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Figure 1-6: p53 inhibits the invasive phenotype.

p53 prevents epithelial-mesenchymal transition by repressing the ZEB-1/2 transcription factors,
represses filopodia formation and cell polarisation (orientation of Golgi) via Cdc42 and prevents
loosening of the extracellular matrix and collagen by repressing Plasmin and MMP-1.
Furthermore the inhibitory cytokine MIC-1 prevents cell movement.

Overgrowing cells become neoplastic when they start to invade the surrounding
tissue boundaries. pP53 represses this invasive phenotype by a number of
mechanisms: First, p53 prevents cells from moving by increasing the expression of
KAI, a cell surface glycoprotein which contributes to cell-cell interaction and
interaction of cells with the extracellular matrix®”. Secondly, p53 inhibits the formation
of filopodia induced by Cdc42 GTPase®®, which are a critical part of the invasive cell
morphology. Cdc42 is also required for cell polarity®® and p53’s inhibitory effect
prevents Golgi orientation in direction of movement, thereby perturbing directed cell

migration.

Thirdly, p53 induces expression of the secreted TGFB-family member Macrophage
inhibitory cytokine MIC-1 (also known as growth differentiation factor GDF-15), which
was shown to inhibit cell movement through transwell assays®. Furthermore, p53

reduces the expression of ZEB-1 (also known as 6EF1) and ZEB-2 (also known as
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Sip1) via up-regulation of the microRNAs miR-192 and miR-200%%. The ZEB
transcription factors have a crucial role in epithelial to mesenchymal transition, by

suppressing E-Cadherin transcription®®*

. Finally, p53 imposes a barrier to matrix
remodelling by inducing the expression of plasminogen activator inhibitor PAI-1,
which inhibits the activation of plasminogen and thereby prevents the proteolytic
degradation of the extra-cellular matrix by Plasmin®. Additionally, p53 represses the
expression of Matrix metalloproteinase 1 (MMP-1) that catalyses the break-down

Collagen I, Il and 1lI*®, loosening the tissue and creating space for invading cells.

One of the recent additions to the hallmarks of cancer is the observation that tumour
cells alter their metabolism to mainly rely on glycolysis and less on oxidative
phosphorylation. It has become apparent that p53 antagonises these metabolic
changes, the so-called Warburg-effect, via two mechanisms: On the one hand it
stimulates mitochondrial respiration by activating expression of the Synthesis of
Cytochrome C oxidase 2 (SCO2)¥. This is a key regulator of the Cytochrome ¢
oxidase complex, the last enzyme in the mitochondrial electron transfer chain,
catalysing the oxygen-consuming step of the mitochondrial respiration. On the other
hand it decreases glucose uptake by repressing the expression of glucose
transporters GLUT1 and GLUT4® and down-regulating the GLUT3 glucose

transporter via IKKa and NF-«kB¥.

p53-induced ubiquitination and degradation of Phosphoglycerate mutase (PGM),
which catalyses the eighth step of glycolysis, poses another barrier to completing
glycolysis'®. Moreover, p53 slows down the glycolytic flux by up-regulating the
Fructose-2,6-bisphosphatase Tp53 induced glycolysis and apoptosis regulator
(TIGAR)'", lowering the levels of the fructose-2,6-bisphosphate that drives

progression through glycolysis by activating the rate-limiting Phosphofructokinase.

Blocking progression through glycolysis drives diversion of the early intermediates
through the pentose phosphate pathway. The NADPH produced in this enzymatic
cascade is required to regenerate the reduced state of glutathione, once it has
become oxidised by scavenging reactive oxygen species. Thereby, TIGAR not only
suppresses the metabolic flow through glycolysis, but also increases the synthesis of

antioxidant Glutathione, keeping intracellular reactive oxygen species low™".
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Figure 1-7: p53 inhibits glycolysis and promotes oxidative phosphorylation.
PP-pathway: Pentose phosphate pathway, TCA cycle: Tricarboxylic acid cycle
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This is a critical measure in order to prevent genomic errors to be incorporated into
the DNA in the first place. In line with preventing oxidative stress, p53 also induces
the Glutaminase GLS2 that catalyses the conversion from glutamine to glutamate,
which is required for the synthesis of Glutathione together with cysteine and
glycine'®.  Furthermore, p53 induces expression of the antioxidant enzyme
Glutathione peroxidase (GPX1), which scavenges hydrogen peroxide and organic

hyperoxides'®

and of the mitochondrial matrix protein Aldehyde dehydrogenase
(ALDH4), which also decreases the levels reactive oxygen species'™. Moreover, a
p53-induced family of cysteine sulfinyl reductases called Sestrins regenerate
Peroxiredoxins, which are necessary for scavenging hydrogen peroxide'®.

Altogether, p53 can counteract transformation via a plethora of transcriptional target
genes and mechanisms. On top of the repair or elimination of already damaged cells
and its anti-angiogenic and anti-metastatic activity, p53 pre-empts genetic changes
by keeping levels of intracellular reactive oxygen species low under physiological

levels of stress.

Strikingly, it was recently reported, that p53 blocks the first rate-limiting first step of
the pentose-phosphate pathway by inhibiting Glucose-6-phosphate dehydrogenase
(G6PDH)'®. This role is in opposition to the pentose-phosphate pathway-driving role
of TIGAR'™'. However, since many intermediates of this pathway are required for
anabolic processes, for example nucleotide synthesis'®, inhibiting this route
counteracts biosynthesis and could suppress uncontrolled growth in line with p53’s

many other anti-oncogenic roles.

p53’s bivalent role in metabolism, driving the pentose phosphate pathway through
TIGAR while inhibiting it through suppression of G6PDH, is only one of the many
apparent paradoxes in p53’s many functions. p53 can induce and inhibit autophagy,
it can keep ROS levels low and increase ROS levels, overall, p53’s responses can
range from promoting death to promoting survival. But these contradictory activities
are never activated at the same time and the output depends on cellular
circumstances and stress levels. Hence, p53’s activity must be tightly controlled in
order to activate an appropriate response in each case and there must be a network

of signals that determines which panel of targets p53 will modulate. For example, the
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activation of antioxidant genes under conditions of normal physiological stress levels,
but the inactivation of antioxidant genes during the apoptotic response clearly require

input about the intrinsic cellular situation being translated into p53’s activity.

1.3 Regulation of p53 activity

P53 activity is mainly regulated at protein level by the Ubiquitin E3 ligase MDM2'%"1%,
MDM2 itself is a p53 target gene, forming a negative feedback loop''"°. p53’s
transcriptional activity is furthermore fine-tuned by an array of posttranscriptional and

posttranslational modifications as well as a vast number of interacting proteins.

1.3.1 Structure of p53.

The transcription factor p53 harbours two distinct N-terminal transactivation domains
(TAD) TAD I: amino acids 1-40 and TAD II: amino acids 43-63'"", which interact with
the basal transcription machinery, and an adjacent proline-rich domain (amino acids

63-91), required for the transactivation of some, but not all target genes'".

Alignment of the p53 amino acid sequence across species reveals 5 areas of very
high conservation, termed the conserved boxes. The conserved box | is located
between amino acids 15 and 29 and required for interaction with the Ubiquitin ligase
MDM2''®, Interaction with MDM2 shields the transactivation domain and inhibits

p53's transcriptional activity*'®.
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Figure 1-8: Structure of the p53 protein.

The domains of the p53 protein. Transactivation domains, Proline-rich domain, DNA binding domain,
nuclear localisation signal (NLS), tetramerisation domain (TET), C-terminal regulatory domain. I-V
indicates conserved boxes.

All other conserved boxes are located in the central DNA binding domain from amino
acids 102 to 300. Structurally, the DNA binding domain forms an anti-parallel
sandwich of B-sheets (Figure 1-9 A), while the DNA-binding surface is built up of a
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loop-sheet-helix motif and two large loops interacting with the minor and major
grooves of the DNA (Figure 1-9 B). The residues K120, S241, R248, R273, A276,
C277, R280 and R283 are involved in contacting the DNA''®. The DNA binding
domain confers sequence-specific binding activity to promoters of p53 target genes
harbouring a p53 response element containing 2 copies of the p53 consensus
binding site 5’-PuPuPuC(A/T)(A/T)GPyPyPy - 3’ separated by a spacer of up to 13

base pairs'"’.

A B
)"52
RSN \
o/ \
Wy
‘_“_‘\, —

Figure 1-9: Structure of the DNA binding domain.

(A) The structure of the DNA binding domain consists of an anti-parallel sandwich of B-sheets (blue)
with loops L2 (green), L3 (yellow) and helix H2 (red).

(B) The amino acids 120, 241, 248, 273, 276, 277, 280 and 283 (red) contact the DNA (blue).

Protein database (PDB) accession number 1TUP''®.

p53 contains nuclear localisation and nuclear export signals, which allow the protein
to shuttle in and out of the nucleus. Three nuclear localisation signals for p53 have
been described, the major bipartite NLS with two basic motifs between amino acid
305 and 322 and two less active sequences between amino acids 366 to 372 and
377 to 381", p53 forms a tetrameric complex out of two homodimers via its
oligomerisation domain in order to be an active transcription factor''®. A nuclear
export signal (amino acids 340 to 351) lies within the oligomerisation domain (amino
acids 325 to 356) and it is thought that in its active state as tetramer, p53’s nuclear

export signal is masked'®.

p53’s C-terminus adopts a flexible conformation and contains a regulatory domain

(amino acids 363-393), which is subject to extensive posttranslational modification.
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1.3.2 pb3isoforms

The p53 gene is located at chromosome 17p13.1 and spans 19200 base pairs
across 11 exons. While the vast majority of research has focused on the full-length

protein, 11 other p53 isoforms have been described more recently.

P,: p53, A40 p53 P,: A133p53, A160p33
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Figure 1-10: p53 Isoforms

Isoforms B and y lack exons 10 and 11 after alternative splicing of intron 9. A40 p53 is initiated at an
alternative ATG in exon 4. A133p53 and A160p53 are translated from an internal promoter in intron 4.
Translation of A160p53 is initiated at a second ATG in exon 5.

TAD: transactivation domain, PR: proline rich domain, NLS: nuclear localisation signal, TET:
Tetramerisation domain.

A second promoter is located in intron 4 of p53, and initiation of transcription here
gives rise to an N-terminally deleted A133p53, which lacks the first 133 amino acids,
including both transactivation domains and part of the DNA binding domain. As
expected, this isoform cannot induce p53 target genes, by contrast it was described
to inhibit wild-type p53 in a dominant negative fashion, in particular inhibiting p53-
induced apoptosis™'. Full-length p53 was reported to induce expression of the
A133p53 isoform in response to stress by binding to its own internal promoter'#*2°,
Recently, the A133p53 isoform was shown to promote angiogenesis and tumour
progression and can therefore be classed as an oncogene rather than a tumour

suppressor'#,
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The A133p53 MmRNA transcript also gives rise to another isoform. If translation is
initiated at an alternative ATG at codon 160, an even shorter A160p53 protein,
lacking the first 160 amino acids is produced'®. Although its expression was
observed in multiple cancer-derived cell lines, the function of this isoform has not yet

been studied.

If p53 translation is initiated at an alternative ATG at codon 40 from the full-length
transcript, the resulting protein lacks the first transactivation domain, but retains
TADII'™?®. A40p53 is also produced if intron 2 is alternatively spliced, which gives rise
to a longer mRNA, containing multiple stop codons in the intron 2 sequence.
Therefore a shorter protein starting at the later ATG 40 is produced'’. The second
transactivation domain seems to be sufficient to induce some p53 target genes'?,
however it lacks the MDM2-binding N-terminus and is consequently not degraded by
MDM2'?7,

Intron 9 can be spliced by two alternative methods, giving rise to p533 and p53y,
which have prematurely terminated C-termini (with ten or fifteen additional amino
acids, respectively) lacking the regulatory and the tetramerisation domains, but
retaining the nuclear localisation signal™'. While p53a has higher affinity towards the

p21 and MDM2 promoters, p53B preferentially bind the p21 and Bax promoters''.

Finally, these 3 C-terminal alternative splice events can occur at the same time as the
4 N-terminal deletions, giving rise to a total number of 12 isoforms, or possibly more,
since three more C-terminal splice variants were reported recently'.

Furthermore, the p53 gene contains a common single nucleotide polymorphism
(SNP) in the proline-rich domain at codon 72, which can be a CCC, encoding a
proline or a CGC, encoding an arginine residue. The ancestral form of p53 was found

to be the proline variant'°

. While both variants are very common, the distribution
changes according to ethnicity and the 72P variant was found to be more prevalent
nearer the equator, suggesting that it might confer better UV light protection™'. The
SNP influences p53’s transcriptional output: the prolyl-isomerase PIN1 binds to the
proline rich domain and preferentially binds the R72 variant'®?. Furthermore, the P72

variant binds the anti-apoptotic iASPP better than R72'®, leading to R72 p53 being a
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more potent inducer of apoptosis. Interestingly, p53 cancer mutants with the 72R
variant bind p73 better than 72P, leading to a more sustained suppression of p73’s

apoptotic activity'™*.

1.3.3 MDM2 keeps p53 levels in check

It is crucial to quickly accumulate and activate p53 in the event of stress, it is
however equally critical to control p53’s ability to inhibit proliferation and survival
when cells are perfectly healthy. Therefore, under unstressed conditions, regulation
of p53 protein turnover is controlled by a number of factors, one of the most
important of which is the Ubiquitin-E3-ligase MDMZ2, which constantly ubiquitinates
newly synthesised p53 protein, leading to its degradation'®” %% The significance of
this control is demonstrated by the MDMZ2-knockout mouse, which is embryonic
lethal due to overactive p53, leading to widespread apoptosis. Importantly, the

lethality can be rescued by simultaneous knockout of p53'"1%,

1.3.3.1 MDM2 ubiquitinates p53.

Multiple lysine residues in p53’s C-terminus'®, DNA-binding'*®, nuclear localisation
and oligomerisation domains'' are targeted for modification with the small (76 amino
acids) protein Ubiquitin via a 3-enzyme cascade of a Ubiquitin-activating enzyme E1,
a Ubiquitin-activating enzyme E2 and an E3 Ubiquitin-ligase. Despite the

identification of multiple E3 ligases for p53, MDM2 is still the most prominent one.

The Ubiquitin-activating E1 enzyme catalyses the formation of an Ubiquitin-adenylate
intermediate with Ubiquitin and ATP and consecutively transfers the activated
Ubiquitin to a thiol-group of its own cysteine residue to form an E1-Ubiquitin
thioester. While only one mammalian Ubiquitin E1 enzyme, UBE1, was known for a
long time'*?, more recently a second E1 UBE1L2 was identified'**. The E2 enzyme
accepts the activated Ubiquitin from the E1, also forming a thioester with one of its
cysteine residues, resulting in a Ubiquitin-E2 complex. There are more than ten
different Ubiquitin conjugating enzymes in mammals'*, however the predominantly
used E2 in conjunction with MDM2 is Ubch5 B/C'*. Finally, MDM2 serves as E3-
enzyme, facilitating the formation of an isopeptide bond between the e-group of the

target lysine and the C-terminal glycine residue of Ubiquitin.
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RING finger Ubiquitin ligases generally function as a dimer and the most efficient
Ubiquitin-ligase for p53 is a heterodimer of MDMZ2 its closely related protein
MDMX'e%8 - Although MDMX itself does not contain any catalytic activity, an MDMX
protein containing a mutation, which prevents it from interacting with MDM2, is

embryonic lethal due to overactive p53'*.
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Figure 1-11: MDM2 negatively regulates p53.

The MDM2/MDMX heterodimer is a Ubiquitin-ligase for p53, inducing p53’s proteasomal degradation.
Furthermore, MDM2 shields the p53 transactivation domain, while p53 induces MDM2, forming a
negative feedback loop.

p

All C-terminal lysine residues in p53 are targeted for ubiquitination and mutation of all
six lysine residues to arginine (6KR) was reported to block degradation by MDM2'%°,
although the 6KR p53 protein could still be ubiquitinated by MDM2 in vitro. Knock-in
mice with 6KR or 7KR p53 (the mouse sequence has an additional lysine in the C-
terminus) did not display a more stable p53 protein™®'' suggesting that
ubiquitination of p53 is not limited to these C-terminal lysine residues. Indeed, a
number of lysine residues in the DNA binding domain were also found to be
ubiquitinated by MDM2'° and Ubiquitin conjugation was mapped by mass
spectrometry to lysines 101, 292, 305 and 319-321 in the DNA binding domain and

lysine 357 in the tetramerisation domain''

Poly-Ubiquitin chains are built up by connecting Ubiquitin-molecules with a lysine
residue of an already target-bound Ubiquitin by an isopeptide bond'*?. While mono-
ubiquitination of P53 was linked to nuclear export™, poly-ubiquitination by
conjugation of four or more Ubiquitin-molecules linked via lysine 48 in Ubiquitin serve

as a signal for degradation by the proteasome'*
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1.3.3.2 Structure of MDM2.

The E3 Ubiquitin ligase MDM2 (also called HDM2) belongs to the family of RING
finger ligases, with the RING domain being crucial for its catalytic activity, directly
contacting the Ubiquitin-conjugating E2 enzyme'*®. MDM2’s atypical C2H2C4 RING
finger domain is located in the C-terminus between the amino acids 440 and 497,
with cysteines 438, 441, 461, 464, 475 and 477 and histidines 452 and 457 binding
the zinc ion™®. In line with this, mutation of the zinc-coordinating cysteine 464
perturbs the RING structure and completely abrogates MDM2’s ability to ubiquitinate
P53, Consistent with the importance of an intact RING domain, the single amino
acid substitution C462A MDM2 (equivalent to human C464A) knock-in mouse is
embryonic lethal due to overactive p53'*®. The embryonic lethality can be rescued by

simultaneous p53 knockout, just like the MDM2-knockout mouse ™",
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Figure 1-12: Structure of MDM2.
The MDM2 protein contains an N-terminal p53-Binding domain, a nuclear localisation signal (NLS) and
nuclear export signal (NES), an acidic domain, a zinc finger (ZF) and a C-terminal RING finger.

MDM2 also contains a C4 zinc-finger further towards the N-terminus between amino
acids 296 and 335 with cysteine residues 305, 308, 319 and 322 coordinating the
zinc-ion'®. Some cancer-associated MDM2 mutants harbour single amino acid

exchanges of these zinc-coordinating cysteine residues'®'®’

. Interestingly, the zinc
finger mutant C305F MDM2 was shown to be able to ubiquitinate, but not degrade

p53162.

MDMZ2’s N-terminus forms a deep hydrophobic binding pocket, which binds the a-
helix formed by the conserved box | (amino acids 15-29) in the N-terminus of p53'%.
An MDM2 protein deleted for amino acids 58-89 is unable to bind p53'®.
Importantly, MDM2 not only regulates p53 by promoting its degradation, but also
shields the transactivation domain thereby inhibiting the transactivation of p53’s

target genes'*'"°
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MDM2 shuttles between nucleus and cytoplasm and contains a nuclear localisation
signal (NLS) between amino acids 181 and 185" and a nuclear export signal (NES)
between amino acids 197 and 205'°. p53 also shuttles between nucleus and
cytoplasm and MDM2 can promote the nuclear export of p53, which requires the
export signal of p53, but not the NES of MDM2'?",

The central domain of MDMZ2 consists of an acidic domain between amino acids 212
and 296. Although not directly involved in the catalytic ubiquitination activity, this
domain was shown to be crucial for efficient degradation of p53'%'%°, More recently,
it has become apparent that the acidic domain serves as a second contact point
with the core domain of p53'%'"2. The acidic domain is furthermore a platform for
binding of multiple MDM2-interacting proteins, many of them inhibiting MDMZ2’s
Ubiquitin ligase activity, for example p14*" and L11. MDM2’s acidic domain was
also found to bind to the tumour suppressor Retinoblastoma protein (Rb), resulting in

Rb inactivation'”®.

A short stretch of nine amino acids in the extreme C-terminus after the RING domain
was recently reported to be essential for MDM2 dimerisation'”*'"®. MDM2 is only a
functional poly-Ubiquitin ligase, when present as a homodimer with itself or a
heterodimer with its related protein MDMX (also called HDMX or MDM4) through their
RING domains'®. Although MDMX contains a very similar p53-binding domain to
MDM2 and a RING finger, it harbours no Ubiquitin ligase activity. Nevertheless,
MDMX knockout mice were found to be embryonic lethal and lethality could be
rescued by simultaneous p53 knockout'"'"® just like the MDM2 knockout mouse. It
then emerged, that MDMX negatively regulated p53 by promoting MDMZ2’s Ubiquitin
ligase activity'"®'"® The MDM2-MDMX heterodimer was found to show higher
Ubiquitin ligase activity towards pb53 and to be more stable than the MDMZ2

180

homodimer™. MDM2 is furthermore not only a Ubiquitin-ligase for p53, but also for

itself'®" and MDMX 8%,

1.3.3.3 Stress signals release p53 from MDM2’s
control.

Activation of p53 in response to stress is accompanied by a rapid stabilisation of the

p53 protein, reflecting a block to MDMZ2’s negative control. Various binding partners
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and posttranslational modifications of both p53 and MDMZ2 were shown to regulate

their interaction and the ability of MDM2 to target p53 for degradation.

lonising Radiation UV light Oncogene activation
WY YR @D o)
DNA Breaks Replication Block

AN

Ribosomal Stress

Figure 1-13: DNA damage, oncogene activation and ribosomal stress activate p53.
Without stress, p53 is kept at low levels by its Ubiquitin ligase MDM2/MDMX. lonising radiation and
UV exposure cause DNA damage, which activate a number of kinases, phosphorylating both p53 and
MDM2 and disrupting their inhibitory complex, leading to p53 stabilisation and activation. Oncogene
activation and ribosomal stress inhibit MDM2’s Ubiquitin E3 ligase activity without affecting p53-
MDM2 binding.

MDM2 itself is a transcriptional target of p53'%'"°, providing a positive feedback loop
and MDM2 accumulation simultaneous with p53 stabilisation, resulting in quick

restoration of low p53 levels once the p53-MDM2 interaction block is lifted.

Three major pathways activate p53 by releasing it from MDMZ2’s negative control:

DNA damage activates stress-induced kinases, which phosphorylate p53’s N-
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terminus'® at residues critical for interaction with MDM2, resulting in a weakened
interaction'®. Oncogene activation results in expression of p14*%, which inhibits
MDMZ2’s ubiquitination activity'® while not affecting p53-MDM2 binding™’. Similarly,
ribosomal stress releases ribosomal proteins such as L11 inhibiting MDM2’s E3

ligase activity without impairing binding to p53'®.

A number of kinases are activated by DNA damage and target serine residues in
pb53’s N-terminus for phosphorylation. The Ataxia telangiectasia mutated kinase
(ATM) is activated in response to chromatin alterations, which are a consequence of
DNA strand breaks induced by ionising radiation'®®, and phosphorylates serine 15
and 37 in p53’s N-terminus'®. DNA strand breaks also stimulate the DNA-activated
Protein Kinase (DNA-PK) targeting the same serine residues'’, later found to impair
P53 binding to MDM2'®. Serine 15 and 37 are also phosphorylated by the Ataxia

192

telangiectasia and Rad3 related kinase (ATR)™“, which is induced by replication

blockage and stalled replication forks induced by UV-irradiation.

Both ATM and ATR can activate further kinases involved in p53-phosphorylation:
ATM activates Chk2 by phosphorylating it at threonine 68’ and Chk2 then
phosphorylates serine 20 of p53'%*'®, ATR activates the Chk1 kinase by
phosphorylating it at serine 317 and serine 345'%" also leading to serine 20
phosphorylation of p53'%, contributing to p53’s dissociation from MDM2. In addition,
Chk1 phosphorylates threonine 18 of pb3, if serine 15 has already been
phosphorylated'.

Interestingly, y-irradiation not only stabilises the p53 protein, but was also found to

increase ribosomal protein L26-mediated translation of p53 MRNA levels®®.

Along with p53, MDM2 is also subject to phosphorylation after DNA damage.
However, MDM2 phosphorylation does not take place at the N-terminus, and does
not affect its interaction with p53. Instead, ATR-mediated phosphorylation at serine
407%°" and ATM-mediated phosphorylation of serine 395%%*% prevent MDM2-
mediated nuclear export of pP53. MDMZ2 phosphorylated at serine 395 was
furthermore reported to bind to the p53 MRNA, promoting p53 protein synthesis in

another mechanism to achieve accumulation of the p53 protein®*. Two further serine
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residues in MDM2’s C-terminus serine 429 and 386 are also targeted by ATM and
phosphorylation of these residues was proposed to disrupt dimerisation of the
MDM2 RING domains, thereby contributing to p53 stabilisation by inhibiting MDM2-
mediated poly-ubiquitination®®. In response to ionising radiation, ATM furthermore
activates the kinase c-AblP*®?% which in turn phosphorylates MDM2’s tyrosine 394,

disrupting the p53-MDM2 complex®®.

But not only DNA damage poses a threat to healthy cells, activation of proto-
oncogenes, an important step on the way to cancer development, also triggers p53
activation. The alternative reading frame of the INK4A locus gives rise to p14" 2%,
which was soon discovered to bind to the acidic domain of MDM22'° and serve as
inhibitor of its Ubiquitin ligase activity'®#""#"*, Binding of p14*" exposes a cryptic
nucleolar localisation signal in MDM2, leading to its nucleolar sequestration®'**'°,
p14°% expression is stimulated by many hyper-proliferative signals, including E1A%',
Myc?' and Ras®'®. Lacking this crucial p53-activating mechanism, p14**-knockout

mice were found to be prone to spontaneous tumour development®'®.

A similar mechanism activates p53 in response to ribosomal stress that can be
induced by treatment with RNA polymerase Il inhibitor Actinomycin D. By now, many
small ribosomal proteins were reported to bind MDMZ2’s acidic domain and inhibit its
ubiquitination of p53: Namely, the ribosomal proteins involved in inhibiting MDM2 are
the ribosomal large subunit proteins 118220 | 23 221222 | 5223224 gnd the small
subunit protein S7#2°2%, Activation of p53 by aberrant ribosome biogenesis was
recently shown to be an important independent tumour suppressing mechanism:
Tumours in a Myc-driven lymphoma mouse model formed more rapidly when MDM2
was substituted with an MDM2 mutant (MDMZ2 C305F), which could not bind to L11
or L5, but retained binding to p14°F2%7,

In line with p53’s metabolic responsibilities, glucose starvation was found to activate
P53 via the glucose-dependent Adenosine mono phosphate dependent kinase
(AMPK)?®, Under conditions of low glucose, the cell cycle should not proceed with
cell division, but be halted until conditions have improved. Upon glucose starvation,
AMPK induces phosphorylation of serine 15, once again contributing to the release

t229

of pb53 from MDM2’s negative control and activating the G,/S checkpoin
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Similarly, cells stop dividing when oxygen is scarce. p53 protein levels were reported
to accumulate under hypoxic conditions, possibly by down-regulation of MDM22%°,
Serine 15 of p53 was also found to be phosphorylated in response to hypoxia®',
which is probably mediated by ATR**%,

Clearly, p53 is activated by many different routes, often resulting in accumulation of
p53 protein. However, importantly, the levels of p53 in unstressed cells are sufficient
to induce the genes required for p53’s functions in unstressed circumstances.
Broadly speaking, protein levels can affect the selection of target genes activated by
p53. In a simplified model low levels of p53 preferentially occupy high-affinity
promoters, which are mostly genes involved in cell-cycle arrest, while high levels of
pb3 bind to lower affinity promoters, including the genes of the apoptotic
response®?. But while not directly affecting p53 protein levels, many other interacting
proteins and posttranslational modifications modulate p53’s transcriptional activity

and determine the ultimate response activated by the transcription factor.

1.3.4 pb3 co-factors

As a transcription factor, p53 interacts with many transcriptional cofactors to induce
or repress its target genes. Particular p53-binding proteins can influence which of the
many p53-regulated promoters is activated and thereby stimulate a selective p53

response.

Transcription factors influence the regulation of their target genes via recruiting
transcriptional cofactors, which allow or prevent transcription of the target genes by
facilitating or hindering the transcription machinery to gain access to the chromatin.
One mechanism of chromatin remodelling is posttranslational modification of the
Histones, around which the DNA is organised. Acetylation of lysine residues in
Histones leads to the removal of the positive charge of the unmodified amino-group.
Thus acetylated Histones are less positively charged. This reduces their affinity to the
negatively charged DNA, which is organised around them, thereby allowing access
for the transcription machinery®**. p300 was the first Histone acetyltransferase
discovered to be recruited to the p21 promoter and was found to acetylate p53-
bound nucleosomes®®. p53 also transactivates some of its genes in conjunction with

a multi-subunit transcriptional activator complex called STAGA, containing the
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Histone acetyltransferase GCNb5, crucial for promoter activation. The STAGA
complex interacts with p53 at its transactivation domains and is required for the
activation of p21, Gadd45 and PUMA®®,

On the other hand, transcriptional repression by p53 can be mediated by binding of
the co-repressor mSin3A, which recruits the Histone deacetylase HDAC1?%'. By
removing the acetylation of Histones, a closed chromatin structure is achieved, which
cannot be accessed by the transcription machinery. The pro-proliferation gene c-
Myc and the anti-apoptotic gene Survivin are examples of p53-repressed genes by

this mechanism?38:2%

. P53 also represses target genes without directly binding to
their promoter, but by forming a complex with other transcription factors. Many of
the cell cycle genes repressed by p53 contain a CCAAT box, which is recognised by
the transcription factor NF-Y. NF-Y interacts with p53 in the C-terminus and the
complex of NF-Y and p53 is required for the recruitment of Histone deacetylases to

the promoters of the G,/M genes Cyclin B,, Cyclin B,, Cdk1 and Topoisomerase I1*°.

Many other proteins can influence p53’s transcriptional output: The ASPP family
(Apoptosis stimulating proteins of p53) bind to p53’s proline-rich domain and the
core DNA binding domain. The ASPP1 and ASPP2 proteins were found to promote
transactivation of Bax and PIG3, while not affecting expression of p21 and MDM2,
promoting p53’s apoptotic response®’. Strikingly, another ASPP family member
called iIASPP binds to the same region in p53, but with the opposite outcome: In

contrast to ASPP1 and ASPP2, iASPP inhibits rather than stimulates apoptosis®*?.

Transcriptional activation Transcriptional repression
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Figure 1-14: p53 activates and represses target genes.
p53 recruits Histone acetyltransferases (GCN5, p300) in order to activate target genes such as p21
and recruits Histone deacetylases (HDAC) to inhibit target genes such as Cdk1.
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Moreover, the Haemapoietic zinc finger protein HZF interacts with p53’s DNA
binding domain and promotes the induction of cell cycle arrest*?®. p53 bound to HZF
was found to preferentially activate expression of p21 and 14-3-30, while not

inducing the promoters of Bax and Noxa.

An intriguing set of p53-binding transcription factors are the POU family members
Brn3a and Brn3b. Interaction of Brn3a with p53 leads to activation of p21, but not
Bax and Noxa**, while interaction of Brn3b results in the opposite effect: activating
Bax, but not p21%%,

Recruited by N-terminal serine and threonine phosphorylation of p53, the Prolyl-
isomerase 1 (Pin1) induces conformational changes of the proline rich domain in
pP53%*®, resulting in a change in its interaction partners: Pin1 generally stimulates
transactivation by inducing p300-mediated acetylation of p53, which in turn is
required for the transcription factor’s sequence-specific DNA binding (see section
1.3.5.1). If p53 is phosphorylated at serine 46 in the transactivation domain, Pin1
furthermore leads to the dissociation of the inhibitory iIASPP protein, promoting the
induction of apoptosis'®. This is by no means a complete of p53-interacting proteins
and their effects, furthermore many indirect effects of p53-binding proteins are

complicating the p53-signalling networks®"’.

1.3.5 Posttranslational modifications modulate the p53
transcriptional response.

While p53-binding partners can modulate the outcome of the transcriptional
response induced by p53, its activities are also modulated by a vast number of
posttranslational modifications such as phosphorylation, acetylation, methylation,

ubiquitination, neddylation and SUMOylation.

1.3.5.1 Phosphorylation

One of the first identified modifications on p53 was phosphorylation®*®, which takes
place on serine and threonine residues in all regions of the protein. Phosphate
groups are conjugated to the hydroxyl-groups of polar amino acid residues by

kinases in a condensation reaction. As phosphate groups are two to three times
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negatively charged (depending on the pH), phosphorylation is often associated with
conformational changes of its target proteins. Phosphatases remove phosphate
groups in a hydrolysation reaction, allowing reversible and highly dynamic
phosphorylation and dephosphorylation. Phosphorylation is often used to amplify
minor effects via multistep kinase activation pathways and is thus involved in many

cellular signalling cascades.
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Figure 1-15: p53 is phosphorylated in the N-terminus, DNA binding domain and C-
terminus.

Many different kinases target p53 for phosphorylation, including ATM, ATR, Chk1, Chk2, DYRK2,
HIPK2, AMPK, CSN, Cdk1, Cdk2 and Casein Kinase 2 (CK2) affecting binding to MDM2, protein
localisation, modulation of the transcriptional response and influencing modification of neighbouring
residues. NLS: nuclear localisation domain.

In response to DNA damage and UV, phosphorylation takes place on p53’s N-
terminus on serine 15, threonine 18, serine 20 and serine 37, induced by the ATM,
ATR, Chk1, Chk2 and DNA-PK kinases. These modifications result in decreased
MDM2 binding and p53 stabilisation (see section 1.3.3.3). Other residues in p53 are
also phosphorylated with consequences other than disrupting the p53-MDM2
interaction. Serine 46 in the second transactivation domain is phosphorylated by a
number of different kinases and the serine 46-phosphorylated protein was reported
to induce an apoptotic response, via the target gene p53AIP12*°, The kinases
involved in this modification are the Homeodomain protein kinase 2 (HIPK2)?*°, which
is controlled in a feedback loop via MDM2-mediated degradation®', the dual-specific
tyrosine phosphorylation-regulated kinase 2 (DYRK2), which translocates to the
nucleus upon genotoxic stress®®? and AMP kinase (AMPK), phosphorylating p53

upon glucose deprivation®®
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Serine residue 315, which is phosphorylated by the Cyclin-dependent kinases
Cdk1%* and Cdk2%*, is located in the nuclear localisation signal of p53%®°. Indeed,

serine 315 phosphorylation was reported to affect nuclear localisation of p53'%°.

Serine 392 in the C-terminal regulatory domain of p53 is phosphorylated by Casein
Kinase 2 (CK2) after treatment UV-light, but not y-irradiation®®. As part of the DNA-
damage response this modification enhances p53 transcriptional activity, which is
consistent with the observation that serine 392 phosphorylation stabilises the p53

tetramer in vitro®’.

The DNA-damage induced kinases Chk1 and Chk2 do not only phosphorylate p53’s
N-terminus, but also a number of serine and threonine residues the C-terminus.
These modifications are thought to activate p53’s transcriptional activity by inducing

acetylation of nearby lysine residues?®.

Some serine and threonine residues in the DNA-binding domain (serine 149,
threonine 150, threonine 155) are targeted for phosphorylation by the COP9
signalosome (CSN). These phosphorylation events occur under unstressed

conditions and promote p53 degradation®®.

1.3.5.2 Acetylation

Acetyl-groups can be conjugated to either N-terminal amino groups or g-amino

groups on lysine residues throughout the protein.

A major role of acetylation is the regulation of Histone modification. The enzymes
catalysing acetyl conjugation and deconjugation reactions are therefore called
Histone acetyltransferases (HATs) and Histone deacetylases (HDACSs), although they
also target non-Histone proteins. The amino group of lysine residues carries a
positive charge, which is removed by acetylation. This can alter protein

conformations and influence DNA binding.
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Figure 1-16: p53 is acetylated in the DNA binding domain and the C-terminus.
Different acetyltransferases contribute to p53’s acetylation at multiple lysine residues in the DNA
binding, nuclear localisation and C-terminal domains.

Acetylation of p53 predominantly takes place at lysine residues in the C-terminus and
is generally associated with enhancing sequence-specific DNA-binding, which is
probably due to a conformational change following the acetylation®®. Moreover,
acetylation has been reported to enhance p53 protein stability by blocking MDM2-

mediated ubiquitination®®”.

p53’s main Histone acetyltransferase CBP/p300 was first identified as transcriptional
co-activator®® binding to p53’s N-terminus®*® and phosphorylation of p53’s serine 15
promoted this interaction®®*. CBP/p300 was later found to acetylate lysine residues
370, 372, 373, 381 and 382 in p53’s C-terminus®°. Acetylation of lysines 373 and
382 is induced upon DNA damage®®. Acetylation of the C-terminal lysine residues
induces overall sequence specific DNA binding of p53 and thereby transactivation of

all its target genes. Although initially described as non-acetylated™

, mass-
spectrometry analysis later found the sixth lysine residue in the C-terminus, lysine

386, to also be acetylated in COS cells®®.

The p300 and CBP associated factor (PCAF) acetylates p53 at lysine 320 in the
nuclear localisation signal in response to DNA damage, when serine 33 and 37 are
phosphorylated®’. Lysine 320 acetylation also enhances sequence specific DNA

binding of p53 and promotes activation of p212,

Interestingly, acetylation and ubiquitination target the same C-terminal lysine residues
in p53 and it was reported that acetylation inhibits MDMZ2-mediated ubiquitination of
p53%'. On the other hand, the Ubiquitin-E3 ligase MDM2 reduces acetylation of p53
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by displacing p300 bound to p53%°°?%°, degrading PCAF?® and recruiting the

deacetylating enzyme HDAC12"".

p53’s DNA binding domain is also subject to acetylation: Lysine 164 is targeted by
CBP/p300, contributing to p21 activation?’? and lysine 120 is acetylated by the
MYST family of Histone acetyltransferases, specifically Tip60?® and hMOF?"*,
channelling p53’s response towards the panel of apoptotic target genes such as
PUMA and Bax.

While knock-in-studies with p53 proteins lacking the C-terminal lysine residues, did

not reveal a major impact on p53 transactivation'® '

, @ human protein lacking all 6
C-terminal lysines plus lysine 120 and 164 in the DNA binding domain failed to
induce p21, PUMA, PIG3 and Bax, while still being able to transactivate MDM2%"2,
Indeed, a knock-in mouse mutated at just the K120 and K164 acetylation sites in the
DNA-binding domain (K117 and K161/162 in mouse), cannot induce cell cycle
arrest, apoptosis or senescence, but retains ability to induce p53’s metabolic target
genes®. However, it is difficult to assess whether this ablation of p53’s ability to
transactivate most of its target genes is really due to the posttranslational
modifications of the lysine residues mutated in this protein, since lysine 120 is known
to interact with the major groove of the DNA and mutation of this single lysine residue

already affects DNA binding®”.

1.3.5.3 Methylation

Methylation refers to the displacement of a hydrogen atom with a methyl (CH;-)
group. In proteins, the guanidinium group of arginine residues can be mono- or di-
methylated by protein arginine methyltransferases and the e-amino group of lysine

residues can be mono-, di- or tri-methylated by lysine methyl transferases.
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Figure 1-17: p53 is methylated at the C-terminus.
p53 is mono-and di-methylated in the tetramerisation domain (TET) and the C-terminus.

Three lysine residues in p53’s C-terminus are not only acetylated, but also
methylated: Lysine 370 is targeted for mono-methylation by the SET and MYND
domain containing 2 (Smyd2), resulting in repression of pP53-mediated
transactivation®®. Methylation of lysine 370 is inhibited by acetylation of the

neighbouring lysine 372.

Lysine 372 is methylated by the SET domain methyltransferase Set9, leading to
increased transactivation of p21?’’. This methylation is induced by DNA damage and

occurs together with acetylation of lysine 382.

Lysine 382 itself is mono-methylated by SET domain methyltransferase Set8, leading
to repression of p53’s strongly induced target genes (p21 and PUMA), while the

transactivation of weaker target genes (Bax and Noxa) are not affected”’.

Three arginine residues in p53’s tetramerisation domain are methylated by the
Protein arginine methyltransferase 5 (PRMT5) in response to DNA damage. This
modification contributes to transactivation of a number of target genes, since p53

bound less to the p21, Gadd45 and PUMA promoters after ablation of PRMT527°,

1.3.5.4 Ubiquitin-like modifications

Ubiquitin-like modifications are posttranslational modifications of proteins by the
conjugation of small proteins of the Ubiquitin family to form isopeptide bonds with e-

amino groups of lysine residues in the target protein.
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Ubiquitin was the first identified and founding member of the family of Ubiquitin-like
proteins. A chain of four or more Ubiquitin moieties is recognised and degraded by a
large protein complex called the 26S proteasome’. The proteasome is a ubiquitous
670 kD complex that serves to degrade proteins in the cytoplasm, nucleus and
endoplasmatic reticulum. The large structure can be subdivided into three parts: Two
regulatory 19S particles serve as gatekeepers at either end, and the 20S
proteasome, a central core domain of four stacked rings, forms a barrel-like
structure®®. The regulatory 19S particles recognise and bind Ubiquitin chains. The
Ubiquitin  molecules are removed from the target protein by 19S-associated
deubiquitinating enzymes and the substrate is unfolded with the help of ATPases.
The linearised protein is then passed into the core, where it is cleaved by 20S-

associated proteases®'.

Ubiquitin can form a number of different chains. The 76 amino acid residue Ubiquitin
protein contains seven lysine residues: K6, K11, K27, K29, K33, K48 and K63 and
every single one of these lysines can be used for conjugation of a further Ubiquitin
molecule®®. Indeed, analysis of auto-ubiquitinated MDM2 in combination with the E2
conjugation enzyme Ubchb identified all possible Ubiquitin chain-linkages and even
forked chains as result of the conjugation of 2 Ubiquitin molecules to two different
lysines in one Ubiquitin®®. However, certain chain linkages prevailed and K11, K48
and K63 linked chains were predominantly found®®. The specific chain-linkage is
influenced by the E3 ligases: In a different study, MDMZ2 was found to predominantly
produce K48 linked chains while MDMZ2 in complex with MDMX conjugated K6, K11
and K48 linked chains®®,

The K48-linked chain is classically associated with proteasomal degradation.
However, K63-linked chains are recognised by the 26S proteasome equally well as
K48-linked chains, but deubiquitinating enzymes dissemble K63 chains six times
faster than K48 linkages, possible explaining why proteins with K63 chains are less
efficiently degraded®”. While pure K11-linked chains can serve as degradation signal
for mitochondrial proteins®®®, K11 and K63 mixed chains can serve as a signal for

286

internalisation of cell membrane proteins™. Also linear Ubiquitin chains, where the N-

terminal amino group is used for conjugation instead of the e-amino group of a lysine
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residue, have been reported®’. The NF-kB essential modulator (NEMO) was found to

possess a binding motif that specifically recognises such linear Ubiquitin chains®®,

MDMZ2 ubiquitinates p53 on lysine residues in the DNA-binding domain, nuclear
localisation domain, tetramerisation domain'' and C-terminus™®. In addition to
promoting p53 ubiquitination (described in 1.3.2.1), MDM2 was shown to bind to the

19S proteasome, delivering p53 for degradation®.
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Figure 1-18: The central and C-terminal regions of p53 are ubiquitinated, neddylated
and SUMOylated.

Many different E3-ligases target p53 for ubiquitination, only some of which are indicated here. Distinct
lysine residues in the C-terminus and nuclear localisation domain are neddylated by MDM2 and
FBXO11 respectively. Only lysine K386 has been reported to be SUMOylated. A number of different
proteins have been shown to promote this modification of p53 (see chapter 1.4.3).

FBXO11
FBXO11
MDM2
MDM2
MDM2

Additionally, roles for other Ubiquitin E3 ligases for p53 are emerging. The oldest
known Ubiquitin ligase for p53 is the human papillomavirus protein E6-AP. While all
types of HPVs encode an E6 protein that can bind to p53, only the E6 proteins of
HPV 16 and 18 can also target p53 for degradation. Strikingly, these HPV types
induce the formation of malignant lesions, while the other HPV types only trigger the
formation of benign lesions®®?°'". The E6 protein itself does not harbour any catalytic
activity, but associates with the host protein E6-AP (E6-associated protein), which is
the founding member of the HECT-domain (homologous to E6-AP C-terminus)
Ubiquitin ligases®?. A p53-protein without the C-terminal lysine residues is resistant
to E6-AP-mediated degradation, suggesting that the C-terminal lysine residues are
the target of E6-AP mediated ubiquitination™®. The adenoviral E1B 55K protein

together with E4orfé also promotes the degradation of p53%¢2%, By contrast, the
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simian virus 40 (SV40) large T antigen does bind p53, but rather stabilises the protein
and inhibits its transactivation®**?%". Indeed, p53 was first discovered in a screen for
SV40 binding proteins?®2%,

Non-viral proteins other than MDM2 target p53 for ubiquitination as well. The RING
domain E3s Pirh2*® and COP1**" target p53’s C-terminal lysine residues for poly-
ubiquitination and subsequent proteasomal degradation, while themselves being
upregulated by p53, forming a negative feedback loop with p53, just like in the case
of MDM2. Pirh2 furthermore targets some lysine residues in the DNA binding domain
for ubiquitination, most of them overlapping with MDM2, apart from Lys 164, which
is exclusively modified by Pirh2'*'. Another RING finger ligase called Topors was also
reported to induce ubiquitination and degradation of p53°**?. The HECT Ubiquitin
ligase ARF-BP1 shows Ubiquitin E3-ligase activity towards p53°®. Moreover, the
Caspase associated RING proteins (CARPs) target unmodified p53, as well as p53
phosphorylated at serine 15 and serine 20, which cannot be ubiquitinated by MDM2,
for degradation®*. UHRF2 is the most recent addition to the p53-E3-ligases. It
contains Ubiquitin-like PHD and RING domains and has been shown to poly-

ubiquitinate p53, possibly contributing to its degradation®®.

Strikingly, a Ubiquitin-independent degradation mechanism for p53 has also been
described, as unmodified p53 is constantly degraded by the 20S proteasome.
However, upon treatment with ionising radiation, p53 interacts with the 20S
proteasome-associated NQO1°%®, thereby preventing p53 degradation and

contributing to the stabilisation of p53 upon stress®”.

Four other Ubiquitin ligases modulate p53, but do not contribute to p53 degradation:
Cullin 7 in complex with the small RING finger protein ROC1 mono- and di-
ubiquitinates p53, thereby repressing the transactivation of its target genes®*®. The
HECT domain E3 ligase WW-domain containing protein WWP1 does not degrade,
but rather stabilises p53 by sequestering it in the cytoplasm®®. The atypical Ubiquitin
ligase E4F1 does not target the C-terminal lysine residues, but ubiquitinates lysine
320, not affecting protein stability, but inducing cell cycle arrest by promoting

activation of the p53 target genes p21 and Gadd45°°. Finally, the cytoplasmic E3-
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ligase Hades interacts with p53 at the mitochondria, poly-ubiquitinating lysine 24 and

inhibiting p53 interaction with anti-apoptotic Bcl-2°'".

Protein ubiquitination is a reversible reaction and deubiquitinating enzymes (DUBS)
play a role in controlling p53 stability by counter-acting the work of Ubiquitin ligases.
The deubiquitinating enzyme HAUSP was first reported as p53-stabilising enzyme,
since it could remove Ubiquitin chains from p53°'?. However, it was subsequently
found that HAUSP also deubiquitinated and stabilised MDM2, and that disruption of
HAUSP ultimately lead to stabilised p53°'®*™. By contrast, the deubiquitinating
enzyme USP42 targets p53 but not MDMZ2, contributing to p53-stabilisation during

the early phase of a stress-response®'.

Ubiquitin Nedd8

Figure 1-19: The Ubiquitin-like modifiers share a B-barrel structure.
Nedd8 is structurally homologous to Ubiquitin. Protein database accession numbers:
Ubiquitin 1TUBQ®'®, Nedd8 1NDD?3",

Two Ubiquitin-like modifications are known to be conjugated to p53’s C-terminal
lysines as well: Nedd8 and the small Ubiquitin-related modifier SUMO (also called
Sentrin). While SUMO only displays 18% sequence homology to Ubiquitin, Nedd§,
with 58% sequence homology, is much more closely related to Ubiquitin. Although
also conjugated via an E1, E2 and E3 cascade, conjugation of Nedd8 requires a
different set of enzymes than ubiquitination with  APPBP1-Uba3 serving as Ef
enzyme and Ubc12 as E2 enzyme. The Ubiquitin-ligase MDM2 also shows Nedd8-
E3 activity towards p53 and promotes neddylation of lysine residues 370, 372 and

373, leading to inhibition of p53-mediated transcriptional activation®'®. Another
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protein, the F-Box protein family member FBXO11, was later shown to induce
neddylation of the C-terminal lysines and two other residues (lysine 320 and 321),
also inhibiting the transactivation of p53’s target genes®™. The Nedd8-protease
NEDP1 was furthermore shown to specifically remove Nedd8, but not Ubiquitin from
p53%°,

1.4 Small Ubiquitin-related modifiers

Although not apparent at amino acid level (18% homology), SUMO is indeed very

323

similar to Ubiquitin in its three-dimensional conformation®~. Major differences are the

presence of an N-terminal tail in SUMO and a different surface charge distribution,
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suggesting distinct binding partners for SUMO and Ubiquitin®*.

SUMO-1 SUMO-2

Figure 1-20: SUMO-1 and SUMO-2 ribbon models.

SUMO-1 and SUMO-2 have 50% identical amino acids and share the characteristic
Ubiquitin-like fold of a barrel of B-sheets with one helix.

Protein database accession numbers: SUMO-1 1A5R%! SUMO-2 1WM2%%2
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In 1995, the first SUMO protein (SMT3) was discovered in baker’'s yeast as a
suppressor of the centromeric protein Mif2 and was functionally linked to mitosis®®.
In the following year, a human homologue was found®®. SUMO is a ubiquitously

expressed protein of about 100 amino acid length and 10 kD weight in mammals.
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Figure 1-21: SUMO is conjugated to p53 with the help of the SUMO-E1 SAE1/SAE2
and SUMO E2 Ubc9.

The Sentrin-specific proteases (SENP) cleave the SUMO precursor, exposing the C-terminal diglycine
motif, which is used to conjugate the SUMO protein to amino-groups of lysines in the target proteins.

SUMO, like all Ubiquitin-like modifiers, is synthesised as inactive precursor and needs
to be cleaved by proteases in order to be activated. The cleavage by Sentrin specific
proteases (SENPs) results in the exposure of a diglycine motif, which is then used for
the conjugation reaction to the e-amino-group of a lysine residue in the target
protein. All SUMO family members are conjugated to their target proteins via the
same E1 - a dimer of SUMO-activating enzymes SAE1 and SAE2, which activates
the cleaved SUMO by forming a thioester-bond between the C-terminal glycine of
SUMO and its own active cysteine residue in an ATP-consuming step®’. From here,

SUMO is transferred to the conjugating E2-enzyme Ubc9, which forms the
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isopeptide bond between the C-terminal glycine residue of SUMO and e-amino-

group of a lysine residue in the target protein with the help of an E3-ligase®®.

Mammals have four SUMO-family members; the best studied being SUMO-1, which
is about 50% homologous to the almost identical SUMO-2 and 3. SUMO-4 is
structurally more closely related to SUMO-2/3 than SUMO-1. SUMO 1, 2 and 3 have
a broad tissue distribution and the expression of SUMO-4 is limited to certain organ
types, being predominantly expressed in the kidney*”. It is yet unclear, whether
SUMO-4 can be conjugated to any target proteins because the SUMO-4 precursor
contains a proline residue in close proximity to the diglycine motif, which may prevent

activation via protease cleavage®®.

SUMOQylation predominantly takes place on lysine residues in a specific consensus
motif, consisting of the four amino acid sequence WKxE, W being a hydrophobic
residue, x being any amino acid®'. However, not all of these amino acid sequences
are modified and most SUMOylated lysines reside in unfolded areas or extended

loops, allowing access for the conjugating enzymes.

In contrast to Ubiquitin E3 ligases, SUMO E3 ligases are less essential for SUMO
conjugation, as E1 and E2 are enough to promote SUMOylation in vitro®**. Other
than the Ubiquitin E2s, the SUMO-E2 Ubc9 contains a substrate recognition site that
directly interacts with the SUMO consensus motif with the target lysine residue fitting
into a hydrophobic groove in Ubc9. Nevertheless, several SUMO E3 ligases have
been identified, including RanBP2, the PIAS family proteins and Pc2%°. While the
PIAS proteins contain a RING finger similar to the Ubiquitin E3-ligases, RanBP2
contains neither a RING nor a HECT domain®“. It is possible that E3 ligases have a
role in determining the substrate specificity, as not all lysine residues in SUMO
consensus motifs are actually SUMOylated. Furthermore, the E3-ligases might
influence which SUMO isoform is conjugated to which substrate, as SUMO-1 and
SUMO-2/3 proteins have distinct and overlapping target proteins. Exclusive
modification with either SUMO-1 or SUMO-2/3 cannot be explained without the
activity of an E3 ligase, as the SUMO-E2 ligase Ubc9, which can directly bind to the

SUMO consensus®®, does not discriminate between the SUMO isoforms. Ubc9’s
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target discrimination might be influenced by SUMOylation of its own lysine 14

residue®®,

SENPs, which activate the inactive precursor proteins, also cleave the conjugated
SUMO proteins off the target protein, resulting in a highly dynamic turnover of SUMO
on and off its target proteins®*’. Humans have six different SENPs with different
subcellular distribution and a varying degree of isoform specificity®*”. SENP1 s
located throughout the nucleus and SENP2 localises to the nuclear pore®®. SENP1
and SENP2 are the only SENPs that can process and deconjugate all SUMO
isoforms from their targets. Both proteins can process the precursor forms of all
isoforms, but SENP1 more efficiently catalyses the processing of SUMO-1%%°, while
SENP2 preferentially cleaves SUMO-2°°. All other SENPs exclusively use SUMO-2/3
as their substrate. SENP3 and SENP5 locate to both nucleus and nucleolus and
hydrolyse both the SUMO-2/3 C-terminal peptide and the SUMO-diglycine - target-
lysine isopeptide bond*'**2, SENP6 and SENP7 are located in the nucleoplasm and
do not process unconjugated SUMO, but edit poly-SUMO-2/3 chains®*%*, SENP6
was found to also cleave a SUMO-1 cap off a SUMO-2/3 chain, although less
efficiently than editing pure SUMO-2/3 chains®*®. Recently, a new kind of SUMO
protease called DeSl-1 was described, which seems to target a distinct set of

SUMOylated proteins in the cytoplasm®"’.

Although SUMO-1 and SUMO-2/3 are conjugated via the same set of enzymes, they
can preferentially target specific proteins, for example RanGAP1 is only SUMO-1
conjugated®®. These isoforms are all nuclear, but show different distribution: SUMO-
1 accumulates at the nuclear envelope and in nucleoli, while SUMO-2/3 does not®*.
Furthermore, SUMO-2/3 is more abundant in a large free pool than SUMO-1 and is

d348

also much more rapidly conjugated and removed™*, consistent with a potential role

for SUMO-2/3 in stress responses®®

. It is becoming apparent that the modification of
proteins with SUMO-2/3 may have different consequences to the modification with
SUMO-1%", Strikingly, only SUMO-2/3 contains an internal SUMO consensus motif
around lysine 11 and can therefore be conjugated in chains, whereas SUMO-1
cannot form chains and might act as chain-terminator on SUMO-2/3 chains®®.
SUMO chain formation was observed in vitro and in vivo®® and distinct roles for

SUMO-chains are beginning to emerge®®.

60



Much of SUMO’s function is most likely mediated through creation of a new
interaction surface on the SUMOylated protein and recruitment of binding partners,
which would not bind the unmodified protein. This model became an exciting new

area of research with the discovery of SUMO interaction motifs.

1.4.1 SUMO interaction motifs

Analysis of SUMO-interacting proteins revealed that a stretch of amino acids with
non-linear aliphatic side chains could interact non-covalently with all SUMO
isoforms®“. The SUMO interaction motif (SIM) was then defined as V/I-X-V/I-V/I or
V/I-V/1-X-V/I, which forms a (-sheet that interacts with the [3,-sheet of SUMO, in
parallel or antiparallel direction®®. A hydrophobic pocket on the SUMO surface
formed by amino acids valine 30, phenylalanine 32 and isoleucine 34 in SUMO-3
interacts with the hydrophobic side chains of the SUMO interacting motif***%’". Many
SIMs are located in close vicinity to a stretch of acidic amino acids, which were
thought to assist the SUMO recognition. However, it later emerged that this stretch
incurred some isoform specificity, since SIMs with an acidic stretch preferentially bind
to SUMO-1, while SUMO-2/3 is predominantly recognised by SIMs without acidic
stretch. Possibly, the amino group of SUMO-1’s lysine 78, which is not present in
SUMO-2/3, forms a salt bridge with the carboxyl group of the acidic amino acids
next to the SIM®*®. Interestingly, some SUMO interacting motifs contain a stretch of
serine residues instead of acidic amino acids, which can also introduce the negative

charge when they are phosphorylated®®.

Many SUMO-conjugating enzymes contain SIMs, among them the SUMO-activating
E1 enzyme that contains two SIMs, although the functional consequences on its E1-
activity remain unclear®®. In contrast, the SUMO-1 specific E3 ligase RanBP2, which
harbours neither a RING nor a HECT domain, contains a SUMO interaction motif that
is strictly required for its SUMO-E3 activity®®'. The PIAS E3 ligases, also require their
SIM domain for the SUMO-promoting activity, while their SP-RING domain can be

dispensable®®

. Moreover, SUMO interacting motifs are found in SUMO-targets and
provide a plausible explanation for SUMOylation of non-consensus sites®”.
Analogous to the SUMO system, presence of Ubiquitin-binding domains can also

target proteins for ubiquitination without the need for a Ubiquitin-E3%*.
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The presence of SUMO interacting motifs allows a vast array of proteins, which are
not directly involved in the SUMO conjugation process to be recruited to
SUMOylated proteins. An example for a SUMO-recruited protein is the Ubiquitin-
ligase RNF4, which harbours a row of SUMO interaction motifs and is therefore
recruited by poly-SUMO chains. The recruited Ubiquitin ligase then mediates the
ubiquitination and degradation of the poly-SUMOylated target proteins, and is for
example involved in the degradation of SUMOylated PML®*%**%®, Furthermore, SUMO-
dependent recruitment of RNF4 to the mediator of DNA damage checkpoint MDC1,
was recently shown to play a central role in homologous recombination after DNA
damage®’*%®. The hypoxia inducible factor HIF-2a was also reported to be poly-
SUMOylated and subsequently degraded by RNF4 and von Hippel-Lindau VHL®®.
However, no SUMO-interacting motif could be found in VHL, making it an unlikely

SUMO-targeted Ubiquitin ligase®”°.

1.4.2 SUMO function

SUMO clearly plays a significant role in development, since knockout mice of the
SUMO-E2 Ubc9 are embryonic lethal®”' and some SUMO-1 heterozygous mice are
born with a cleft lip®?. But the SUMO system is also emerging as a critical modulator
in tumourigenesis and cancer treatment. Tumours engineered to overexpress a
dominant-negative SUMO-E2 Ubc9 (with a point mutations at the critical cysteine

residue 93) show increased drug sensitivity>"

, reduced tumour growth and increased
apoptosis®*. Importantly, expression of Ubc9 and polymorphisms of the SUMO
systems have also been associated with risk®® and treatment prognosis®’® of certain

types of cancers.

In line with its role in cancer, SUMOylation influences many crucial cellular functions

such as the mitosis®’, DNA repair®’® and the induction of senescence®”

. Many of the
SUMO target proteins are transcription factors, whose activity is generally thought to
be repressed by SUMOylation®®°. However, SUMOylation can also induce
transcriptional  activity of some transcription factors®'. Strikingly, SUMO-1
modification of chromatin was recently observed upstream of the transcriptional start
of actively transcribed housekeeping genes®?, suggesting that SUMO might also

play a role in the epigenetic regulation of gene transcription.
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Particularly the highly dynamic conjugation of SUMO-2/3 is thought to play an
important role in response to stress. Global SUMOylation is sensitive to even
physiological levels of reactive oxygen species, which trigger a reversible disulfide
bond between the E1 and E2 enzyme to be formed, completely blocking any SUMO-
conjugation®®, Furthermore, presence of SUMO-2 and SUMO-3 was found to be
essential for survival of heat shock, which resulted in a global increase in
SUMOylation®*. A possible mechanism for this increased global SUMQylation is the
finding that deSUMOylating enzymes are inactivated under heat shock®®. It was
furthermore described that misfolded proteins were generally marked by SUMO-2
modification®*®. The transfer of SUMO from the E1 to the E2 enzyme was recently
found to be regulated by SUMOQylation of lysines in close proximity to the catalytic
cysteine residue 173 in the SUMO-activating enzyme SAE2%’. Upon heat shock, the
SUMO-E1 was deSUMOylated, leading to more efficient SUMOylation of its

substrates®’.

While poly-ubiquitination is frequently associated with proteasomal degradation, such
a defined role for SUMOylation does not exist. However, as mentioned earlier
SUMOylation can also influence other posttranslational modifications, for example
when recruiting SUMO-targeted Ubiquitin ligases. But SUMOQylation is part of a
complex crosstalk not just with ubiquitination, but also phosphorylation and

acetylation.

The discovery of SUMO-targeted Ubiquitin ligases like RNF4°%°, which were first
identified in yeast®®, brought the Ubiquitin- and SUMO pathways closer together. In
addition, many players of the Ubiquitin-system are regulated by SUMOylation: The
Ubiquitin E2 E2-25K is SUMO-1 modified on lysine 14, resulting in inhibition of its
Ubiquitin chain formation activity®®. By contrast, the Ubiquitin-E3-ligase activity of
BRCA1 is enhanced after SUMOylation by PIAS1 and PIAS4 in response to DNA
damage®**'. Some deubiquitinating enzymes are also regulated by SUMOylation:
The USP25 is modified by SUMO-2/3 within its ubiquitination interaction motif, which

impairs its catalytic activity of hydrolysing Ubiquitin chains®®

. Another way, by which
SUMOylation influences ubiquitination is by occupying the same lysine residue, which
would usually be targeted for ubiquitination. Through this mechanism SUMOylation

stabilises IkBa, an inhibitor of NF-kB3%,
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Phosphorylation of serine and threonine residues within a phospho-dependent
SUMO interaction motif can regulate the discrimination of the SUMO isoforms®®.
Moreover, phosphorylation of serine residues close to the SUMO consensus motif
was observed to regulate the conjugation of SUMO to its targets. The
phosphorylation-dependent  SUMO motif consists of an extended classical
consensus WKXExxSP, in which the serine residue is a target of proline-directed
kinases®*. It was proposed that phosphorylation introduced a negative charge
interacting with a basic patch on the surface involving lysines 65, 74 and 76 of the
SUMO-E2 Ubc9*>*. Via this mechanism, phosphorylation increases the SUMO-
conjugation to lysines within phosphorylation-dependent SUMO motifs, as observed
for example for the SUMOylation of heat shock factor HSF1°*%® and PIAS1%%®,
Phosphorylation outwith the extended consensus motif can also influence the rate of
SUMOylation. In the case of p53 it was reported that phosphorylation at serine 20
impairs its association with Ubc9%”. The notion of phosphorylation-dependent
SUMOylation opens up new possibilities SUMO conjugation in stress response and

signal transduction.

Like ubiquitination, acetylation also takes place on many of the SUMO-modified
lysine residues. Interestingly, the SUMO conjugation system targets important
players of the acetyltransferase system. For example SENP1 deSUMOylates the
deacetylase HDAC1, which results in repression of its deacetylase activity towards
the androgen receptor®®, while SENP3 deSUMOylates the acetyltransferase p300
and contributes to its activation®*. Regulation of p300-mediated repression was
furthermore found to be dependent on SUMO-1 modification, which initiates
recruitment of deacetylase HDAC6*®. In the case of p53, which is SUMOylated at
lysine 386 in close proximity to lysine residues acetylated by p300, SUMO-1
modification was shown to block p300-mediated acetylation of its lysine residues
373 and 382, while acetylated p53 could still be SUMOylated*’. Furthermore, it was
reported that the N-terminus of SUMO-1 contains a domain similar to the acetylated
region in pb3’s C-terminus and SUMO-1 itself was found to be acetylated at lysine
residues 37, 38, 39, 45, 46 and 48. The conjugation of acetylated SUMO-1 to p53
had different consequences on p53’s transcriptional activity than conjugation of non-
acetylated SUMO-1%%, Indeed, further studies revealed that acetylation of lysine
residues K37, K39 and K46 in SUMO-1 and K33, K35, K42 in SUMO-2 alters the
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