The samples were loaded side by side on a gradient SDS-PAGE,
coomassie stained and analyzed by mass spectrometry (Orbitrap) (Figure 40B).
A western blot analysis using anti-Myc antibody was used to determine the
efficiency of the IP of modified and immunoprecipitated Nedd8 E2s (Figure
40C). The sensibility of the mass spectrometry analysis using an Orbitrap was
sufficient to detect Nedd8 substrates. Here, we categorize them in five groups:
CRL system, hnRNP, histones, ribosomal proteins and unclassified (Table 13)
(a complete list is attached in the Appendix). In addition, we analyzed the
MS/MS

peptides

carrying

post-translational

modifications

such

as

serine/threonine and tyrosine phosphorylations. Furthermore, double glycine
tags (gly-gly) on lysine residues resulting from isopeptide bonds were analyzed
to identify the target lysine residues of the substrates. This gly-gly tag is
characteristic for proteins which were modified by Ubiquitin or Nedd8 and
digested with trypsin prior MS/MS measurements.
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Figure 40. Immunoprecipitation of the ectopically expressed Nedd8 in co-overexpression
of Nedd8 E2s. HEK293T cells were transfected by the calcium phosphate method with 20µg
2xHA-His-Nedd8 and 10µg empty vector, Nce2-Myc or Ubc12-Myc as indicated. (A) Coomassie
staining of a pull-down of 2xHA- His Nedd8 with empty vector (left lane) and 2xHA- His Nedd8
with Nce2-Myc (right lane). Bands were cut and analyzed by mass spectrometry. (B)
Coomassie staining of a pull-down of 2xHA- His Nedd8 with Ubc12 (left lane) and 2xHA-HisNedd8 with Nce2-Myc (right lane). Bands were cut and analyzed by mass spectrometry. (C)
Control of the efficiency of the IP shown in B. Aliquots of the input, flow through and elution
were treated for western blot using anti-Myc antibody for the detection of neddylated E2s as a
control.

______________________________________________________________________
110

Results

Table 13: Neddylated substrates induced by Nedd8 E2s overexpression in HEK293T cells

As histones have been found to be neddylated by ectopic overexpression of
Nedd8 E2s (Table 13), we tested the neddylation of the histones H2B, H3.1 and
H3.3 (H3.3 is incorporated in transcriptional active regions) in cells. HA-tagged
histones were co-transfected with His-Nedd8 and empty vector, Nce2 or Ubc12.
We observed an increased neddylation of histones H2B and H3.1 by Nce2 and
Ubc12. The histone H3.3 was neddylated without ectopic overexpression of
Nce2 or Ubc12 and was not affected by ectopic overexpression of the NeddE2s (Figure 41).
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Figure 41. Effect of the overexpression of Nce2 and Ubc12 on histone neddylation. H1299
cells were co-transfected with His-Nedd8, different histones (HA-H2A, HA-H3.3 and HA-H3.1)
and the empty vector (c), and either Nce2 or Ubc12 as indicated. 20 hours post-transfection,
cells were harvested and His-tagged proteins were purified under denaturing conditions using
Ni-NTA beads. Histones were detected by western blot using anti-HA antibody. (*) indicate
mono-neddylated histones

4.3.9 Identification of modified lysines of Nce2, Ubc12,
Ubiquitin and Nedd8
Using Mascot (a server connected to the NCBI/swissprot data base), we
analyzed possible post-translational modifications on the peptides gained by the
IP from HEK293T cells corresponding to Nce2, Ubc12, Ubiquitin and Nedd8.
We found: one glycine-glycine (gly-gly) tagged lysine on Nce2 (K53), one in
Ubc12 (K75), one in Ubiquitin (K48) and three in Nedd8 (K11, K22, K60). The
residues K11, K22 and K60 of Nedd8 and K48 of Ubiquitin were already
reported to be modified by gly-gly, but it is still not clear if any of these residues
correspond to neddylation or ubiquitination[47].
We generated the mutations of the respective lysines for Nce2 (K53R) and
Ubc12 (K75R), and found that the auto-neddylation was not blocked in vitro.
Hence, it is possible that these sites correspond to Ubiquitin conjugation sites
which could regulate the turnover of the Nedd8 E2s in cells. (Figure 42).
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Figure 42. Identification of modified lysines on Nce2 and Ubc12. In vitro translated
radiolabeled S35 A) Nce2 K53R and B) K75R were tested for auto-neddlyation as described in
the Figure 23.

4.3.10

Identification of phosphorylation sites of Nedd8

HEK293T cells were transfected with HA-His-Nedd8. Neddylated proteins were
immunoprecipitated with HA-agarose beads and loaded onto a SDS-PAGE.
Single bands corresponding to the size of Nedd8 were analyzed by mass
spectrometry using an Orbitrap mass spectrometer (Figure 40). A specific
search for phosphorylation sites was performed using the Mascot server. We
found 5 phosphorylation sites on Nedd8 in an exposed surface which is
opposite to the interaction sites with the E1 and E2. The identified
phosphorylation sites are: threonine 55, tyrosine 45, serines 46, tyrosine 59 and
serine 65 (Figure 43A). Phosphorylation-deficient mutants were constructed to
test if these phosphorylation sites regulate Nedd8 levels in cells. The half-life of
the two double phosphorylation site mutants S45A; Y45A and T55A; Y59A were
tested in a cycloheximide chase. The half-life of Nedd8 was determinate to be ~
4.7 hours. The mutants Y45A and S46A have a decreased half-life of 2.2 hours
and the mutants T55A and Y59A have a half-life of ~ 1.7 hours (Figure 43B).
These phosphorylation sites could therefore regulate Nedd8 levels in cells.
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Figure 43. Identification of phosphorylation sites on Nedd8. (A) Using the crystal structure
of Nedd8 (2KO3) and pyMOL software the phosphorylation sites found by MS/MS indicated in
blue (tyrosine 45, serine 46, threonine 55, tyrosine 59 and serine 65) were identified (left)
Ribonns (right) spheres (B) Cycloheximide-chace of Nedd8 phosphorylation site double
mutants.
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4.4 The effect of Nce2 and Ubc12 on the neddylation of p53
and the role of L11 and HdmX for the regulation of Hdm2
Deregulation of the p53 pathways is one of the most common characteristic in
all human tumors. The mechanisms behind the control of its activity involve
post-translational modifications like phosphorylation, methylation, acetylation,
ubiquitination, neddylation and sumoylation. However, possibly the most
important is the strict control of its level by the E3 Ubiquitin ligase Hdm2. The
activity of Hdm2 and its binding to p53 are regulated by direct binding of other
proteins. For example, HdmX induces the activity of Hdm2, whereas the
ribosomal protein L11 inhibits it. Here, we aimed to determine the contributions
of the E2 conjugating enzymes of Nedd8 to the neddylation of p53 and the
effect of L11 and HdmX on the Hdm2-mediated ubiquitination and neddylation.

4.4.1 Hdm2-mediated neddylation to different substrates
Hdm2-mediated neddylation shows substrate specific differences in cells. Here,
three substrates of Hdm2 were studied: p53, HdmX and L11. The Hdm2mediated neddylation of p53 appears as a ladder formation where the
respective protein band for p53 shifts according to the amount and size of
Nedd8 (~9kD) molecules attached to p53 (Figure 44A). The processivity of
Hdm2-mediated neddylation of HdmX results in the efficient accumulation of
almost exclusively high molecular weight species (Figure 44B). In contrast, L11
is mostly mono-neddylated by Hdm2 (Figure 44C). The substrate-dependent
neddylation shifting might be mechanistically interesting concerning the effect
on substrates of the ligase. On the one hand, HdmX is shown to increase the
activity of Hdm2 which correlates with the processivity of the neddylation
reaction of HdmX in cells. On the other hand, L11 is shown to inhibit Hdm2
activity which correlates with the poor mono-neddylation of L11 in cells. We also
observed neddylation of the substrates in absence of ectopic overexpression of
Hdm2 which correspond is the contribution of the endogenous Hdm2 (Figure
13B).
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Figure 44. Hdm2-mediated neddylation of p53, HdmX and L11 in H1299 cells. 6cm plates of
H1299 cells were co-transfected with 2µg His-Nedd8, 1µg Hdm2 and the substrates (400ng
p53, 1µg HA-HdmX or 1.5µg Flag-L11) as indicated. ~20 hours post-transfection, cells were
harvested and His-tagged proteins were purified under denaturing conditions using Ni-NTA
beads. A western blot with specific antibodies was performed. (A) Hdm2-mediated neddylation
of p53, (B) Hdm2-mediated neddylation of HdmX, (C) Hdm2-mediated neddylation of L11.
Whole cell lysates (WCL) indicate the input level

HdmX and L11 were tested for deneddylation by co-transfection of Nedp1 (a
deneddylating enzyme). Both substrates result deneddylated by Nedp1,
confirming the specific neddylation of these substrate proteins (Figure 45).

The effect of endogenous Mdm2 and MdmX on the neddylation of ectopically
expressed p53 was tested in MEF mdm2 -/-, mdmX -/- and MEF mdm2 +/-,
mdmX +/- cells. It was also observed that overexpression of Hdm2 is sufficient
to induce efficient neddylation of p53 in mdmX-/- cells. This demonstrates that
endogenous HdmX is not required for Hdm2-mediated neddylation in cells
(Figure 46).
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Figure 45. Specific deneddylation of HdmX and L11 in H1299 cells. The specificity of Nedd8
modifications was tested by co-transfection of the specific deneddylating enzyme (Nedp1). 6cm
plates of H1299 cells were co-transfected with 2µg His-Nedd8 or His-Ubiquitin as is indicated
plus 1µg Hdm2, substrates (1µg HA-HdmX or 1,5µg Flag-L11) and additionally 2µg of Nedp1.
~20 hours post-transfection, cells were harvested and His-tagged proteins were purified under
denaturing conditions using Ni-NTA beads. A western blot with specific antibodies was
performed. (A) Hdm2-mediated neddylation and Nedp1 specific deneddylation of HdmX, (B)
Hdm2-mediated neddylation and Nedp1 specific deneddylation of L11.

Figure 46. Endogenous HdmX does not play a role in the in cellulo neddylation of
p53.MEF cells, mdm2 -/- and mdmX-/- double knockout (lines 1-5) and mdm2+/- and mdmX +/heterozygous (lines 6-10) cells were transfected with 2µg Nedd8, 1µg Hdm2 and 400ng p53.
After ~20 hours, His-tagged proteins were purified under denaturing conditions and the
neddylated p53 was detected by western blot with anti-p53 antibody.
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4.4.2 Effect of dominant negative mutants of Nce2 and Ubc12
on p53 neddylation
The effect of overexpression of E2s on p53 neddylation was tested with and
without co-transfection of Hdm2. In absence of ectopic expression of Hdm2,
both Nce2 wt and Ubc12 wt overexpression increased p53 neddylation,
whereas overexpression of the dominant negative Nce2 C111S and Ubc12
C111S inhibited neddylation (Figure 47A and 47B).
In the presence of Hdm2, only the transfection of the dominant negative version
of Ubc12 inhibited the neddylation of p53. Overexpression of the dominant
negative mutant of Nce2 had no effect, possible because it did not reach the
level to block neddylation efficiently. Neddylation of the ribosomal protein L11 is
efficiently inhibited by overexpression of both dominant negative E2s and
enhanced by Hdm2 (Figure 47C). In summary, these data suggest that Nce2
and Ubc12 are involved in the neddylation of p53 and L11, although Ubc12 may
be more important in neddylation of p53 and L11 than Nce2.
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Figure 47. Effect of Nce2 and Ubc12 on the neddylation of p53 and L11. The effect of the
Nedd8 E2s on the neddylation of p53 and L11 was tested by co-transfection. (A) H1299 cells
were co-transfected with 2µg His-Nedd8, 400ng p53 and 2µg of: empty vector, Nce2 wt, Nce2
C116S, Ubc12 wt, Ubc12 C111S or a mix of Nce2 C116S and Ubc12 C111S as indicated. The
effects on the neddylation of p53 of were tested. (B) The same experiment described in (A) was
repeated in the presence of 1µg Hdm2. (C) H1299 plates were co-transfected with 2µg HisNedd8 and 1.5µg Flag-L11 together with: empty vector, Hdm2, Nce2 C116A, Nce2 C116S,
Ubc12 C111A and Ubc12 C111S. In (A), (B) and (C), cells were harvested after ~20 hours and
His-tagged proteins were purified under denaturing conditions and neddylated p53 and L11
were detected by western blot with anti-p53 and anti-Flag antibodies, respectively. Whole cell
lysates (WCL) indicate the input levels. (*) indicate neddylated p53

4.4.3 An opposite effect of L11 and HdmX on the activity of
Hdm2 in vitro
Hdm2 is an exquisitely regulated E3 ligase. Different proteins were reported to
regulate its activity by binding or by inducing post-translational modifications.
L11 and HdmX belong to the proteins which regulate Hdm2: L11 binds to the
central region of Hdm2 and inhibits its Ubiquitin ligase activity in cells, while
HdmX was reported to induce its activity in vitro and in cells. However, the
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mechanism by which L11 blocks the activity of Hdm2 and its relation to HdmX
are not clear.

Figure 48. L11 inhibition of the Ubiquitin ligase activity of Hdm2 in vitro. Increasing
amounts of L11 (200ng-2µg) were titrated to inhibit the ubiquitination of different Hdm2
substrates. (A) p53, (B) Hdm2, (C) HdmX. Additionally, kinetics of the effect of L11 (~2µg) on
the in vitro ubiquitination of (D) p53 and (E) Hdm2 were performed. (F) Effect of L11 (~2µg) on
the ubiquitination of p53 by E6/E6-AP. In vitro ubiquitination was performed according with the
protocol described in methods.

Using bacterially expressed and purified proteins, the effect of L11 and HdmX
on the Ubiquitin ligase activity of Hdm2 was investigated. L11 inhibits Hdm2mediated ubiquitination of p53, HdmX and auto-ubiquitination of Hdm2 in vitro
(Figure 48A, 48B and 48C respectively). In kinetics, L11 keeps a constant
inhibition of Hdm2-mediated ubiquitination of p53 (Figure 48D) and Hdm2
(Figure 50E). To analyze, if L11 affects ubiquitination in general, for example,
by binding another protein of the cascade, the unrelated Ubiquitin E3 ligase
E6AP and its viral enhancer HPV16E6 (E6) were used for in vitro ubiquitination
of p53 [59]. No significant effect of L11 on E6/E6-AP–mediated ubiquitination of
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p53 was measured (Figure 48F). Additionally, we tested the effect of HdmX and
L11 on Hdm2-mediated ubiquitination. GST-HdmX enhanced Hdm2-mediated
ubiquitination of in vitro translated p53. In the same experiment, L11 decreased
the ubiquitination of p53. Surprisingly, L11 failed to block ubiquitination when
HdmX was added to the reaction in a ratio of L11:HdmX; 10:1(Figure 49A). In
addition, using HdmX as a substrate the same effect was observed (Figure
49C). To confirm that the effect of L11 on Hdm2 depends on the binding of L11
to Hdm2, a deletion of Hdm2 which lacks the L11 binding domain was used
(GST-RING-Hdm2). The GST-RING Hdm2 showed a weak inhibition of p53
ubiquitination compared with the inhibition of full length Hdm2. When HdmX
was used as substrate, no inhibition of the ubiquitination by L11 on the RING
domain of Hdm2 was observed (Figure 49B and 49D, respectively).

Figure 49. HdmX rescues the inhibitory effects of L11. (A) in vitro Effect of GST-HdmX
or/and His-L11 on GST-Hdm2-mediated ubiquitination of p53. (B) in vitro Effect of GST-RING of
HdmX or/and His-L11 on GST- RING Hdm2-mediated ubiquitination of p53. (C) in vitro Effect of
GST-HdmX or/and His-L11 on GST-Hdm2-mediated ubiquitination of HdmX. (D) in vitro Effect
of GST-RING HdmX or/and His-L11 on GST-RING Hdm2-mediated ubiquitination of HdmX. In
vitro ubiquitination was performed according with the protocol described in methods. In the
experiment 400ng GST-HdmX and 2µg L11 were used. (E) Effect of HdmX on the inhibition by
L11 of Hdm2-mediated ubiquitination of p53 in cellulo. H1299 cells in 6cm plates were cotransfected with 400ng p53, 1µg Hdm2, 2µg HA-HdmX, 4µg L11 and 2µg His-Ubiquitin as
indicated. Ubiquitinated proteins were purified under denaturing conditions and analyzed by
western blot with the respective antibodies.
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Furthermore, L11 inhibits the Hdm2-mediated ubiquitination of p53 in cellulo.
Acording with the in vitro results, HdmX restablish partially the ubiquitination of
p53 in cells. Interestenly, levels of p53 were not decreased by the cotransfection of HdmX in presence of L11 (Figure 49E).
Next, we investigated if inhibition of L11 towards Hdm2 affects substrate
recognition or the activity of the RING domain of Hdm2. We used the ability of
Hdm2 to enhance formation of free Ubiquitin chains, by the Ubiquitin E2
UbcH5B. No effect of the addition of L11 on the Hdm2-mediated Ubiquitin chain
formation

was

observed,

indicating

that

L11

inhibits

specifically

the

ubiquitination (Figure 50).

Figure 50. Effect of L11 and HdmX on Ubiquitin chain formation. Hdm2 induces the
formation of Ubiquitin chains in presence of E1 (UBE1), the E2 (UbcH5B) and ubiquitination
conditions. Effect of increasing amount of L11 (50ng-1µg) in the Ubiquitin chain formation
activity of Hdm2.

______________________________________________________________________
122

Results

4.4.4 L11 as a specific regulator of the Hdm2-mediated
ubiquitination of p53, but not its neddylation
The effect of L11 on Hdm2-mediated neddylation cannot be clarified using an in
vitro system due to the low efficiency of its neddylation activity in vitro.
Therefore, we studied L11 effects using transient transfection and purification of
neddylated substrates. L11 was described to stabilize p53 due to an inhibitory
effect on Hdm2-mediated ubiquitination [176-177, 229], but the effect of L11 on
the Hdm2-dependent neddylation of p53 is not clear. To investigate the effect of
L11 on neddylation and ubiquitination of p53, we transfected H1299 cells with
p53, Hdm2, His-Ubiquitin or His-Nedd8 and increasing concentrations of L11.
On the one hand, ubiquitination of p53 decreased dose-dependently with
increasing amounts of transfected L11. Moreover, the level of unmodified p53
increased due to the inhibition of tubiquitination of p53. On the other hand,
neddylation of p53 was not affected by overexpression of L11 (Figure 51A). The
differential effect of L11 on Hdm2-mediated ubiquitination and neddylation could
be a part of a switch mechanism which modulates p53 modification. In addition,
we treated the cells with the proteasome inhibitor MG132 for 4 hours before
cells were lysed, to determine if the decreased levels of ubiquitinated p53 is a
result of its faster degradation or a direct inhibitory effect on the ubiquitination.
Our results demonstrate a poor accumulation of ubiquitinated p53 species in the
samples co-transfected with L11 and indicates that L11 inhibits Hdm2-mediated
ubiquitination of p53 (Figure 51B). Furthermore, we confirmed in this
experiment that L11 is not able to inhibit Hdm2-mediated neddylation of p53 in
the absence or presence of proteasome inhibitors (Figure 51B).
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Figure 51. L11: An Hdm2 switch towards f53 ubiquitination or neddylation. 6cm plates of
H1299 cells were used to test the effect of L11 on the Hdm2-mediated ubiquitination and
neddylation of p53. (A) 400ng p53 were co-transfected with either 2µg His-Ubiquitin or HisNedd8, 1µg Hdm2 and increasing amounts of Flag-L11 (2µg-4µg) as is indicated. (B) 400ng
p53 were co-transfected either with 2µg His-Ubiquitin or His-Nedd8, 1µg Hdm2 and 4µg FlagL11. 4 hours before lysis, the cells were treated with the proteasome inhibitor MG132 as
indicated. In (A) and (B), cells were harvested after ~20 hours and His-tagged proteins were
purified under denaturing conditions and the modified p53 species were detected by western
blot with anti-p53 antibody. Whole cell lysates (WCL) indicate the input levels.

Due to the differential effect of L11 on p53 ubiquitination and neddylation, we
tested the effect of L11 overexpression on a different substrate of Hdm2, its
related protein HdmX, in presence and absence of L11 and MG132. HdmX
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ubiquitination and neddylation was detected by western blot analysis using antiHA (N-terminus) and 8C6 (against C-terminus of HdmX) antibodies to exclude
possible fragmentation of HdmX. L11 stimulated Hdm2 to decrease the levels of
HdmX and in addition, overexpression of L11 induced mono- and polyubiquitination of HdmX and decreased its mono- and poly-neddylation (Figure
52). Comparing the western blot of modified HdmX with anti-HA or 8C6
antibodies, we found that - upon MG132 treatment - ubiquitinated fragments of
the C-terminus of HdmX accumulated and were not detected by anti-HA
antibody which recognized only the HA-tag located on the N-terminus of HdmX.

Figure 52. Effect of L11 on the Hdm2-mediated ubiquitination and neddylation of HdmX.
6cm plates of H1299 cells were transfected with 1.5µg HA-HdmX, 2µg His-Ubiquitin or HisNedd8, 1µg Hdm2 (pcoc) and 4µg Flag-L11. 4 hours before lysis, cells were treated with
proteasome inhibitor MG132 as is indicated. After ~20 hours His-tagged proteins were purified
under denaturing conditions and the modified HdmX species were detected by western blot
using the anti-HA antibodies which recognize the N-terminal tag of the protein and the
monoclonal 8C6 to recognize C-terminus of the protein. The modified L11 was detected using
anti-flag antibody. Whole cell lysates (WCL) indicate the input levels.
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To understand whether the effect on HdmX correlates with the activity of Hdm2,
we tested also the auto-ubiquitination and auto-neddylation of Hdm2. H1299
lacking the p53 gene was used to exclude the effects of p53 stabilization and
focus only on the activity of ectopically expressed Hdm2. H1299 cells were cotransfected with Flag-Hdm2, Flag-L11 expression vectors together with HisNedd8 or His-Ubiquitin. His-tagged proteins were purified. Neddylated Hdm2
and L11 were detected by western blot. L11 overexpression increased both
Hdm2 levels and autoneddylation. The ubiquitination could be only poorly
detected (Figure 53).

Figure 53. Effect of L11 on the auto-ubiquitination and auto-neddylation of Hdm2. 6cm
plates of H1299 cells were transfected with 2µg Flag-Hdm2, 2µg His-Ubiquitin or His-Nedd8 and
4µg Flag-L11. After ~20 hours, cells were lysed and His-tagged proteins were purified under
denaturing conditions. Modified Flag-Hdm2 and Flag-L11 species were detected by western blot
using SMP14 and anti-Flag antibodies, respectively. Whole cell lysates (WCL) indicate the input
levels. L11* and Hdm2* indicate neddylated L11 and Hdm2, respectively.
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4.4.5 Hdm2: Inducing a simultaneous relocalization of L11 and
HdmX into the nucleoplasm
The ribosomal protein L11 is localized in the cytoplasm, in the nucleolus or it is
incorporated to the ribosomes [227] (Figure 54A). Upon nucleolar stress it is
relocalized into the nucleoplasm. Here, we investigated the effects of L11 on the
localization of HdmX and on the localization of HdmX in presence of Hdm2. To
do so, CFP-HdmX and Flag-tagged L11 were co-transfected in H1299 cells.
Cells were treated for immunofluorescence using anti-Flag and Cy3 anti-mouse
antibodies. The localization of the proteins was detected by confocal
microscopy (Figure 54B). No relocalization of HdmX or L11 was induced by cotransfection. The reported impact of Hdm2 on L11 localization was tested by cotransfection of GFP-Hdm2 and Flag-L11 [177]. Here, L11 showed a dramatic
relocalization from the nucleoli and the cytoplasm into the nucleoplasm induced
by Hdm2 (Figure 54C). The co-transfection of CFP-HdmX, YFP-Hdm2 and
Flag-L11 revealed a double effect of Hdm2 on the simultaneous relocalization of
L11 and HdmX to the nucleoplasm. This suggest the formation of a ternary
complex between Hdm2, HdmX and L11 (Figure 54D).
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Figure 54. The effect of Hdm2 on the localization of L11 and HdmX. H1299 cells were
grown on 12mm glass covers and transfected with CFP-HdmX (cyan),GFP-Hdm2 (green), YFPHdm2 (yellow) and Flag-L11 (Immunostaining of Flag-L11 primary antibodies: anti-Flag;
secondary antibodies: anti mouse Cy3 (red)), further by confocal microscopy observation. (A)
Nucleolar and cytoplasmic localization of the ribosomal protein L11. (B) co-tranfection of CFPHdmX and Flag-L11. (C) Co-transfection of GFP-Hdm2 and Flag-L11. (D) Co-transfection of
YFP-Hdm2, CFP-HdmX and Flag-L11.
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5 Discussion
5.1 Discussion results 4.1
5.1.1 Knockdown effect of Hdm2 and HdmX
Hdm2 and HdmX have been shown to have important anti-apoptotic effects
which are mainly mediated by regulating the tumor suppressor protein p53.
Additionally, it was demonstrated that they regulate p53 in an essential and
partially independent manner. In cells under normal growth conditions, p53 is
maintained at very low levels, since Hdm2 and HdmX are constitutively
expressed. However, Hdm2 and HdmX also interact with important regulators of
the cell cycle and growth control (pRB, p300, Stad3, etc.) and with other
members of the p53 family like p73. Therefore, a knockdown system was
established to analyze a possible anti-apoptotic effect of Hdm2 and HdmX in a
p53-independent and dependent manner. p53 deficient H1299 cells, which
express very low levels of Hdm2 and HdmX, were transfected with knockdown
constructs against Hdm2 or HdmX in order to deplete the cells of these two
proteins and to determine a possible effect on cell growth (i.e arrest or
apoptosis). In H1299 cells, the knockdown of Hdm2 induced abnormal mitosis
resulting in the observation of multinucleated giant cells (~5-10% of the total
cells as is observed in the Figure 12C). One of the two target sequence
(shHdm2-674) was very toxic. This could be due to unspecific recognition of an
essential gene (off-target effect), since there are no significant differences in the
Hdm2 knockdown efficiency compared to shHdm2-70. In H1299 cells, HdmX
knockdown did not show any phenotype. As conclusion, the knockdown of
Hdm2 or HdmX in p53 lacking cells did not show any phenotype which can be
used as reported for the study of Hdm2/HdmX anti-apoptotic effects.

The system was also tested in p53 wt U2OS cells, which overexpress high
levels of Hdm2 and HdmX. In U2OS cells, the knockdown of HdmX or Hdm2
induced stabilization of p53 which is detected by an increase of p53 levels, as it
was expected [72]. Moreover, depletion of Hdm2 or HdmX induced the
activation of p53 leading to the effective transcription of target genes.
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Interestingly it was observed by immunofluorescence that the activation of p53
is not homogenous. Only a part of the cell population shows upregulated p53.
This indicates a non-homogeneous knockdown and/or a differential regulation
of the p53 pathway that differs from cell to cell. The followings steps were
performed to solve the problem of the homogeneity of the knockdown after
transfection and new knockdown tools were developed with this propose.

5.1.2 Development of an inducible system for knockdown and
simultaneous expression of EGFP using only one vector
The RNAi-mediated knockdown of protein expression is one of the most
powerful tools developed the last few years for the study of cellular regulation.
Several systems have been used to improve the specificity of the RNA
sequence used, the stability and the efficiency of the knockdown, the reduction
of toxic effects and the administration of the knockdown cassette into cells. In
this studiy, we developed a new system combining characteristics of three
reported systems: The stability and expression efficiency of miRNA fused to
unrelated genes (pcDNA™6.2-GW/EmGFP-miR), the rapid selection for shRNA
expression using a puromycin resistance gene such as pRS, and the
tetracycline induction of the single inducible vector pTHE carrying the newly
developed SID repressor [243]. The new vector named as pTHE-puro-EGFPmiRNA is easily transfectable, it can be selected within two days with
puromycin, it is inducible by Dox, and the induction can be followed by EGFP
expression. The system has been shown to be toxic for many cell lines,
probably due to the new and insufficiently described Tet repressor SID.
However, the knockdown worked efficiently in the surviving cell lines. For
example, H1299 cells can be transfected with high efficiency, selected for two
days with puromycin and finally the system can be induced with Doxycycline
(Dox) without any effect on cell viability. Resulting in ~100% homogeneity of
knockdown (monitored by EGFP expression). The pTHE-puro-EGFP-miRNA
system carrying a knockdown target sequence against Hdm2 or Luciferase was
used for single cell cloning and highly Dox responsive clones were easily
isolated by EGFP expression. Due to the low levels of Hdm2 in H1299 cells, it is
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not possible to determine the knockdown efficiency of Hdm2 after Dox induction
in a direct manner. We used the high activity of Hdm2-mediated neddylation of
p53 to demonstrate that the inducible knockdown of endogenous Hdm2
expression inhibits neddylation of p53 which resulted in ~100% inhibition. The
vector presented here is a new technology optimizing the homogeneity of
inducible knockdown vector systems.

5.2 Discussion results 4.2
5.2.1 Yeast 2- hybrid Screen
Previous studies in our laboratory by Dr. Rajesh Singh indicated the existence
of intrinsic a trans-activation domain in the central region of HdmX (170-223aa)
complicating the yeast 2-hybrid screening by traditional systems. We
additionally show a trans-activation region located around the zinc finger of
HdmX (300-423aa). This uncharacterized region of HdmX could have a role in
gene transcription and regulation of the activity of p53 at promoter sites as was
reported for Hdm2[134]. To circunvent the trans-activity of HdmX we used an
alternative system for yeast 2-hybrid screen: the Cytotrap system. All controls
showed the expected results, but unfortunately no positive interacting partner of
HdmX was found by this technology. It is important to note that the Cytotrap
system is not useful to find nuclear interacting partners and two main interacting
partners of HdmX are indeed nuclear proteins (Hdm2 and p53). In addition,
HdmX could interact with proteins in a tissue dependent manner, which may not
be represented in the brain library used. Moreover, the SOS fusion at the Nterminus of HdmX may affect probably the proper folding of the protein inhibiting
the interaction with its natural partners. To test if HdmX was properly folded
may requires the cloning of a known cytoplasmic interacting partner of HdmX
into the vector pMyr and test for interaction as a positive control. Since the
system is very clean, there are good chances to find interacting partners with
this methodology using other yeast 2-hybrid libraries.
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5.2.2 GST-HdmX pull-down
Another approach to search for interacting partners of HdmX was the GST
affinity capture using bacterial expressed GST-HdmX which was incubated with
different sources of protein extracts from cell lines and mouse tissues. Several
experiments were performed, but the background of proteins which bind
unspecifically was very high. Using this approach, the Ku70 and Ku86 helicases
were found. Recently, Ku70 was reported to be a substrate for Hdm2
ubiquitination [244]. This finding opens the possibility that HdmX could be
involved in Ku70 regulation and strongly suggests to test the effect of HdmX on
Hdm2-mediated ubiquitination of Ku70. We conclude that the GST pulldown
system is appropriate for the identification of high affinity interacting partners
which are expressed in high amounts in cells [248-249]. Proteins that are
expressed at low levels or have a weak affinity for their interaction partner are
indistinguishable from the background of the pull-downs.

5.2.3 Immunoprecipitation of HA-HdmX
HEK293T cells are often used for the ectopic overexpression of tagged proteins
followed by immunoprecipitacion (IP) of protein complexes [250-251]. The HAtagged HdmX was efficient immunoprecipitated carrying significant amounts of
endogenous p53 protein. A proteomic analysis of the IP resulted in a list of
potential interacting partners of HdmX together with known interacting partners
as the 14.3.3 proteins [210, 213-214, 252] and p53. Additionally, p53 was used
as an internal control to stablish IP conditions. The analysis of the interacting
partners obtained by IP is not an easy task due to the precipitation of direct and
indirect interacting partners in common complexes. In consequence, each of the
proteins found in a reproducible way should be validated with a diferent in vitro
approach. Validation of the interacting partners involves the cloning of the
specific cDNA into a bacterial expression vector and/or an in vitro translatable
vector to reproduce the pull-down with purified components. Some of the
proteins found by IP were tested for direct interaction with HdmX, such as HAX1 and Cas-1 (both proteins are involved in apoptosis). Unfortunately, they were
not able to interact with HdmX or to change the localization of HdmX in cells
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(data not shown). However, a collection of proteins are still not tested and some
of them are very promising like Faf-2, which carries a Ubiquitin like domain, the
proteasome unit PRN1, DNA-PK which is a kinase involved in the same DNA
damage responses as ATM and ChK1 [253-254](ChK2 has previously been
reported to phosphorylate HdmX), or Vimentin, an intermediate filament protein
used as a sarcoma tumor marker [255]. Due to the high number of proteins
found in these pull-downs, we developed HA-HdmX stable cell clones in the p53
deficient H1299 cells. The HA-HdmX stable cell clones did not express
sufficient HdmX and in consequence, the IP was very inefficient. However, the
HA-HdmX cell lines showed a homogenous overexpression which can be useful
for techniques more sensitive than IP, for example combination with SILAC
[256-258].

5.2.4 A putative new binding site of HdmX for 14.3.3 proteins
Large amounts of HA-HdmX were obtained from the IP HEK293T cells. The
band corresponding to HdmX was cut and analyzed by MS/MS. The peptides
potentially carrying Ubiquitin, Nedd8, and phosphorylations were analyzed with
the mascot server. Three phosphorylation sites were found on HdmX: S208,
Y210 and S342. S342 has been reported to be induced upon DNA damage.
The other two sites are unknown. HdmX contains a known consensus 14.3.3
binding site which is reported to be activated by phosphorylation of S367 upon
DNA damage and suppresses HdmX-enhanced p53 ubiquitination [259]. The
region containing the new phosphorylation sites on HdmX shows also high
homology with the consensus 14.3.3 binding site. Only one single difference
respect to the 14.3.3 consensus motif (tyrosine in stead of serine is present at
the position 210). We suggest that this region could be a second 14.3.3
responsive region on HdmX (Figure 55). HdmX is an important anti-apoptotic
player sensible to cellular stress as DNA damage or nucleolar stress. The newly
detected phosphorylation sites could be involved in the fine tuning of HdmX in
response to other insults.
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New HdmX phosphorylations

RSNYTP

14.3.3 binding sequences

RSXSXP

Figure 55. A putative new interaction site for 14.3.3 proteins on HdmX

5.2.5 Localization of HdmX: More than just binding to nuclear
proteins
Hdm2 mediates the relocalization of HdmX into the nucleus [208]. The
biological relevance of this process is still unclear. Certain Hdm2 mutants that
are capable of ubiquitinated and degraded p53 are located in the cytoplasm
(data not shown), indicating that nuclear localization is not a critical step for p53
recognition (data not shown). However, regulation of the localization of HdmX,
Hdm2 and p53 seems to be very dynamic. Hdm2 and p53 contain a NLS and a
NES and under normal growth conditions both localize to the nucleus. Here, we
show that while Hdm2 is able to relocalize HdmX into the nucleus, p53 failed to
do it HdmX. This observation seems disconcerting due to the high affinity
binding between HdmX and p53. Even more surprisingly, p53 overexpression
inhibits Hdm2-mediated relocalization of HdmX into the nucleus. This could be
mechanistically explained by the more efficient localization of p53 in the nucleus
compared to Hdm2. In this scenario, the interaction of Hdm2 with p53 in the
nucleus could inhibit the Hdm2-mediated relocalization of HdmX to the nucleus
by increasing the nuclear retention of Hdm2. The localization of these proteins
is modulated by cellular stress, i.e. HdmX was reported to relocalize into the
nucleus upon DNA damage [207, 210]. These data suggest that the localization
of HdmX is part of a delicate equilibrium between the affinity of Hdm2 and p53
in nucleus and cytoplasm.
The interaction of HdmX with Hdm2 in the nucleus was characterized by FRET
and BIFC. In both cases, Hdm2 relocalized HdmX into the nucleus and signals
of direct interaction were observed. However, the FRET efficiency shows large
variations from cell to cell, suggesting that interactions between Hdm2 and
HdmX do not depend exclusively on the protein amounts but also on the cellular
state. To solve this problem we sugest the generation of stables cells clones of
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overexpressing both fusion proteins together. Since BIFC is a non-reversible
system, optimizing conditions would not lead to further results.
We also tested the effect of LMB (nuclear export inhibitor) on the Hdm2/HdmX
complex. LMB treatment decreases the levels of Hdm2 strongly, while HdmX
levels are only partially decreased (data not shown). LMB treatment induces the
localization of HdmX to the cytoplasm whereas Hdm2 together with a little
fraction of HdmX is relocated to uncharacterized nuclear structures,
denominated

here

as

H2NS

(Hdm2

Nuclear

Structures

upon

LMB

treatment).The first time H2NS were reported, they were suggest to be or to be
associated with PML bodies[260]. To determine if the localization of H2NS
corresponds to PML bodies we used RFP-PML6 and analyzed the colocalization. The H2NS did not co-localize with PML bodies indicating that
H2NS belong to other nuclear structures like cajal bodies or proteasomes.
Hdm2 could alternatively form high molecular structures in the nucleus, this
possibility was already suggested by Poyurovsky who observed high molecular
complexes of Hdm2 in vitro by electron microscopy [218]. Further studies will be
necessary to determine the nature of H2NS and to characterize the association
with decreasing levels of Hdm2 after LMB treatment.

5.3 Discussion results 4.3
5.3.1 Discovery of Nce2
Our laboratory is interested in the regulation of p53 by the E3 ligase Hdm2 and
its related protein HdmX. Both, proteins have been demonstrated to be involved
in the ubiquitination, neddylation, and degradation of p53 as well as in the
repression of its activity as transcription activator [49, 166].
Hdm2-mediated neddylation of p53 is very efficient in cells but not in vitro. We
aimed to establish an in vitro neddylation system for p53. Several conditions as
pH, Temperature, concentrations of DTT, ATP, Mg2+, and the activity of the
enzymes involved were tested separately. Since the reaction was still inefficient,
we performed a database search for Ubc12 homologues using Blast.
Ube2F/Nce2 (an uncharacterized E2 enzyme) resulted to be the most closely
related protein to Ubc12. The alignment revealed not only a 5% higher identity
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than to any other E2, but also an important characteristic of Ubc12 conserved in
Nce2: the N-terminal extension. A phylogenetic Blast indicated that Ubc12 and
Nce2 recently split off from the Ubiquitin E2 family, and that they are
distinguished as a clear group. In addition, Ubc12 appears to be the older
member of this group.
Structural alignment of Ubc12 with Nce2 indicated that Nce2 has an insertion of
six amino acids in loop 2. This region was suggested to dictate the specificity of
E2s for E3s proteins in the crystal structure of UbcH7 with the RING of Cbl [90].
The structural alignment of Nce2 with UbcH7-Cbl complex shows that the
additional six amino acids in the loop 2 of Nce2 are not located in the central
interaction surface of the E2 with the E3. However, the interaction surfaces of
most E2s with their respective E3s are unknown. We suggest that this six amino
acid region can be involved in the recognition of Nce2 by its corresponding E3
ligases, confering either a larger interaction surfaces or by inhibiting unspecific
E3 ligase binding (Figure 56).

Figure 56. Structure of the RING of Cbl and modelling with Nce2 structure. (Link) Structure
of the RING protein Cbl together with UbcH7. The loop2 of UbcH7 interacts directly with the
RING domain of Cbl. (Center) Modeling Nce2 with Cbl based on the aligment with UbcH7 with
Nce2. (Righ) structural aligment of Cbl/UbcH7 with Nce2. In black arrows the 6 amino acid
insertion in the loop 2 of Nce2 is indicated
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5.3.2 Nce2 as a Nedd8 E2 enzyme
A single Nedd8 conjugating enzyme was described at the time when we
discovered that Nce2 was able to interact with Nedd8 through thioester bond
formation. Our experiments indicated that Nce2 can interact with Nedd8 E1
APPBP1-UBA3, and receive Nedd8 in a thioester manner. We determined the
catalytic cysteine on Nce2 at position 116 (Figure 57). Point mutation of C116
inactivated Nce2 in cells. Further, we showed that Nce2 is an E2 for Nedd8
which is not able to conjugate Ubiquitin. Knockdown of Nce2 expression did not
affect survival or cell cycle progression in contrast to knockdown of Ubc12
expression. This result fits with the reported role of Ubc12 in the control of the
cell cycle by neddylation of Cullins [261-263].
Overexpression of catalytic cysteine mutants of Nce2 and Ubc12 turned out to
be toxic for cells possibly due to a dominant negative effect on the neddylation
of Cullins. Interestingly, wt E2 overexpression was also toxic for cells. We also
found that a deletion of the N-terminus of Nce2 (∆N26) abrogated its toxic effect
whereas deletion of the N-terminus of Ubc12 (∆N26) was still toxic. The
questions, why overexpression of Nce2 and Ubc12 is toxic? And how the Nterminal of Nce2 abrogates its toxicity? Are not clear yet.

Figure 57. The Nce2 catalitic cystein. In spheres is shown the determinated catalitic cystein of
Nce2 in the position 116
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One of the highlights of this research work is the discovery that the Nedd8 E2s
are very active and specific for auto-neddylation in vitro and in cells. By cotransfection of the catalytic inactive mutants Nce2 C116A and Ubc12 C111A
with either wt Nce2 or wt Ubc12 we determined that auto-neddylation of Nedd8
E2s is performed in cis. In addition, we demonstrated that deletion of the Nterminus of the Nedd8 E2s (∆N26) completely abrogated auto-neddylation of
Nce2 and strongly reduced auto-neddylation of Ubc12 in vitro and in cells.
Deletion of the N-terminus of Nedd8 E2s did not abrogate neddylation of
substrates in cells. Taken together, these data suggest that deletion of Nterminus affects predominantly auto-neddylation activity and not the E2 activity
for neddylation of substrates. This indicates that the auto-neddylation of Nedd8
E2s occurs specifically at their N-terminus (Figure 58). Structurally, the Nterminus of Ubc12 was described to be part of a second interaction surface for
Nedd8 E1 subunit UBA3 stabilized by electrostatic interactions [54, 241].
Biochemically, the deletion of this N-terminus decreased the efficiency of the
thioester formation of Ubc12 and Nce2 around 20 times [41-42, 52, 241]. In
addition, the N-terminus of the Nedd8 E2s are long enough and flexible regions
containing many lysines that are structurally free to attack the Nedd8 thioester
nucleophilically on the catalytic cysteines. The effect of neddylation of the Nterminus of the Nedd8 E2 on their interaction with the E1 can lead to a
decreased activity by disturbing the second binding site or, maybe more
paradoxically, neddylation could thereby decrease the retention time during the
transfer of the activated Nedd8 increasing the speed of the reaction. Both
hypotheses should be considered (Figure 59).
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Figure 58. Model of the auto-neddylation of Nedd8 E2s. (form left to righ) The Nedd8 E2s
thioester with Nedd8 is nucleophilically attacked by lysines from the N-terminus extension
resulting in auto-neddylation of the Nedd8 E2s. The poly auto-neddylation can be the result of
the neddylation of diferent lysines or the result of Nedd8 chain formation

Figure 59. Interaction of ubc12 N-terminus with UBA3: A regulatory by auto-neddylation.
The N-terminus of Ubc12 stablisched a second interact surface with the UBA3 subunits of the
Nedd8 E1. The N-terminis of Ubc12 in yellow sit in a grove on the surface of UBA3, N-terminal
neddylation may affect the interaction with the Nedd8 E1.
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Another important finding of this work is that overexpression of Nedd8 E2s
induce specific modification of proteins by Nedd8. The resulting neddylated
proteins can be determined by western blot (neddylation pattern). In the
absence of Nedd8 E2s overexpression, it is possible to observe almost
exclusively Cullins proteins in the neddylation pattern (identified by MS/MS
analysis). In overexpression of Nce2 or Ubc12, neddylation of Cullins is
stimulated. In addition, we detect other proteins which are neddylated in an E2
specific manner. There is no evidence that neddylation is the result of a direct
interaction between the E2 and the substrate independent of an E3 enzyme.
We propose that this neddylation is mediated by endogenous ligases like
RbX1/RocI, Rbx2/RocII or Hdm2. Since overexpression of Nce2 and Ubc12
induces a characteristic neddylation pattern, we focused on the determination of
their substrates by immunoprecipitation and mass spectrometry analysis. We
categorized the neddylated proteins in five groups. Many of the identified
proteins - as the Cullins, the E2s and almost all ribosomal proteins - have
already been published to be Nedd8 substrates by the group of Dr. Hay [48]. In
addition, histones, hnRNP and many proteins of our non classified group have
been reported previously to be substrates of Nedd8 [47]. Since the results of the
system that we established during this work overlap significantly with published
substrates of Nedd8, this method is a good approach to identify the preferential
substrates of each Nedd8 E2. To validaded the system neddylation of the
ectopically expressed histones H2A, H3.1, and H3.3 was tested in cooverespression with Nedd8 E2s. In contrast to our expectation, the neddylation
of histones was predominantly induced by the overexpression of Ubc12.
Additionally, neddylation of histone H3.1 was not induced by co-overexpression
of the E2s, suggesting that is a very good substrated for neddylation. In
conclusion, we established an experiment, which can be used for the
identification of Nedd8 substrates and pathways and which can probably also
be adapted for the identification of the Ubiquitin E2 pathways. However, the
presence of overlapping pathways makes it difficult to establish clear
preferences and also to exclude proteins which are highly endogenously mononeddylated as the histone H3.1. In order to improve the results and resolution of
these techniques, we suggest using quantitative mass spectrometry. For
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example, differentially isotopic labeled cells could be transfected with only HANedd8

or

HA-Nedd8

plus

Nce2

or

HA-Nedd8

plus

Ubc12,

mixed,

immuneprecipitated, and finally analyzed by mass spectrometry using the
SILAC technology [250-251]. During this work, Nce2 was reported as a Nedd8
conjugation enzyme by another group [54]. Nce2 was identified in that study to
be a specific E2 for Nedd8 by thioester formation assays. The authors predicted
- as we did - the catalytic cysteine at position 116. They reported that Nce2 is a
specific E2 of Rbx2/Roc2 which is mainly involved in Cullin 5 neddylation.
However, in our experiments the overexpression increased also the neddylation
of Cullins 2, 3, 4a and 4b. We did not detect Cullin 5 neither in the neddylation
pattern of Nce2 nor in the neddylation pattern of Ubc12. As a final experimental
observation, two prominent proteins of high molecular weight (~200KDa and
~250KDa) were observed in the neddylation pattern induced by Nce2. These
sizes fit the mass of the Cullin like proteins Cullin 7 (~191Kda) and Cullin 9 (280
KDa). These two proteins were not detected in the work reported by Dr. Huang
[54], but have previously been reported to be modified by Nedd8 [77], Although
further investigation will be required to confirm this observation.
The induction of differential neddylation patterns by Nce2 and Ubc12, strongly
indicates that Nce2 may be involved in the neddylation of more specific
substrates than Cullin 5.

5.3.3 Neddylation patterns and posttranslational modifications
An accurate MS/MS analysis of the neddylated proteins obtained from the HANedd8 IPs was performed in order to search for neddylation or ubiquitination
sites on the putative new substrates. The proteins showing the highest scores in
the IPs were indeed the E2s and Nedd8, together with many describes Nedd8
substrates. We could map one lysine residue on Nce2 and Ubc12 which carries
a double glycine tag, a specific signal of ubiquitination or neddylation. The
identified lysines were mutated for arginine, but these mutations did not
abrogate auto-neddylation of the E2s in vitro indicating that there are other
residues involved. Since, these double glycine tagged peptides were found in
proteins extracted from cells, they could correspond to ubiquitination sites and
thus be involved in determining the stability of the proteins by Ubiquitin-
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mediated proteasomal degradation. On Nedd8, three lysines were found being
attached by double glycine tags: K11, K22 and K60. Although they have already
been reported, it is not clear, if these sites correspond to ubiquitination or
neddylation

sites

in

cells.

In

addition,

we

identified

five

unknown

phosphorylation sites of Nedd8. All of them lie in a region which is at the surface
of Nedd8, threonine (T55), in serine (S46 and S65), and tyrosine (Y45 and
Y59). The phosphorylated residues are not oriented towards the contact surface
of the E1 or the E2, they are rafter on the opposite site. Additionally, double
mutants of these phosphorylation sites reduced the half-life of Nedd8. Further
experiments with phospho-mimetic mutants should prove the preliminary
proposal that the sites are involved in determining the stability of the protein.
Phosphorylation of Nedd8 could be a mechanism to regulated its activity and/or
levels upon stimuli (e.i DNA damage, Nucleolar stress, hypoxia or oxidative
stress)

5.4 Discussion results 4.4
5.4.1 Neddylation of p53: The contributions of the E2s
Different substrates are found modified by Nedd8 in different manners. A careful
analysis of Hdm2-mediated neddylation of p53, HdmX and L11 elucidates the
differences. L11 is predominantly mono-neddylated, HdmX is mainly polyneddylated and in the case of p53 a leader of neddylated forms can be
observed. To test the contribution of endogenous Hdm2 and HdmX in our
experimental settings, we used mdm2 -/- and mdmX -/- MEF cells and mdm2+/and mdmX +/- MEF cells. The contribution of endogenous proteins was very low
since most of the neddylation signal observed is detected only by the ectopic
overexpression of Hdm2. Additionally, Hdm2 overexpression in MEF mdm2 -/-,
mdmX -/- was sufficient for p53 neddylation indicating that endogenous HdmX
is not required for Hdm2-mediated neddylation.
The effect of the Nedd8 E2s on p53 neddylation was tested by overexpression
of wt and dominant negative versions in presence and absence of Hdm2. In
H1299 cells, co-transfection of wt Nedd8 E2s induced p53 neddylation while
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dominant negative mutants of the E2s decreased p53 neddylation. Inhibition
was more efficient with the dominant negative mutant Ubc12 C111S than with
Nce2 C116S. The same effect was found for the ribosomal protein L11
indicating a major role of Ubc12 the Hdm2-mediated neddylation. However,
Hdm2-mediated neddylation of p53 and L11 in vitro is very inefficient. We
sugest in the Figure 60, a missing factor (X) mediates the interaction of the
Nedd8 E2s with Hdm2.

Figure 60. Model of a missing factor on Hdm2-mediated neddylation pathway. The
neddylation of p53 is a very ineficient reaction in vitro. There is no others protein on the data
base which could be identified as a Nedd8 E2 by homology with Ubc12 or Nce2. Alternativally
we propose a model where oligomers of the RING E3 ligase Hdm2 (gree), interact with a
unknoen factor (X) which mediate the interaction of the Nedd8 E2s (yellow) Ubc12 and Nce2 to
catalized ligation of Nedd8 (orange) to p53 (cyan)

5.4.2 The effect of L11 on Hdm2 and HdmX
Ribosomal proteins as L11, L23, and L5 control Hdm2 by regulating its levels
and activity as Ubiquitin ligase. Overexpression of these proteins induces the
same effect as nucleolar stress, characterized by stabilization of p53 and Hdm2
[175, 177-178, 221, 223, 225, 227, 229]. One of the current hypotheses of how
L11 mediates the inhibition of Hdm2 is the withdrawal of Hdm2 from the place
where it has its major role as Ubiquitin ligase of p53 (nucleoplasm). In an
alternative model Mu-Shui Dai et al proposed that ribosomal proteins block
ubiquitination of substrates by binding between the RING domain of Hdm2 and
the substrate (in this case p53)[175, 178]. To test the effect of L11 on the
activity of Hdm2, we used an in vitro approach and tested the effect of the
addition of L11 on the reactions. Hdm2-mediated ubiquitination of substrates as
p53, HdmX and even Hdm2 itself was inhibited by addition of L11. With this
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approach, we demonstrated that in addition to relocalization, L11 binding to
Hdm2 has a direct effect on the activity to ubiquitinated substrates. The Hdm2
RING domain alone which does not carry the L11 binding site is not able to be
inhibited by L11. Interestingly, the formation of free Ubiquitin chains catalyzed
by Hdm2 in presence of its Ubiquitin E2 was not affected. How does L11 block
Hdm2-mediated substrated ubiquitination? A possible mechanism is an
inhibitory effect of L11 on Hdm2 oligomerization which is required for its activity
[264]. The RING domain of Hdm2 has also been reported to interact with the
central acidic domain of Hdm2 [265].This interaction could be required for the
proper accommodation of its RING allowing the ubiquitination of substrates. It
has also been reported that Hdm2 is able to form Ubiquitin free chains as a
monomer [218].
Further experiments were established in vitro to determine the effects of HdmX
on the L11 inhibition of Hdm2. HdmX seems to help Hdm2 to escape from the
L11-dependent inhibition. This may result in a partial rescue of the activity of
Hdm2 and consequent substrate ubiquitination. The Hdm2/HdmX ligase
complex can be more resistant to the effect of L11 due to HdmX does not
interact with L11. Based on these observations, we propose a model where
Hdm2 and HdmX oligomers mediate the ubiquitination of substrates (Figure 61).
However, dimers are probably sufficient to recognize the Ubiquitin E2s and to
induce Ubiquitin chain formation. The contact of the Hdm2 oligomers (for
simplification we consider tetramers in this case), requires a double interaction
of dimers: on the one hand the RING dimerization and on the other hand RING
interaction with the acidic domain of a second molecule (Figure 61). Six
interaction sites stabilize the tetramer. L11 could interfere with the interaction of
the RING with the acidic domain impairing four of the six contact sites resulting
in the dissociation of tetramer, but not the RING dimer complexes. The dimers
can still lead to the allosteric activation of the Ubiquitin E2 (i.e for chain
formation of free Ubiquitin), but probably not longer initiate the ubiquitination of
substrates (Figure 62A). In this scenario, due to HdmX do not interact with L11,
the complex of HdmX/Hdm2 can not dissociate completely (Figure 62B), even
when two of the interaction sites are disturbed. This may partly affect the nature
of the Hdm2/HdmX complex, but ubiquitination of substrates and Ubiquitin chain
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formation may still be possible (Figure 62B).If the model is correct, how
ubiquitination of in vitro translated HdmX is inhibited by L11 in vitro? In the
model, we propose that an L11 insensitive complex consist of a tetramer of two
heterodimers. The in vitro translated amounts of HdmX are very low compared
to the concentration of the Hdm2 ligase in the reaction (~1/200). In these
conditions, due to the high amounts of Hdm2 homodimers, the L11 nonsensible complex (tetramer of heterodimers) can not be formed, resulting in
inhibition of HdmX ubiquitination. In cells, L11 inhibits Hdm2-mediated
ubiquitination of p53, increasing p53 levels. Co-transfection of HdmX partially
rescued Hdm2-mediated ubiquitination of p53, but did not affect significantly the
L11-induced levels of p53. Other proteins are possibly involved in the outcome
of Hdm2, HdmX and L11 on p53 ubiquitination and levels, which can explain the
differences observed in vitro and in cellulo.
Our model is also supported by microscopie data where Hdm2 can relocalize
HdmX and L11 at the same time into the nucleoplasm, suggesting the
possibility of ternary complexes. HdmX did not affect the localization of L11 and
vice versa. Further biochemical analysis is required to prove these initial
observations. Co-immunoprecipitations of L11 and HdmX, in precense and
absence of Hdm2 could give more evidences about the endogenous complex
and its regulation.
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Figure 61. A model for binding of L11 to Hdm2 and HdmX complexes. A fully active
oligomer of Hmd2 is stabilized by six surfaces of contact, including the RING-RING dimerization
and acidic domain-RING interaction. This conformation is essencial for susbtrate recognition
and ubiquitination. Upon nucleolar stress, ribosomal proteins as L11 interact with Hdm2 on its
Zing finger domain dissociating acidic domain-RING interactions. In the case of the hetero
tetrameric complex Hdm2/HdmX. L11 can not bind HdmX, therefore only two contact (acidic
domain-RING) could be dissociated. Resulting in complex which still conserves 4 surfaces of
interaction, is not dissociated, and consequently it kept actived. In the model, surfaces of
interaction are indicated in yellow.
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(A)

(B)

Figure 62. A model for a selective inhibition of Hdm2 by L11. (Uper panel) The L11mediated dissociation of the tetrameric form of Hdm2 specifically inhibits susbtrates
ubiquitination, but the dimerization of the RING is not affected in consequence Hdm2 is able to
activated allosterically the Ubiquitin E2s and induce Ubiquitin chains formation. (Lower panel).
The HdmX tetrameric complex is not dissociated by L11. Therefore, HdmX/Hdm2 complex is
still able for susbtrates ubiquitination.
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5.4.3 Substrate-dependent effect of L11 in ubiquitination and
neddylation
We determined the effect of L11 on p53, HdmX, and Hdm2 regarding
ubiquitination and neddylation. We observed the reported inhibition of Hdm2mediated ubiquitination of p53. Additionally, we observed that L11 has no effect
on the neddylation of p53. So far, nothing is known about factors that
differentially affect Hdm2-mediated ubiquitination and neddylation.
In the case of Hdm2-mediated ubiquitination of HdmX, co-transfection of L11
seemed to weakly stimulate degradation of HdmX. Hdm2-mediated neddylation
of HdmX was poorly decreased by L11.
Hdm2 auto-neddylation was stimulates by co-transfection of L11, and Hdm2
levels increases, wheares ubiquitination of Hdm2 was not detectable.

In general, the induction of Hdm2-mediated neddylation by L11 correlates with
the stabilization of p53 and Hdm2, upon nucleolar stress. In contrast, HdmX is
reported to be degraded upon nucleolar stress [229], consecuently not
neddylation is induced but ubiquitination. Neddylation could protect proteins
from degradation by competing for the lysine residues. Hdm2 is a ligase able to
attach both, Ubiquitin and Nedd8, the mechanism of control of these two
activities are not known. Here we observed that regulator L11 can switsh Hdm2
activity for ubiquitination or neddylation in a substrated dependent manner.

5.4.4 Summarized model
We propose the following model (Figure 63): Under normal growth conditions,
HdmX localizes in the cytoplasm, p53 (at low levels) in the nucleus, L11 in
nucleoli and in the cytoplasm as part of ribosomes and Hdm2 in the nucleus.
Nucleolar stress, through a mechanism which involves de-neddylation of L11,
induces the relocalization of L11 from nucleoli to the nucleoplasm where it
inhibits Hdm2-mediated ubiquitination of p53 [227] by dissociating active Hdm2
oligomers and probably by auto-neddylation. The direct result is the
accumulation and activation of p53, which induces the de novo synthesis of
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Hdm2. HdmX may play an important anti-apoptotic role during nucleolar stress
by binding Hdm2, attenuating the inhibitory effects of L11 and increasing the
ubiquitination activity of Hdm2 for p53 and Hdm2 itself, probably by forming
active Hdm2/HdmX oligomeres [166, 264]. In the case of high nucleolar stress
levels, HdmX may not be sufficient to control p53 levels. As a consequence, the
regulatory loop between p53 and Hdm2 is activated as it was demonstrated
upon ActD treatment [177]. Accumulation of Hdm2 and ribosomal proteins leads
to a rapid degradation of HdmX by stimulating the Hdm2-mediated
ubiquitination of HdmX [229]. On the other hand, ribosomal proteins protect p53
against Hdm2-mediated degradation resulting in cell cycle arrest or apoptosis.
Additionally this model is supported by the report that cell lines overexpressing
HdmX are resistant to nucleolar stress [228-229]. Finally, we suggest the study
HdmX effect on the activity of Hdm2 in the presence of other Hdm2 inhibitors as
p14arf, L5 and L23.
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Figure 63. A general model of the role of HdmX on the nucleolar stress. (Uper panel)
Under normal growth conditions HdmX localizes almost exclusively to the cytomplasm, p53 in
very low levels localizes to the nucleus together with Hdm2, while a Neddylated form of L11 is
located at the nucleoli and also at the cytoplasm forming part of the ribosomes. Hdm2 regulates
negatively the levels of p53, HdmX and itself by Ubiquitin-mediated proteasomal degradation,
this Hdm2 activity is enhanced by HdmX binding. Hdm2 and HdmX together inhibit the transactivation activity of p53, contributing to the cell growth progression. (Lower panel) Starvation or
treatment with chemical agents as Act D in low doses induces nucleolar stress. As a
consequence L11 is de-neddylated and diffused to the nucleoplasm where it binds Hdm2 and
inhibits its Ubiquitin E3 ligase activity against p53 due to a mechanism which involves a
dissociation of high molecular weight complex (i.e Tetrameres). HdmX as well as L11 at
nucleaplasm can be ubiquitinated and degraded by Hdm2. p53 is activated and induces de
novo synthesis of Hdm2 through its regulatory loop with Hdm2. Finally the stress may still be
controlled and all the components return to their normal cellular levels or cells are addressed to
p53 mediated apoptosis. Here, we propose two additional regulation steps: i) HdmX counteract
the effect of nucleolar stress increasing Hdm2 activity for the restablishment low levels of p53.
Ii) L11 decreases the ubiquitination of p53 but not the neddylation, and induces autoneddylation of Hdm2 which result in the increment of p53 and Hdm2 levels.
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7 Appendix

Nedd8 Substrates induced by Ubc12 co-transfeccion
Chain B, Structure Of Nedd8
ubiquitin-conjugating enzyme E2M [Homo sapiens]
ubiquitin C splice variant [Homo sapiens]
Hs-CUL-1
cullin 2 [Homo sapiens]
cullin 3 [Homo sapiens]
cullin 4A isoform 2 [Homo sapiens]
Cullin 4B [Homo sapiens]
F-box only protein 11 isoform 1 [Homo sapiens]
Heterogeneous nuclear ribonucleoprotein A0 (hnRNP A0) - Homo sapiens (Human)
Heterogeneous nuclear ribonucleoprotein A1 (Helix-destabilizing protein) (Single-strand RNA-binding
protein) (hnRNP core protein A1) - Homo sapiens (Human)
heterogeneous nuclear ribonucleoprotein A2/B1 isoform B1 [Homo sapiens]
heterogeneous nuclear ribonucleoprotein A3 [Homo sapiens]
PREDICTED: similar to heterogeneous nuclear ribonucleoprotein C isoform b isoform 2 [Homo sapiens]
PREDICTED: similar to heterogeneous nuclear ribonucleoprotein D-like isoform 5 [Macaca mulatta]
hnRNP U protein [Homo sapiens]
heterogeneous nuclear ribonucleoprotein H1 [Homo sapiens]
Heterogeneous nuclear ribonucleoprotein H3 (hnRNP H3) (hnRNP 2H9) - Homo sapiens (Human)
Heterogeneous nuclear ribonucleoprotein D0 (hnRNP D0) (AU-rich element RNA-binding protein 1) - Homo
sapiens (Human)
Poly(rC)-binding protein 2 (Alpha-CP2) (hnRNP-E2) - Homo sapiens (Human)
Histone H1.3 (Histone H1c) - Homo sapiens (Human)
histone H2B.1 (b) - human
Novel protein similar to histone 2, H3c (HIST2H3C).- Homo sapiens (Human).
histone H4 [validated] - human
60S ribosomal protein L7a (Surfeit locus protein 3) (PLA-X polypeptide) - Homo sapiens (Human)

______________________________________________________________________
168

Appendix
ribosomal protein L31 - human
40S ribosomal protein S23.- Homo sapiens (Human).

ribosomal protein L27, cytosolic [validated] - rat
Ribosomal protein L35.- Homo sapiens (Human).
40S ribosomal protein S3 - Homo sapiens (Human)
ribosomal protein S14 - Chinese hamster
40S ribosomal protein S2 (S4) (LLRep3 protein) - Homo sapiens (Human)
40S ribosomal protein S4, X isoform (Single copy abundant mRNA protein) (SCR10) - Homo sapiens (Human)
26S proteasome non-ATPase regulatory subunit 14 (26S proteasome regulatory subunit rpn11) (26S
proteasome-associated PAD1 homolog 1) - Homo sapiens (Human)
40S ribosomal protein S6 (Phosphoprotein NP33) - Homo sapiens (Human)
ribosomal protein L23 - human
Transformer-2 protein homolog (TRA-2 alpha) - Homo sapiens (Human)
L-lactate dehydrogenase B chain (EC 1.1.1.27) (LDH-B) (LDH heart subunit) (LDH-H) (Renal carcinoma
antigen NY-REN-46) - Homo sapiens (Human)
Vacuolar protein sorting-associated protein 13D - Homo sapiens (Human)
L-serine dehydratase (EC 4.3.1.17) (L-serine deaminase) - Homo sapiens (Human)
Polycystin-1 precursor (Autosomal dominant polycystic kidney disease protein 1) - Homo sapiens
(Human)
NCK-associated protein 1, isoform CRA_f [Homo sapiens]
autoantigen p542 [Homo sapiens]
LOC138046 protein [Homo sapiens]
Chain A, Crystal Structure Of Kh1 Domain Of Human Poly(C)-Binding Protein-2 With C-Rich Strand Of Human
Telomeric Dna

B23 nucleophosmin (280 AA) [Homo sapiens]
translocase of inner mitochondrial membrane 50 homolog [Homo sapiens]
RP42 protein [Homo sapiens]
Galectin-3-binding protein precursor (Lectin galactoside-binding soluble 3-binding protein) (Mac-2binding protein) (Mac-2 BP) (MAC2BP) (Tumor-associated antigen 90K) - Homo sapiens (Human)
Guanine nucleotide-binding protein subunit beta 2-like 1 (Guanine nucleotide-binding protein subunit
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beta-like protein 12.3) (Receptor of activated protein kinase C 1) (RACK1) (Receptor for activated C
kinase) - Homo sapiens (Human)
Prohibitin-2 (B-cell receptor-associated protein BAP37) (Repressor of estrogen receptor activity) (Dprohibitin) - Homo sapiens (Human)
Voltage-dependent anion-selective channel protein 2 (VDAC-2) (hVDAC2) (Outer mitochondrial
membrane protein porin 2) - Homo sapiens (Human)
Glial fibrillary acidic protein, astrocyte (GFAP) - Homo sapiens (Human)
ADP/ATP translocase 2 (Adenine nucleotide translocator 2) (ANT 2) (ADP,ATP carrier protein 2) (Solute
carrier family 25 member 5) (ADP,ATP carrier protein, fibroblast isoform) - Homo sapiens (Human)
rRNA 2'-O-methyltransferase fibrillarin (EC 2.1.1.-) (34 kDa nucleolar scleroderma antigen) - Homo
sapiens (Human)
Voltage-dependent anion-selective channel protein 1 (VDAC-1) (hVDAC1) (Outer mitochondrial
membrane protein porin 1) (Plasmalemmal porin) (Porin 31HL) (Porin 31HM) - Homo sapiens (Human)
ATP synthase gamma chain, mitochondrial precursor (EC 3.6.3.14) - Homo sapiens (Human)
Probable

dimethyladenosine

transferase

(EC

2.1.1.-)

(S-adenosylmethionine-6-N',N'-adenosyl(rRNA)

dimethyltransferase) (18S rRNA dimethylase) (DIM1 dimethyladenosine transferase 1-like) - Homo sapiens
(Human)
Sideroflexin-1 (Tricarboxylate carrier protein) (TCC) - Homo sapiens (Human)
ELAV-like protein 1 (Hu-antigen R) (HuR) - Homo sapiens (Human)
Voltage-dependent anion-selective channel protein 3 (VDAC-3) (hVDAC3) (Outer mitochondrial
membrane protein porin 3) - Homo sapiens (Human)
Pyruvate dehydrogenase E1 component subunit beta, mitochondrial precursor (EC 1.2.4.1) (PDHE1-B) Homo sapiens (Human)
Proline-rich protein 4 precursor (Lacrimal proline-rich protein) (Nasopharyngeal carcinoma-associated
proline-rich protein 4) - Homo sapiens (Human)
ADP/ATP translocase 3 (Adenine nucleotide translocator 2) (ANT 3) (ADP,ATP carrier protein 3) (Solute
carrier family 25 member 6) (ADP,ATP carrier protein, isoform T2) - Homo sapiens (Human)
Ribose-phosphate pyrophosphokinase I (EC 2.7.6.1) (Phosphoribosyl pyrophosphate synthetase I)
(PRS-I) (PPRibP) - Homo sapiens (Human)
L-lactate dehydrogenase A chain (EC 1.1.1.27) (LDH-A) (LDH muscle subunit) (LDH-M) (Proliferationinducing gene 19 protein) (Renal carcinoma antigen NY-REN-59) - Homo sapiens (Human)
Kelch repeat and BTB domain-containing protein 3 (BTB and kelch domain-containing protein 3) - Homo
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sapiens (Human)
WD repeat protein 72 - Homo sapiens (Human)
Mitochondrial 2-oxoglutarate/malate carrier protein (OGCP) (Solute carrier family 25 member 11) - Homo
sapiens (Human)
Tenascin-R precursor (TN-R) (Restrictin) (Janusin) - Homo sapiens (Human)
Prolactin-inducible protein precursor (Prolactin-induced protein) (Secretory actin-binding protein) (SABP)
(Gross cystic disease fluid protein 15) (GCDFP-15) (gp17) - Homo sapiens (Human)
Aldehyde dehydrogenase X, mitochondrial precursor (EC 1.2.1.3) (Aldehyde dehydrogenase family 1
member B1) (ALDH class 2) - Homo sapiens (Human)
RNA-binding protein 35A (RNA-binding motif protein 35A) - Homo sapiens (Human)
Heparin-binding protein HBp15.- Homo sapiens (Human).
peptidylprolyl isomerase (EC 5.2.1.8) A - human
secretory actin-binding protein precursor [validated] - human
Possible J 56 gene segment (Fragment).- Homo sapiens (Human).
Hypothetical protein DKFZp686N1586.- Homo sapiens (Human).
poly (ADP-ribose) polymerase family, member 1, isoform CRA_b [Homo sapiens]
alpha-tubulin
tubulin, beta 5 [Mus musculus]
P1 Cdc21 protein [Homo sapiens]
M-phase phosphoprotein 4 [Homo sapiens]
eIF-3 p110 subunit [Homo sapiens]
chaperonin subunit 6A [Homo sapiens]
eukaryotic translation elongation factor 2 [Homo sapiens]
coatomer protein complex, subunit gamma, isoform CRA_d [Homo sapiens]
E1B-55kDa-associated protein [Homo sapiens]
Ro ribonucleoprotein
vasopressin-activated calcium mobilizing putative receptor protein [Homo sapiens]
ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit precursor [Homo sapiens]
1-acyl-sn-glycerol-3-phosphate acyltransferase alpha (EC 2.3.1.51) (1-AGP acyltransferase 1) (1-AGPAT
1) (Lysophosphatidic acid acyltransferase alpha) (LPAAT-alpha) (1-acylglycerol-3-phosphate Oacyltransferase 1) (Protein G15) - Homo sapiens (Human
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Desmoglein-3 precursor (130 kDa pemphigus vulgaris antigen) (PVA) - Homo sapiens (Human)
Serine/threonine-protein kinase QSK (EC 2.7.11.1) - Homo sapiens (Human)
Proteolysis inducing factor.- Homo sapiens (Human).
cellular apoptosis susceptibility protein CAS - human
Microsomal glutathione S-transferase 3.- Homo sapiens (Human).
DC2 (Hydrophobic protein HSF-28).- Homo sapiens (Human).
HSHHB5 NID: - Homo sapiens
Low molecular weight phosphotyrosine protein phosphatase (EC 3.1.3.48) (LMW-PTP) (Low molecular
weight cytosolic acid phosphatase) (EC 3.1.3.2) (Red cell acid phosphatase 1) (PTPase) (Adipocyte acid
phosphatase).- Homo sapiens (Human).
Ifapsoriasin (Filaggrin 2).- Homo sapiens (Human).
Protein C21orf129.- Homo sapiens (Human).
CDNA FLJ46113 fis, clone TESTI2036285, highly similar to Rattus norvegicus ubiquitin C (Ubc).- Homo
sapiens (Human).
AB003730 NID: - Homo sapiens
CGI-10 protein isoform a variant (Fragment).- Homo sapiens (Human).
Thioredoxin (ATL-derived factor) (ADF) (Surface-associated sulphydryl protein) (SASP).- Homo sapiens
(Human).
HUMKTEP2A NID: - Homo sapiens
ATP synthase f chain, mitochondrial (EC 3.6.3.14).- Homo sapiens (Human).
Ifapsoriasin (Filaggrin 2).- Homo sapiens (Human).
Solute carrier family 13 member 1 (Renal sodium/sulfate cotransporter) (Na(+)/sulfate cotransporter)
(hNaSi-1) - Homo sapiens (Human)
Translocation protein SEC63 homolog - Homo sapiens (Human)
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Nedd8 Substrates induced by Nce2 co-transfeccion
Chain B, Structure Of Nedd8
NEDD8-activating enzyme E1 catalytic subunit (EC 6.3.2.-) (Ubiquitin- activating enzyme 3) (NEDD8activating enzyme E1C) (Ubiquitin- activating enzyme E1C).- Homo sapiens (Human).
NEDD8-conjugating enzyme NCE2 (Hypothetical protein NCE2) (NEDD8- conjugating enzyme).- Homo
sapiens (Human).
ubiquitin C splice variant [Homo sapiens]
Cullin 2 (CUL2 protein).- Homo sapiens (Human).
Hypothetical protein CUL3 (Fragment).- Homo sapiens (Human).
Cullin-4B (CUL-4B).- Homo sapiens (Human).
F-box only protein 11 (Vitiligo-associated protein VIT-1).- Homo sapiens (Human).
A0=heterogeneous nuclear ribonucleoprotein [human, placenta, Peptide, 305 aa]
heterogeneous nuclear ribonucleoprotein A2/B1 isoform A2 [Homo sapiens]
Heterogeneous nuclear ribonucleoprotein AB isoform a variant (Fragment).- Homo sapiens (Human).
heterogeneous nuclear ribonucleoprotein B1 - human
116 kDa U5 small nuclear ribonucleoprotein component (U5 snRNP- specific protein, 116 kDa) (U5-116 kDa)
(Elongation factor Tu GTP- binding domain protein 2) (hSNU114).- Homo sapiens (Human).
Heterogeneous nuclear ribonucleoprotein H (hnRNP H).- Homo sapiens (Human).
heterogeneous nuclear ribonucleoprotein A3 [Homo sapiens]
RNA binding protein (Autoantigenic, hnRNP-associated with lethal yellow), long isoform.- Homo sapiens
(Human).
Heterogeneous nuclear ribonucleoprotein U (hnRNP U) (Scaffold attachment factor A) (SAF-A) (p120)
(pp120).- Homo sapiens (Human).
heterogeneous nuclear ribonucleoprotein D-like [Homo sapiens]
heterogeneous nuclear ribonucleoprotein H3 isoform a [Homo sapiens]
Histone H1.3 (Histone H1c).- Homo sapiens (Human).
histone H1-2 [validated] - human
Histone H2B type 1-D (H2B.b) (H2B/b) (H2B.1 B) (HIRA-interacting protein 2) - Homo sapiens (Human)
Histone H2A type 1-B - Homo sapiens (Human)
Histone H3-like - Homo sapiens (Human)
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Histone H4 - Homo sapiens (Human)
histone cluster 1, H1d [Homo sapiens]
Histone H2A.x (H2a/x).- Homo sapiens (Human).
Histone H2B type 1-M (H2B.e) (H2B/e).- Homo sapiens (Human).
ribosomal protein L7 [Homo sapiens]
60S ribosomal protein L31 - Homo sapiens (Human)
40S ribosomal protein S23 - Homo sapiens (Human)

40S ribosomal protein S26 - Homo sapiens (Human)
40S ribosomal protein S24 - Homo sapiens (Human)
60S ribosomal protein L22 (Epstein-Barr virus small RNA-associated protein) (EBER-associated protein)
(EAP) (Heparin-binding protein HBp15) - Homo sapiens (Human)
40S ribosomal protein S16 - Homo sapiens (Human)
ribosomal protein P0 [Homo sapiens]
RPS4X protein [Homo sapiens]
ADP-ribosylation factor 1 - Homo sapiens (Human)
Galectin-3-binding protein precursor (Lectin galactoside-binding soluble 3-binding protein) (Mac-2-binding
protein) (Mac-2 BP) (MAC2BP) (Tumor-associated antigen 90K) - Homo sapiens (Human)
Prolactin-inducible protein precursor (Prolactin-induced protein) (Secretory actin-binding protein) (SABP)
(Gross cystic disease fluid protein 15) (GCDFP-15) (gp17) - Homo sapiens (Human)
Ubiquinone biosynthesis monooxygenase COQ6 (EC 1.14.13.-) - Homo sapiens (Human)
Exportin-2 (Exp2) (Importin-alpha re-exporter) (Chromosome segregation 1-like protein) (Cellular apoptosis
susceptibility protein) - Homo sapiens (Human)
Translocon-associated protein subunit delta precursor (TRAP-delta) (Signal sequence receptor subunit delta)
(SSR-delta) - Homo sapiens (Human)
Peptidyl-prolyl cis-trans isomerase A (EC 5.2.1.8) (PPIase A) (Rotamase A) (Cyclophilin A) (Cyclosporin Abinding protein) - Homo sapiens (Human)
dermcidin preproprotein [Homo sapiens]
Ifapsoriasin (Filaggrin 2).- Homo sapiens (Human).
secretory actin-binding protein precursor [validated] - human
Amiloride-sensitive sodium channel subunit alpha (Epithelial Na(+) channel subunit alpha) (Alpha ENaC)
(Nonvoltage-gated sodium channel 1 subunit alpha) (SCNEA) (Alpha NaCH) - Homo sapiens (Human)
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Sodium/potassium/calcium exchanger 1 (Na(+)/K(+)/Ca(2+)-exchange protein 1) (Retinal rod Na-Ca+K
exchanger) - Homo sapiens (Human)
Dermcidin precursor (Preproteolysin) [Contains: Survival-promoting peptide; DCD-1] - Homo sapiens
(Human)
Integral membrane protein GPR175 - Homo sapiens (Human)
Hypothetical protein DKFZp686K23100.- Homo sapiens (Human).
Possible J 56 gene segment (Fragment).- Homo sapiens (Human).
secretory actin-binding protein precursor [validated] - human
HNRPA0 protein.- Homo sapiens (Human).
Interleukin enhancer-binding factor 3 (Nuclear factor of activated T- cells 90 kDa) (NF-AT-90) (Doublestranded RNA-binding protein 76) (DRBP76) (Translational control protein 80) (TCP80) (Nuclear factor
associated with dsRNA) (NFAR) (M-phase phosph
Mov10, Moloney leukemia virus 10, homolog (Mouse).- Homo sapiens (Human).
Poly [ADP-ribose] polymerase 1 (EC 2.4.2.30) (PARP-1) (ADPRT) (NAD(+) ADP-ribosyltransferase 1)
(Poly[ADP-ribose] synthetase 1).- Homo sapiens (Human).
STRBP protein (Fragment).- Homo sapiens (Human).
Protein p65.- Homo sapiens (Human).
Interleukin enhancer-binding factor 3 (Nuclear factor of activated T- cells 90 kDa) (NF-AT-90) (Doublestranded RNA-binding protein 76) (DRBP76) (Translational control protein 80) (TCP80) (Nuclear factor
associated with dsRNA) (NFAR) (M-phase phosph
Protease, serine, 3 (Mesotrypsin).- Homo sapiens (Human).
secretory actin-binding protein precursor [validated] - human
Ifapsoriasin (Filaggrin 2).- Homo sapiens (Human).
Elongation factor 2 (EF-2).- Homo sapiens (Human).
secretory actin-binding protein precursor [validated] - human
RNA helicase Gu - human (fragment)
Proteolysis inducing factor.- Homo sapiens (Human).
Cell growth-regulating nucleolar protein.- Homo sapiens (Human).
Hypothetical protein DKFZp459H0132.- Pongo pygmaeus (Orangutan).
Tubulin, beta polypeptide.- Homo sapiens (Human).
H+-transporting two-sector ATPase (EC 3.6.3.14) alpha chain precursor - human
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tubulin alpha chain - rat
Mac-2-binding glycoprotein precursor - human
TUBB8 protein (Fragment).- Homo sapiens (Human).
CArG binding factor.- Homo sapiens (Human).
ADP/ATP carrier protein
Aging-associated gene 9 protein.- Homo sapiens (Human).
secretory actin-binding protein precursor [validated] - human
helix-destabilizing protein - rat
PRED4 protein (Fragment).- Homo sapiens (Human).
Hypothetical protein RBM35B.- Homo sapiens (Human).
prohibitin 2 [Homo sapiens]
guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 [Homo sapiens]
sarcolectin [Homo sapiens]
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 [Homo sapiens]
Porin 31HM [human, skeletal muscle membranes, Peptide, 282 aa]
voltage-dependent anion channel 3 [Homo sapiens]
sideroflexin 1 [Homo sapiens]
HuR RNA binding protein
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