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POST-TRANSLATIONAL MODIFICATIONS

The average adult human body consists of approximately 37.2 trillion cells1. All that we 
are and everything that we do is orchestrated within and between them. Each cell carries 
an elaborate manual that is essential for everything. The manual, our genetic material or 
deoxyribonucleic acid (DNA), describes how to build other macromolecules that form the 
actual workforce of the cell. An important group of macromolecules, which are encoded by 
our DNA are polypeptides, also called proteins. To build a protein, the DNA of a particular 
gene, which is the entity of the DNA that carries the instructions for the synthesis of one 
particular protein, must first be transcribed into messenger ribonucleic acid (mRNA), which 
is subsequently translated into a protein2-4. Due to processes like alternative promotors, 
alternative splicing or RNA editing, the transcription of around 20,000 genes of the human 
genome result in about 100,000 different mRNAs5-10. After or during the time when a 
protein is translated it can be altered by the covalent attachment of small chemical entities 
or other proteins. These processes are called co-translational and post-translational 
protein modification (PTM), respectively, but are often collectively referred to as PTMs11,12. 
PTMs further increase the complexity and functionality of the proteome13,14. As PTMs are 
reversible they are ideal for fast and transient signal transductions for example when the cell 
has to rapidly adapt to changing environments. PTMs can be divided into two major classes. 
The first class of PTMs comprises the covalent attachment of small chemical groups to a 
substrate protein. The best studied and most abundant chemical PTM is phosphorylation, 
by which a small phosphoryl group is added to a serine, threonine or tyrosine residue within 
the substrate by enzymes called kinases15,16. Protein phosphatases are responsible for the 
reversibility of this PTM as they can remove the phosphoryl group from their substrates17. 
Thus far it is estimated that 230,000 phosphorylation sites exist on around 8-10,000 substrate 
proteins within the human proteome, including substrate proteins involved in most of the 
cellular signalling pathways18. Other abundant chemical modifications include acetylation, 
methylation and glycosylation, which are all conjugated and deconjugated via specific sets 
of enzymes19-21. 
The second class of PTMs consist of the covalent attachment of small proteins to a substrate 
protein22. Here, the best studied and most abundant modification is the attachment of 
ubiquitin to lysine residues, a process referred to as ubiquitination23,24. After the discovery 
of ubiquitin, a whole class of structurally related small proteins were identified, which share 
not only the structural component of a globular ꞵ- grasp fold, called the ubiquitin fold, 
but are also used for covalent attachment to lysine residues in substrate proteins utilizing 
their C-terminal Glycine-Glycine motif (di-Gly). This class of ubiquitin-like proteins (UbLs) 
include the Small Ubiquitin-like Modifiers (SUMOs), Nedd8, Isg15, Fat10, Fub1, Ufm1, Urm1, 
Atg12 and Atg825-35. Like other PTMs the addition of ubiquitin and UbLs to target proteins 
is mediated by specialized enzymes. Three distinct groups of enzymes act sequentially to 
form the enzymatic cascade resulting in the conjugation of ubiquitin and UbLs to a substrate 
protein. The E1 activating enzymes, the E2 conjugating enzymes and the E3 ligases36-39. 
Modification specific proteases are used to remove the small protein entities from the 
substrate once the aim of the modification is fulfilled. Despite the structural similarity to 
each other and the resemblance of the mechanisms used to attach and remove them from 
substrates, ubiquitin and UbLs all have different primary sequences, different surface charge 
distributions, different sets of E1, E2 and E3 enzymes and diverse biological significances 
and consequences40. 
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SUMOYLATION

SUMO paralogues
The small ubiquitin-like modifiers, SUMOs, structurally differ from other Ubls due to their 
flexible N-terminus, which also contains the major site for SUMO chain formation. All 
eukaryotes express at least one SUMO paralogue, like yeast, C. elegans and Drosophila. 
Mammals express four SUMO paralogues, SUMO1-4. SUMO2 and SUMO3 share 97% of 
sequence identity and are thus far not distinguishable by antibodies and often referred 
to as SUMO2/3. SUMO1 has 47% sequence identity with SUMO2. It is still questionable if 
the SUMO4 precursor can be processed to expose the C-terminal diGly motif needed for 
the conjugation to substrate proteins, as none of the known SUMO proteases seem to be 
able to do so41. The mature version of SUMO4 was however identified in lysates of serum 
starved cells, suggesting possible unknown SUMO proteases that are specifically expressed 
under these circumstances42. 
All SUMO paralogues are structurally very similar, but differ in expression levels. SUMO2 is 
the most abundant SUMO family member and knockout of SUMO2 is embryonic lethal in 
mice, while SUMO1 and SUMO3 knockout mice show only mild phenotypes, possibly due 
to the ability of SUMO2 to compensate for the  loss of either SUMO1 or SUMO343,44. Also, 
the different family members have different susceptibilities to SUMO specific isopeptidases 
for both, processing of the precursors  and deconjugation45. Another difference between 
SUMO1 and SUMO2/3 is their ability to form SUMO chains. SUMO2 and SUMO3 harbour 
a lysine residue at position 11 (K11) within their flexible N-terminus that is located in a 
sequence motif that is preferentially targeted for SUMOylation and referred to as SUMO 
consensus motif46. This enables SUMO2/3 to polymerize47. Although the main site of 
SUMO chain formation seems to be K11, site-specific mass spectrometry approaches 
have identified several other SUMO acceptor lysines within SUMO2, SUMO3 and even 
SUMO148. SUMO1 possesses an N-terminal lysine at position 7 that is located in an inverted 
SUMO consensus motif and low efficiency SUMO1 chain formation was demonstrated in 
vitro and by site-specific mass spectrometry in vivo, although the biological relevance and 
stoichiometry of SUMO1 chains remain to be established 48-51. Rather than forming a chain 
itself, SUMO1 was suggested to function as a capping factor, terminating SUMO2/3 chain 
formation47,52,53.
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Figure 1. Possibilities of SUMO modification. SUMO substrates can be modified by a single SUMO moiety on 
a single lysine (mono-SUMOylation). Or single SUMO moieties can be conjugated to multiple lysines within the 
same substrate (multi-SUMOylation). A substrate can also be modified by a SUMO chain (poly-SUMOylation).
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The SUMO conjugation cycle
SUMO can be conjugated to a single lysine within a substrate protein as single moiety (mono-
SUMOylation), target multiple lysines within the substrate (multi-SUMOylation) or form a 
SUMO chain on a lysine residue (poly-SUMOylation) (Figure 1). The SUMO paralogues are 
translated into premature proteins (pre-SUMO), which have to be matured by the activity 
of a group of SUMO specific isoeptidases (SENPs). The SENPs remove a couple of C-terminal 
amino acids to expose the C-terminal di-Gly motif, which is needed for the conjugation 
to target lysine residues of the substrate. Conjugation and deconjugation of SUMO to a 
substrate is achieved via the activity of an enzymatic cascade involving SUMO specific E1, E2 
and E3 enzymes and isopeptidases (Figure 2). The heterodimeric SUMO E1 enzyme consists 
of the SUMO-activating enzyme subunit 1 (SAE1) and subunit 2 (SAE2, also called UbA2). In 
an ATP-dependent two-step process, the mature C-terminus of SUMO is first adenylated, 
followed by the formation of a SAE2~SUMO thioester bond36,54. The single known SUMO E2 
conjugating enzyme, Ubc9 renamed as UbE2I, is able to bind the SAE2s ubiquitin fold and 
this interaction stimulates the transfer of SUMO to Ubc955. Unlike E2 enzymes involved in 
ubiquitin conjugation, Ubc9 has the unique ability to directly contribute to SUMO substrate 
selection56. Ubc9 has a low affinity to a so-called SUMO consensus motif, which is present in 
many substrate proteins and defined by a hydrophobic residues (ψ) upstream of the target 
lysine followed by any amino acid and an acidic residue downstream of the modification site 
(ψKx(D/E))57,58. In vitro a high concentration of Ubc9 together with the E1 enzyme is often 
sufficient to SUMOylate a substrate, given the presence of a SUMO consensus motif within 
the target protein49,57,59. In vivo, however, most substrates seem to require the  presence of 
a SUMO E3 ligase for efficient SUMOylation. 
Bona fide SUMO E3 ligases facilitate the transfer of SUMO to its target lysine by enhancing 
the interaction between the SUMO-charged Ubc9 and the substrate and by positioning 
the SUMO-Ubc9 in an orientation ideal for the nucleophilic attack by the target lysine60. 
Compared to the ubiquitin system in which hundreds of E3 ligases have been identified, 
only a few SUMO E3 ligases have been discovered thus far. The majority of SUMO E3 ligases 
belong to a family of proteins that carry a SP-RING (Siz/Pias -Really Interesting New Gene) 
domain that binds to Ubc961. In humans this group consists of six members, the protein 
inhibitor of activated STAT (PIAS) 1, PIASxα, PIASxꞵ, PIAS3, PIAS4 (also known as PIASγ) 
and Nse255,62. In contrast to the ubiquitin E3 ligases, which confer substrate specificity to 
the ubiquination system, the SUMO E3 ligases seem to exhibit a significant redundancy 
exemplified by knockout studies in mice63,64. The nuclear pore complex (NPC) component 
RanBP2, another unrelated, well studied SUMO E3 ligase, does not harbour a SP-RING 
domain but instead carries different motifs that bind SUMO and Ubc9. RanBP2 is involved 
in nuclear export/import as well as having a critical role during mitosis49,65. Additional to 
the SP-RING family and RanBP2, a third group of E3 ligases was recently discovered. The 
vertebrate- and SUMO2/3 paralogue- specific ZNF451 family comprised of ZNF451-1 and 
ZNF451-2, which are very similar, the more distinct isoform ZNF451-3 and the primate-
specific KIAA1586, which shares a nearly identical N-terminus, including catalytic tandem-
SUMO interaction motifs (SIMs), with the other family members66,67. Thus far the ZNF451 
family has been implicated in SUMO chain formation and could be of particular importance 
during stress-induced SUMO conjugation after proteasome inhibition or DNA damage66. 
Additional proteins have been suggested to be E3 ligases as they are able to enhance 
SUMOylation of one or more substrates. These include the human polycomb protein Pc2/
CBX468, the topoisomerase I-binding RING finger protein Topors69, the transcription factor 
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Krox2070, the tumour suppressor p14/Arf71, the histone deacetylase HDAC472 and the Ras 
homologue enriched in striatum (Rhes)73. Whether they are bona fide SUMO E3 ligases must 
further be evaluated. 

SUMO chains
The discovery of the SUMO chain-stimulating E3 ligase ZNF451 supports the notion of a 
specific physiological role of poly-SUMOylation, although knowledge about SUMO chain 
signalling remains limited compared to ubiquitin chain signalling. Ubiquitin has seven 
internal lysine residues that can be used for ubiquitin conjugation, resulting in different 
chain linkages with distinct biological consequences74. 
It is considered that the predominant SUMO chain linkage in vivo is via the lysine at position11, 
although site specific mass spectrometry has identified multiple additional SUMO acceptor 
lysines, which could result in different linkages or branched SUMO chains48. However, so far 
there has been no indication that different SUMO chain linkages fulfil distinct roles within 
the cell. The main consequence of SUMO conjugation is the alteration of binding surfaces of 
the substrate, which can either hinder or promote intra- or intermolecular interaction. The 
same holds true for poly-SUMOylation. SUMO is able to promote molecular interaction due 
to its affinity to SUMO-interacting motifs, which are short peptide sequences mostly located 
in unstructured regions of the modified protein itself or interacting proteins. The sequences 
of SIMs consist of a stretch of conserved large hydrophobic amino acids that are either 
preceded or followed by an acidic patch or phosphorylation sites75. Proteins possessing 
multiple adjacent SIMs can bind to poly-SUMOylated proteins with enhanced affinity.
For example, the mammalian kinetochore protein CENP-E harbours multiple SIMs and 
its critical localization at the kinetochore during mitosis depends on the SUMOylation of 
unknown substrates at the kinetochore. SENP2 overexpression, as well as Ubc9 depletion 
resulted in incorrect CENP-E localization and consequently cell cycle arrest. Although CENP-E 
preferably binds SUMO2/3 chains in vitro, the necessity for poly-SUMOylation rather than 
multi-SUMOylation in vivo has not been confirmed with certainty76. A more direct need for 
poly-SUMOylation has however been demonstrated for the accurate localization of the yeast 
protein Zip1. Zip1 is a subunit of the synaptonemal complex (SC), which bridges homologues 
chromosomes during meiosis. Depleting the ability of the yeast SUMO paralogue Smt3 
to form SUMO chains resulted in a lower sporulation efficiency, which was due to the 
mislocalization of Zip1 and deformation of the SC. Interestingly, as in the case of CENP-E, 

GGXXXPre-SUMO

SENPs

GGSUMO

UBA2
SAE1

ATP

AMP+PPi

GGSUMO UBA2
SAE1

UBC9

GGSUMO UBC9

Substrate

Substrate

GG
SUMO

SENPs

E3

Figure 2. The SUMO conjugation cycle. 
SUMO is attached to lysine residues within 
a substrate by an enzymatic cascade 
comprised of the heterodimeric SUMO E1 
activating enzyme, SAE1 and UbA2, the 
single SUMO E2 conjugation enzyme, Ubc9, 
and a handful of SUMO E3 ligases. SUMO 
specific proteases, SENPs, are responsible 
for the maturation of pre-SUMO and the 
deconjugation of SUMO from the substrate. 
SUMO and substrate can re-enter the cycle.
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the actual responsible poly-SUMOylated protein remains unidentified77. Other proteins 
that bind SUMO chains are SUMO-targeted ubiquitin ligases and they will be discussed in 
more detail below. Interestingly, cellular stressors such as DNA damage or heat shock induce 
global SUMO2/3 modification and most likely the formation of SUMO chains78-80, hinting 
towards a global function of poly-SUMOylation during the response to such stressors81-84.

SUMO-targeted ubiquitin ligases
SUMO chains on target substrates can be a signal for the recruitment of SUMO-targeted 
ubiquitin ligases (STUbLs). The STUbLs thus far identified all contain a RING domain and 
SIMS, which are responsible for the interaction with ubiquitin E2 conjugating enzymes 
and promote the preference of STUbLs for SUMOylated proteins, respectively. Due to 
the presence of multiple adjacent SIMs, STUbls prefer poly-SUMOylated substrates85,86. 
The most extensively studied human STUbL is the RING-finger protein 4 (RNF4). RNF4 
possesses at least three closely spaced SIMs and shows a clear preference for substrates 
that are modified by a SUMO chain of at least three SUMO moieties86. RNF4 thus binds poly-
SUMOylated substrates and mediates their ubiquitination by K48- or K63-linked ubiquitin 
chains, which signal for proteasomal degradation or recruitment of ubiquitin-binding motif-
containing proteins, respectively. This mechanism has thus far been implicated in a variety 
of cellular processes including promyelocytic leukemia (PML) nuclear body (NB) integrity, 
mitosis and the DNA damage response86-89. The second known human STUbL RNF111 (also 
called Arkadia) was discovered by a bioinformatics approach, screening ubiquitin ligases for 
potential SIMs90. Its ubiquitin ligase activity was previously described in the context of TGF-ꞵ 
signalling but whether RNF111 functions as a STUbL in this signalling pathway is not certain. 
Like RNF4, RNF111 is preferably recruited to poly-SUMOylated proteins and also targets the 
nuclear body component PML, suggesting an overlapping pool of SUMO substrates targeted 
by RNF4 and RNF11190,91. How only some poly-SUMOylated proteins are targeted by STUbLs, 
whether RNF4 and RNF111 have target preferences and if more as yet unidentified STUbLs 
exist are most certainly interesting topics for future studies.

SUMO Group modification 
A major conundrum in the SUMOylation field is the observation that hundreds of proteins 
have been identified to be SUMOylated but only a relatively small number of SUMO pathway 
enzymes have been identified. This led to the question of how specificity is achieved within 
the SUMO system compared to the ubiquitin system, which contains hundreds of different 
E3 ligases and deubiquitinating enzymes that confer specificity to the system. Another 
observation is that SUMOylation-deficiency of a single substrate often lacks an observable 
phenotype, although SUMOylation in general is essential for cell survival92,93. The concept 
of SUMO group modification might explain both of the above mentioned observations94-96. 
It is the idea that multiple proteins within a protein complex or functionally connected 
pathway are modified by SUMOylation and other proteins carrying SIMs interact with 
enhanced affinity to the SUMOylated proteins. Since this would result in multiple SUMO-
SIM interactions, disrupting one single SUMO-SIM interaction can be easily compensated 
for by others. Also, the SUMO modification would not need to be extremely specific and 
therefore locally targeting one of the few SUMO ligases or SUMO proteases to the physically 
or functionally associated protein group would be sufficient, explaining the limited number 
of these enzymes. The concept was first proposed by Psakhye and Jentsch in 2012 who 
showed that in yeast DNA double-strand break (DSB) induction leads to the SUMOylation 
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of multiple proteins involved in homologues recombination (HR) by the E3 ligase Siz2. Site-
directed mutation of single SUMOylation sites did not result in any observable phenotype. 
Only the mutation of several SUMO acceptor lysines in multiple physically connected HR 
proteins resulted in reduced repair efficiency96.  
Despite the novelty of the idea that SUMO targeting protein groups is a general mechanism 
of SUMOylation, observations of multiple SUMO substrates within a protein complex were 
observed earlier. For example, in yeast three of the five septins, components of a ring 
structured protein complex located at the bud neck of mitotic yeast cells, are SUMOylated 
during mitosis by the E3 ligase Siz1, which localizes to the septin ring prior to mitosis95,97,98. 
Additional examples promoting the SUMO group-modification hypothesis can be found in 
this thesis as in chapter 5 UV irradiation stimulates SUMOylation of multiple subunits of the 
transcription initiation TFIID complex or in chapter 4, where we demonstrate that SENP6 
targets multiple members of the constitutive centromere-associated network (CCAN) for 
deSUMOylation. 

SUMO proteases
SUMOylation of target substrates can be reversed by the activity of SUMO specific proteases. 
But their role is not limited to deconjugation. Certain SUMO proteases have a dual function 
within the SUMO cycle and are additionally responsible for the maturation of the SUMO 
precursor. All up to now identified SUMO proteases are cysteine isopeptidases but they all 
differ in their preference for SUMO paralogues and for maturation or deconjugation (Figure 
3). The known mammalian SUMO proteases can be divided into three main groups. The first 
group and the largest group is the family of Sentrin (SUMO)-specific proteases (SENPs). The 
second group that comprises only one member is the recently discovered Ubiquitin-specific 
protease-like 1 (USPL1). And the third group contains the two related deSUMOylation 
isopeptidases (DeSIs). 

The Ulp/SENP family
The first identified SUMO protease was the yeast protein UbL-specific protease 1 (Ulp1). 
Based on sequence similarities to Ulp1 the second yeast SUMO protease Ulp2 and the six 
mammalian SUMO proteases SENP1, 2, 3, 5, 6 and 7 were identified. The Ulp/SENP family 
shares a conserved catalytic domain located at the C-terminus of the proteins, with their 
active-site cysteine embedded in the catalytic triad His- Asp- Cys. The mammalian SENP1, 2, 
3 and 5 are closer related to yeast Ulp1, whereas SENP6 and SENP7 more closely resemble 
Ulp2. Furthermore, SENP1 is closest related to SENP2, SENP3 is closest related to SENP5 and 
SENP6 and SENP7 share the highest sequence identity with each other and their catalytic 
domains diverge from the remaining SENP family members. The catalytic domains of SENP6 
and SENP7 are interrupted by four conserved loop insertions, of which Loop1 protrudes out 
to make contact with residues in SUMO2 and SUMO3 that are absent in SUMO1, explaining 
the enzymes SUMO paralogue specificity. 
Target specificity of the Ulp/SENP family is thought to be mainly determined by cellular 
localization that is mediated by their N-termini. Although a small fraction of some SENPs 
can be found in the cytoplasm, the majority of the enzymes are located within the nucleus, 
which is also the main site of SUMO conjugation and deconjungation. The yeast SUMO 
protease Ulp1 and the mammalian SUMO proteases SENP1 and SENP2 are concentrated 
at the nuclear pore during interphase, while they relocate to the kinetochore during 
mitosis99-101. The major localization site of SENP3 and SENP5 is the nucleolus102,103. SENP6 
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and SENP7 are diffusely localized throughout the nucleoplasm104,105. SENP1, SENP2 and 
catalytically inactive SENP6 are also reported to accumulate in nuclear foci, partly but not 
exclusively co-occurring with PML bodies99,106. 
SENP1, 2 and 5 have demonstrated SUMO precursor processing activity and show a 
considerable paralogue specificity based on how well the amino acids C-terminal of the 
di-Gly motif of the premature SUMO can be placed into the binding pockets of the SUMO 
proteases. SENP1 prefers SUMO1 for precursor processing as well as for deconjugation in 
vivo, while in vitro SENP1 deconjugates SUMO1,2 and 3 with equal efficiency107-110.  SENP2 
deconjugates and processes SUMO2 more efficiently than SUMO1 or SUMO3111-113. The 
precursor activity of SENP3 remains to be evaluated. The precursor processing activity of 
SENP5 is higher for SUMO3 than for the other paralogues and SENP6 and SENP7 do not 
possess the ability to process precursor SUMOs114,115. SENP6 and SENP7 also show a very 
limited activity towards deconjugating a single SUMO moiety from a target protein, whereas 
they are very efficient in disassembling SUMO chains115-117 (Figure 3). 

Biological functions of SENP1, SENP2, SENP3 and SENP5 
SENP1 has been demonstrated to regulate multiple important transcription factors 
including ELK1, STAT5, IRF8, Bcl11b and Hif1α118-122. For example, the deSUMOylation of 
Hif1α by SENP1 is crucial for erythropoiesis in early murine embryonic development as it 
stabilizes the transcription factor and therefore promotes the expression of Hif1α target 
genes during hypoxic conditions122. Interestingly, SENP1 seems to be regulated by a positive 
feedback loop as its transcription increases upon hypoxia depended on Hif1α activity123. 
Transcription factors are however not the only reported targets of SENP1, as for example 
it was demonstrated that SENP1 activity at the kinetochore during mitosis is important for 
faithful sister chromatid separation99.
SENP2 plays a role during early cardiac development in mice. Here SENP2 deSUMOylates the 
polycomb transcriptional repression complex subunit PRC1, which reverses the repressive 
effect of PRC1 on GATA4 and GATA6 expression, important genes for cardiac development124. 
SENP2 activity has also been implicated in the response to DNA damage upon which SENP2 
deSUMOylates the Nuclear Factor κ B (NFκB) essential modulator NEMO, which leads to the 
restriction of NFκB regulated pro-survival genes transcription125.
SENP3 and SENP5 have been implicated in the regulation if ribosome biogenesis by 
multiple studies, which fits with their nucleolar localization102,126,127. Additionally, SENP3 was 
shown to colocalize with and deSUMOylate Borealin, a component of the chromosomal 
passenger complex, in the nucleolus during interphase. SUMOylated Borealin is found at 
the centromeres during mitosis indicating a role for SENP3 in cell cycle regulation128. SENP5 
seems to additionally be involved in the regulation of mitochondrial fission and fusion 
during mitosis129,130.  

SUMO chain regulation by SENP6 
As SUMO can modify itself, a multitude of SUMO substrates are targets for poly-SUMOylation. 
The SUMO specific proteases SENP6 and SENP7 have a preference for deconjugating 
SUMO chains and are therefore tightly connected to pathways that are regulated by poly-
SUMOylation. Thus far poly-SUMOylation is mainly reported to indirectly signal for protein 
degradation due to the recruitment of STUbLs. 
SUMO chain deconjugation by SENP6 to prevent the recruitment of the mammalian STUbL 
RNF4 has been reported in multiple studies (Figure 4A). For example, the kinetochore 
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proteins CENP-I and Mis18BP1 are deSUMOylated by SENP6, and it has been suggested 
that accumulation of SUMO chains due to SENP6 depletion stimulates RNF4-mediated 
ubiquitination and degradation of CENP-I and Mis18BP1 with the consequence of incoherent 
chromosome congression during metaphase and the delocalization of the epigenetic 
centromere marker and histone variant CENP-A, respectively88,131. Another example of the 
counterbalancing relationship between SENP6 and RNF4 is their regulation of the Fanconi 
anemia ID complex (FANCI and FANCD2). Here, SENP6 and RNF4 seem to balance the 
level of DNA loaded ID complex and the subsequent nuclease activity upon the induction 
of replication fork-stalling lesions132. And finally, it was shown that SENP6 depletion in 
osteochondroprogenitor cells (OCPs) of mice, led to accumulation of SUMOylated TRIM28 
and reduction of TRIM28 total levels, which together with an earlier report that identified 
TRIM28 as a RNF4 target, suggest SUMO chain induced- and RNF4-mediated degradation of 
TRIM28133,134. As co-repressor TRIM28 negatively controls P53 signalling and SENP6 depletion 
consequently leads to hyperactive P53 signalling, enhanced senescence and apoptosis of 
OCPs, which causes the observed premature aging phenotype in adult mice upon SENP6 
depletion134. Interestingly, SENP6 also deSUMOylates proteins that are known RNF4 targets 
but SENP6 deficiency does not appear to induce RNF4- dependent degradation, like in the 
case of the promyolocytic leukemia protein (PML)86,87,106. This observation might suggest 
that not all SUMO chains that are targeted by SENP6 also recruit RNF4 and that chains 
with different properties might be present on the same protein. Whether these different 
properties are encoded by different architecture of SUMO chains remains to be investigated.
However, STUbLs are not the only effector proteins that can be recruited to SENP6-regulated 
SUMO chains. For example, the replication protein RPA70 is usually deSUMOylated by 
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SENP6 during S-phase but upon replication stress-induced DNA damage, the interaction of 
SENP6 with RPA70 is disrupted. As a consequence, SUMO chains accumulate on RPA70 that 
subsequently recruit factors that are necessary for DNA damage repair135 (Figure 4B). 
Yet another mechanism of SENP6 regulation is exemplified by the role of SENP6 during Toll-
like receptor (TLR) signalling. Here, the SUMOylation of NEMO, a negative regulator of NFκB, 
interferes with the binding and activity of the deUbiquitinase CYLD, which is needed to 
activate NEMO and inhibit NFκB signalling. By deSUMOylating NEMO, SENP6 allows CYLD 
binding and subsequent NEMO activation and attenuation of NFκB signalling136 (Figure 4C). 

The biological functions of SENP7
The closest relative to SENP6 is SENP7 and they share the preference for deconjugating 
poly-SUMOylated substrates. SENP7 plays an important role in the regulation of chromatin. 
For example, SENP7 stimulates homologous recombination after DNA damage by 
deSUMOylating the chromatin associated protein KAP1. SUMOylated KAP1 is able to recruit 
proteins that induce chromatin condensation. In contrast, deSUMOylation of KAP1 leads 
to relaxation of chromatin and improved accessibility for DNA damage repair factors137. 
Furthermore, SENP7 is involved in regulating the integrity of pericentric DNA regions, 
although this might be independent of its protease activity138,139. SENP7 was also recently 
implicated in innate immunity due to SENP7s regulation of the cytoplasmic DNA-sensor 
cGAS. Here, SUMOylation of cGAS inhibited its activation by DNA located in the cytoplasm. 
SENP7 reverses this inhibition and therefore stimulates cGAS activity, which ultimately leads 
to the transcriptional activation of interferon genes140.

USPL1
USPL1 distantly resembles deubiquitylating enzymes (DUbs) but has SUMO-specific 
deconjugation activity141. USPL1 is the only SUMO protease that localizes to Cajal bodies 
within the nucleus. Its broad deSUMOylation activity in-vitro suggests that its specificity is 
conferred by its localization as its prime in-vivo function seems to be in Cajal body integrity142. 
Interestingly, knockdown of USPL1 results in impaired cell growth but as this phenotype can 
be rescued by exogenous USPL1 without protease activity it is likely that USPL1 has SUMO 
protease-independent functions as well141.

DeSI 
The SUMO proteases DeSI1 and DeSI2 were discovered in 2012. They belong to the permuted 
papain fold peptidases of double-stranded RNA viruses and eukaryotes (PPPDE) class of 
proteases143. The DeSI proteases seem to function as homodimers and their active site is 
formed by the catalytic dyad of Cys-His144. DeSI1 and DeSI2 are diffusely located throughout 
the cytoplasm and the nucleus and specifically deSUMOylate the transcriptional repressor 
BZEL (BTB-ZF protein expressed in lymphocytes)143,144. No other targets have been identified 
thus far and DeSIs therefore are the only highly specific SUMO proteases. 

SUMO and DNA damage
SUMOylation is involved in most nuclear processes. It plays an important role in the 
regulation of transcription, mitosis, RNA biogenesis and also the cellular response to 
DNA damage145-149. The integrity of our DNA is constantly challenged by endogenous and 
exogenous DNA insults. Cells are equipped with complex machineries to repair damaged 
DNA and thereby prevent either cell death or DNA mutations that could lead to diseases 
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such as cancer150. Different DNA lesions activate different DNA repair pathways. Oxidized, 
alkylated or deaminated bases are removed by Base-excision repair (BER). Highly cytotoxic 
double-strand breaks (DSB) can be repaired via several mechanism including homologous 
recombination (HR), non-homologous end-joining (NHEJ) or alternative NHEJ pathways. 
UV irradiation-induced cyclobutane pyrimidine dimers (CPDs) or 6-4 photoproducts (6-4 
PPs) and other bulky helix-distorting DNA lesions are repaired by nucleotide excision repair 
(NER)151. PTMs, including SUMOylation, play an important role in regulating these pathways.  

Base Excision Repair
The first link between SUMO and DNA damage repair was the discovery that the Base-
excision repair (BER) protein Thymine-DNA glycosylase (TDG) is SUMOylated. TDG recognises 
G:T and G:U mismatches and subsequently removes the incorrect base. The resulting 
abasic site is then further processed by AP endonucleases, DNA polymerases and ligases. 
The SUMOylation of TDG stimulates an intramolecular interaction between the covalently 
attached SUMO1 and a SIM. This interaction leads to a conformational change that results 
in the dissociation of TDG from the established abasic site. This dissociation is needed in 
order to allow the endonuclease activity of APE1, which is the subsequent step of BER152,153. 
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Double-Strand Break break repair
Further, SUMOylation has been implicated to play an important role during the repair of 
DNA double-strand breaks (DSB). DSBs are the most toxic DNA lesion and functional repair 
mechanisms are essential to ensure survival of cells. In mammalian cells, several components 
of the SUMO machinery are recruited to DSB sites, including SUMO1, SUMO2/3, Ubc9, 
PIAS1 and PIAS4. The SUMO E3 ligases PIAS1 and PIAS4 were shown to be important for 
the accumulation of crucial DNA repair factors at the DNA damage site, including the pivotal 
ubiquitin E3 ligase RNF168154,155. Upon DNA damage, RNF168 is recruited by ubiquitination 
events that are mediated by RNF8, another ubiquitin E3 ligase156. Together RNF8 and RNF168 
create a ubiquitination wave along the sites of DSBs, which is necessary for the accumulation 
of multiple highly important repair proteins, such as 53BP1 and BRCA1157. Consequently, 
knockdown of PIAS1 and PIAS4 led to a reduced DSB repair efficiency and sensitized cells 
to various DSB-inducing agents154. The STUbL RNF4 is also recruited to DSBs, most likely by 
the SUMOylation of substrates by PIAS1 and PIAS4. RNF4 recruitment to DSBs results in 
the K48-linked ubiquitination of SUMOylated proteins and their subsequent proteasomal 
degradation158. In conclusion, SUMOylation regulates both recruitment and degradation of 
important DNA damage response factors during the repair of DSBs. 

Nucleotide Excision Repair
UV-induced DNA lesions and other bulky DNA adducts are repaired by NER. The NER 
pathway can be divided into two sub-pathways. Global genome NER (GG-NER) removes UV-
induced lesions throughout the entire genome while transcription-coupled NER (TC-NER) 
selectively repairs lesions located within actively transcribed genes. SUMOylation as well as 
ubiquitination modify and regulate important proteins of both sub-pathways151,159,160. 
GG-NER is activated by the binding of the protein Xeroderma pigmentosum group C (XPC) 
to the bulky DNA lesion 161. In contrast to 6-4PPs, CPDs, which are the most common UV-
induced photolesions, only mildly disturb the DNA helix and are therefore not efficiently 
recognized by XPC alone162-166. UV-radiation DNA damage-binding protein 2 (DDB2) supports 
XPC in the recognition of CPDs and 6-4PPs167,168. DDB2 also forms the substrate recognition 
subunit of a ubiquitin E3 ligase complex, together with the adaptor DDB1, the scaffold 
Cullin4A and the RING protein Roc1 (CRL4 complex)169. This E3 ligase complex is also called 
the UV-DDB complex. After lesion recognition by DDB2, UV-DDB targets XPC, the core 
histones H2A, H3 and H4 as well as DDB2 itself for ubiquitination170-175. While ubiquitinated 
DDB2 is targeted for degradation, the ubiquitination of XPC enhances its DNA binding171,176. 
XPC is highly regulated by PTMs including SUMOylation upon UV damage. This SUMOylation 
triggers the STUbL RNF111 to add K63-linked ubiquitin chains to XPC, which seems essential 
for the release of DDB2 from the lesion site and the subsequent hand-over to downstream 
GG-NER factors177-180. 
The binding of XPC to the lesion recruits the transcription initiation factor IIH (TFIIH) 
complex. TFIIH contains 10 subunits, including the ATPase XPB and the DNA helicase XPD, 
which separate the complementary DNA strands around the lesion to create an open repair 
‘bubble’181,182. Subsequently the repair bubble is stabilized by XPA and RPA before the short 
stretch of DNA containing the lesion is excised by the endonucleases XPF-ERCC1 and XPG 
and the gap is closed by the joined activity of DNA polymerases and DNA ligases181,183-185 
(Figure5). 

TC-NER relies on a different strategy to recognize UV-induced lesion. In actively transcribed 
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genes, UV-induced lesions will block the elongating RNA polymerases, which is the initial 
trigger for the recruitment of the proteins Cockayne-Syndrome B (CSB) and CSA. Lesion-
bound CSB and CSA are necessary to recruit TFIIH for subsequent repair steps, which are 
common to both GG-NER and TC-NER 186 (Figure 5). Interestingly, analogous to DDB2, 
CSA is a substrate adaptor of a ubiquitin E3 ligase, containing DDB1, Cullin4A and Roc1 
(CRL)187. Targets of the CSA-CRL complex, however, remain scarce and debated. CSB has 
been suggested to be targeted for ubiquitination by CSA-CRL complex and subsequently be 
degraded by the proteasome187. Recently, a new player in TC-NER has been identified, the 
UV stimulated scaffold protein A (UVSSA)188-191. It was suggested that UVSSA is responsible 
for the recruitment of the deubiquitinase USP7 to the site of the UV-induced lesion. 
Subsequently, USP7 deubiquitinates and stabilizes CSB and therefore counteracts the 
proposed activity of CSA188,190. 

Interestingly, analogous to the GG-NER damage recogniser XPC, CSB has also been identified 
to be SUMOylated upon UV irradiation. The SUMOylation of CSB is important for TC-NER 
efficiency, but detailed insight into the function of this SUMOylation event is missing159 (this 
thesis chapter 5). 
Additional to the SUMOylation and ubiquitination of CSB, the ubiquitination of RNA 
polymerase II (RNAPII) plays a pivotal role during TC-NER. The lesion stalled RNAPII covers 
approximately 35 nucleotides and therefore blocks access of downstream repair factors 
to the lesion192. Multiple mechanisms were suggested explaining how the stalled RNAPII is 
regulated to allow DNA repair. These mechanisms include dissociation of RNAPII from the 
damaged DNA, which may or may not be followed by proteasomal degradation, or RNAPII 
backtracking, a known process common in transcriptional proofreading and transcriptional 
pausing193,194.
Polyubiquitination and proteasomal degradation of RPB1, the major catalytic subunit of 
RNAPII, is considered to be a last resort only when TC-NER fails to repair the lesion193,195. The 
ubiquitination of RPB1 involves a two-step mechanism with multiple layers of regulation. 
Initially, the ubiquitin E3 ligase NEDD4 mediates the monoubiquitination of RNAPII196,197. This 
monoubiquitination event was suggested to subsequently facilitate the polyubiquitination 
and proteasomal degradation of RPB1. Multiple ubiquitin E3 ligases were proposed to be 
responsible for the polyubiquitination of RPB1. The Elongin A/B/C complex together with 
Cullin 5 (CUL5) and RING-box protein 2 (RBX2) form a ubiquitin E3 ligase that selectively 
modifies monoubiquitinated RPB1 with K48-linked ubiquitin chains197. Additionally, the pVHL-
ElonginB/C-Cul2-Rbx1 ubiquitin E3 ligase was able to bind and ubiquitinate RPB1198. Besides 
the Elongin containing complexes, the DNA damage associated ubiquitin E3 ligase BRCA1, 
and the CSA contain E3 ligase complex were suggested to be involved in polyubiquitination 
of RPB1199-202. However, reduced ubiquitination of RPB1, specifically observed during later 
time points after UV irradiation, in cells depleted of CSA could alternatively be explained by a 
drastic decrease of transcription upon UV damage in those cells and the consequent absence 
of new RNAPII molecules encountering the damage lesions196. Although the possibility that 
CSA directly targets RPB1 for ubiquitination at a later time point after damage induction is 
not convincingly excluded and remains a subject of active discussion. 
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STUDYING SUMOYLATION

To study how SUMO regulates cellular processes, we first have to identify the proteins in 
the cell that are targeted for SUMOylation. Mass spectrometry offers an ideal tool to gain a 
system-wide overview of SUMOylation substrates. During the past decade huge advances 
in the development of SUMO proteomics were made and multiple hurdles were crossed. 
However, some challenges remain unsolved. 

Figure 5. Nucleotide excision repair is regulated by PTMs. Nucleotide excision repair (NER) can be subdivided 
into two pathways. Global genome (GG) - NER relies on the activity of XPC and UV-DDB to recognise the UV-
induced lesion. UV-DDB adds K48-linked ubiquitin chains to XPC. XPC s also SUMOylated, which recruits the 
STUbL RNF111, which adds K63-linked ubiquitin chains to XPC. In TC-NER the UV-lesion is recognised by the 
stalling of the processing RNA polymerase 2 (RNApol2) at the lesion. CSA and CSB are recruited to the stalled 
RNApol2 and are responsible to facilitate the subsequent steps of the pathway. CSB is SUMOylated upon UV 
damage and RNApol2 is ubiquitinated. Subsequent repair steps include the unwinding of the DNA by the TFIIH 
subunits XPB and XPD, the stabilization of the unwound DNA by XPA and RPA, the excision of the damaged DNA 
by the endonucleases ERCC1-XPF and XPG and the closing of the DNA gap by DNA polymerases and DNA ligases. 
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The identification of SUMO substrates in a complex protein sample is hampered by the low 
stoichiometry of this modification. Several strategies have been developed to enrich for 
SUMOylated proteins before identifying them by mass spectrometry, each with their own 
advantages and disadvantages. Especially the identification of endogenous SUMOylation 
targets continues to be challenging. Antibodies against SUMO do exist and were used to 
immunoprecipitate SUMOylated proteins from cell extracts, but due to the mild buffer 
conditions needed to ensure the integrity of the antibody, the background remains 
high and the yield poor203. In another approach researchers purified endogenous poly-
SUMOylated proteins by using a RNF4 fragment including its four SIMs, which has affinity 
to polySUMOylated but not monoSUMOylated proteins. Here, the structural integrity of 
the RNF4 fragment was also of high importance for the purification and non-denaturing 
conditions had to be used and resulted in a co-purification of proteins merely interacting 
with polySUMOylated proteins that bound to the immobilized RNF4 SIM fragment204. 
Mild buffer conditions might not only lead to high background but also do allow SUMO 
proteases to deconjugate SUMO from its substrates during the lysis. The inclusion of cysteine 
protease inhibitors like N-Ethylmaleimide or Iodoacetamide inhibits SUMO proteases and 
helps to retain SUMOylated species. Additionally, methods have been developed that purify 
SUMOylated proteins under highly denaturing conditions, reducing non-specific background 
and maximizing yield. The drawback of these purification methods is that they are all 
based on the exogenous expression of an epitope tagged SUMO, which can lead to non-
physiologically relevant SUMOylated proteins and restrict the identification of SUMOylated 
proteins to model systems that allow such exogenous protein expression. Multiple different 
epitope tags have been used including FLAG, TAP, Strep, His6 and His10 epitopes. These 
purification methods followed by mass spectrometry enabled the identification of hundreds 
of SUMOylated substrates. 
The technique used throughout this thesis, is based on the exogenous expression of a His10-
tagged SUMO2. This tagged SUMO is conjugated to substrate proteins and low expression 
levels of the exogenous His10-SUMO2 reduced possible overexpression artefacts. Although 
background binding is low, including a parental cell line not harbouring the His10-SUMO2 
construct and identifying background binders is an important aspect of the identification 
of putative SUMO substrates, as only proteins that are highly enriched within the purified 
sample compared to the background binder control qualify. 
Two different methods have been employed in connection to SUMO proteomics to gain 
quantitative information. Stable isotope labelling by amino acids in cell culture (SILAC) was 
used in multiple studies but allows a maximum of three experimental conditions to be 
compared. The recent development in robust computational label-free quantification allows 
an unlimited number of experimental conditions to be compared and consistent relative 
quantifications to be obtained48,205.
However, direct mass spectrometry-based proof that a protein is truly SUMOylated can only 
be achieved by the identification of the SUMO conjugated peptides of substrate proteins. 
This, however, presents quite a challenge. For shot-gun proteomics, proteins are routinely 
digested by proteases, resulting in peptides that can be resolved and identified by mass 
spectrometry. The most common proteases used are lysyl endopeptidase (Lys-C), which 
cleaves C-terminal of lysines and trypsin, which cleaves C-terminal of arginines and lysines. If 
digested with trypsin, mammalian SUMO2/3 leaves behind a 32 amino acid long C-terminal 
peptide conjugated to the remaining peptide of the target substrate. This tryptic remnant 
cannot efficiently be resolved and identified by the mass spectrometer. Multiple approaches 
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were established to overcome this problem. Introduction of an additional cleavage site for 
trypsin by site-specific mutations of residues close to the C-terminus of SUMO (Q87R or 
T90R) shortened the tryptic remnants but, without purification of the SUMOylated peptides, 
resulted in the identification of only a few SUMO acceptor sites206,207.
An increased number of SUMOylation sites were identified by expressing a His tagged 
SUMO mutant with all lysines mutated to arginines in combination with the Q87R mutation. 
This protected the His-tagged SUMO from being digested with Lys-C and enabled post-
digestion purification of the SUMOylated peptides, thereby decreasing sample complexity 
and enhancing the identification of acceptor sites. Subsequently, multiple strategies were 
developed that combined the expression of SUMO mutants, highly efficient enrichment of 
SUMOylated proteins prior to tailored enzymatic digestion and re-purification of SUMOylated 
peptides, leading to the identification of thousands of SUMO acceptor lysines48.
SUMO proteomics is now a widely used tool to study global SUMOylation events in the cell 
under specific circumstances and is also the starting point of each chapter within this thesis. 
It enabled us to have a system-wide look at dynamics and regulations and helps us to study 
how groups of proteins are simultaneously regulated by SUMO.
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