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Abstract 
The human adenovirus (HAdV) type 5 from species C (HAdV-C5) early region 
1B 55 kDa (E1B-55K) is a multifunctional protein that plays an important role 
throughout the entire viral replication cycle. E1A, the first viral protein that is 
expressed, induces the cell to enter S-phase, thereby stabilizing the apoptotic 
cellular protein p53 and supporting viral replication. E1B-55K evolved several 
mechanisms to counteract this stabilization of p53. On the one hand, E1B-55K 
acts as an E3-SUMO-ligase for p53 promoting nuclear export of the protein. 
Thus, activation of proapoptotic p53-dependent genes is inhibited. On the other 
hand, E1B-55K forms an E3-ubiquitin-ligase together with E4orf6 and other 
cellular proteins that degrade not only p53, but also other factors involved in the 
DNA damage response (DDR) and transcriptional regulation (Mre11, SPOC-1, 
Daxx). Thus, antiapoptotic and proviral functions grant E1B-55K an oncogenic 
potential. Post-translational modifications (PTMs) of E1B-55K additionally 
contribute to the functional diversity of the protein. E1B-55K is a 
phosphoprotein and a target of the SUMO conjugation machinery and 
phosphorylation at the C-terminus is a prerequisite for efficient SUMOylation at 
lysine 104 (K104). Interestingly, many functions of E1B-55K are regulated by its 
SUMOylation, indicating that this PTM is essential for the protein. To further 
investigate SUMOylation of E1B-55K, a site-specific SUMO proteome was 
performed. Thereby, a lysine at position 101 (K101) was revealed as a potential 
new site for SUMO conjugation. K101 is in close proximity to the main SUMO 
conjugation motif (SCM) around lysine 104 (K104), therefore being an 
interesting new target and thus subject of this work. 
In the first part, lysine 101 (K101) was identified as a regulator for E1B-55K 
SUMOylation. Remarkably, inactivation of this site via an amino acid exchange 
(K101R) resulted in an increased SUMOylation of the protein. In concert with 
previous studies, higher SUMOylation revealed a mainly nuclear retention of 
the protein and a clear localization to structures resembling viral replication 
centers (RCs) in infection experiments. Consequently, as SUMOylation 
promotes E1B-55K functions, stronger repression of p53-stimulated 
transcription and increased focus formation in transformation experiments with 
the K101R-mutant was observed.  



 Abstract 

 XIII 

The second part of this work concentrated on E1B-55K from different HAdV 
species. Here, a conserved SCM in E1B-55K from nearly all HAdV species was 
identified. Furthermore, K101 is specific for HAdV-C, since other HAdV species 
with a SCM contain an arginine at the corresponding site. Comparable to 
HAdV-C5 E1B-55K K101R, E1B-55K from almost all species analyzed in this 
work revealed a high SUMOylation together with a mainly nuclear localization. 
However, E1B-55K-dependent repression of p53 transactivation is rather 
conserved among HAdV species, whereas E3-SUMO1-ligase function is not. 
Moreover, SUMOylation functions as a regulator for E1B-55K in most, but not 
all HAdV species. The results of this work suggest that E1B-55K evolved 
conserved functions across HAdV species that slightly differ depending on the 
species and possibly pathogenicity. 
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1 Introduction 

1.1 Adenoviruses 

1.1.1 Classification and pathogenesis 
Adenoviruses were first isolated in 1953 from adenoid tissue [1] and named 
according to their origin [2]. Although the virus was then found to be the 
causative agent for acute diseases of the respiratory tract, it is known today that 
only a small percentage of respiratory illnesses are related to Adenovirus [3, 4].  
 

 
Fig. 1: Classification of human Adenoviruses (HAdVs). Schematic illustration of the family of 
Adenoviridae and the genus Mastadenovirus. The letters A-G indicate the HAdV species and the 
numbers 1-70 specify the so far investigated HAdV types according to Davison et al. and the 
International Committee of the Taxonomy of Viruses (ICTV) [5]. 

Adenoviruses belong to the family of Adenoviridae. They are clustered into 5 
genera according to their host specificity and thus able to infect a wide range of 
vertebrates. Mastadenoviruses and Aviadenoviruses originate from mammals 
and birds, respectively. Atadenoviruses were isolated from reptiles, birds, 
ruminants and marsupials and Siadenoviruses infect avian and amphibian hosts 
[5, 6]. So far, only one adenovirus type belongs to the last genus, the 
Ichtadenoviruses, and was isolated from fish [7] (Fig. 1). 

Adenoviridae

Mastadenovirus Aviadenovirus Atadenovirus Siadenovirus Ichtadenovirus

A B C D E F G

12, 18,  
31, 61

3, 7, 11,14, 
16, 21, 34, 35, 
50, 55, 66, 68 

1, 2, 
5, 6, 
57 

8, 9, 10, 13, 15, 
17, 19, 20, 22-30, 

32, 33, 36-39, 
42-49, 51, 53, 54, 
56, 58-60, 63-67, 

69, 70

4 40, 41 52 
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Human Adenoviruses (HAdVs) belong to the Mastadenoviruses. They consist of 
7 species (A-G) that are further divided in currently more than 70 different types 
[8, 9] (Fig. 1). Types 1-51 were classified based on the serum neutralization and 
hemagglutination. More recently, genomic and bioinformatic data are used to 
analyze and identify novel HAdV [10–13]. More precisely, the assignment to a 
specific HAdV species and type involves analysis of the phylogenetic distance, 
genome organization, GC-content, oncogenicity in rodents as well as number of 
virus-associated (VA) RNAs [8]. 
HAdV have a broad tissue tropism and primarily target differentiated epithelial 
cells [13–16], causing pneumonia (species A, E), hemorrhagic cystitis (species A, 
B, E) keratoconjunctivitis (species D) and gastroenteritis (species F) [11, 17–22]. 
HAdVs usually cause mild infections that are self-limiting. In 
immunocompetent patients, diseases of the eye, the respiratory and 
gastrointestinal tract typically have a mild outcome [13]. Nevertheless, cases in 
which HAdV infections had a fatal outcome are reported in immunocompetent 
patients suffering from lower respiratory tract infections or myocarditis [23, 24]. 
In immunocompromised patients, HAdV infections result in severe outcomes 
leading to acute pneumonia, hepatitis or encephalitis [25, 26]. These severe 
diseases are observed in patients with primary immune deficiencies and more 
often in transplant recipients, especially in children [27–30]. Additionally, high 
prevalence of HAdVs, mainly from species C, are found in children [31]. 
Together with the fact that many children receiving organ transplants suffer 
from severe HAdV infections, the virus is thought to persist and reactivate upon 
immunosuppression. In fact, persistent infections with species C HAdVs have 
been observed in cell culture systems as well as in humanized mouse models 
[32, 33]. 
Generally, HAdVs are used as a great model system to discover important 
molecular mechanisms as well as virus-host interactions. Possibly, the most 
prominent example is the discovery of mRNA splicing in 1975 [34, 35]. Finally, 
HAdVs are classified as DNA tumor viruses since the discovery that HAdV-12 
from species A causes tumors in newborn hamsters [36]. Although this virus is 
still not linked to tumor formation in humans, many studies on HAdVs have 
revealed important aspects of viral oncogenesis.  
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1.1.2 Structure and genome organization 
HAdVs are dsDNA non-enveloped viruses with an icosahedral capsid. Virion 
particles are 80-110 nm in diameter and consist of 240 capsomers formed by 
hexon trimers. At each of the 12 vertices of the icosahedron there is a penton 
base with a fiber protein attached to it (Fig. 2) [4, 37]. Usually, HAdVs encode 
one fiber protein; only HAdV-40 and HAdV-41 from species F as well as 
HAdV-52 from species G encode two fiber proteins. Either one or the other is 
presented on the outer protein shell of the virion, probably enabling the virus to 
enter a broader range of cells [4, 11]. After all, penton and fiber proteins are 
important for the attachment to the host cell via receptor binding. HAdVs 
mainly bind to the coxsackie/adenovirus receptor (CAR), yet most HAdVs from 
species B attach to the host cell via CD46 [38, 39]. Whereas hexon, penton and 
fiber are considered to be the major capsid proteins, other so-called minor 
capsid proteins (proteins pIIIa, pVI, pVIII, pIX) are important for efficacious 
capsid formation as well [40]. Indeed, further studies on HAdV capsid 
formation and the structural proteins involved revealed that the capsid is “not 
just a shell” [16] but provides important functions regarding virus-host 
interactions [16, 41]. Besides the capsid proteins, HAdVs express other structural 
proteins that are associated with the genomic core of the virus, thus called core 
proteins [16]. Proteins pV, pVII and µ condense the viral DNA in the core [42, 
43] and the terminal protein (TP) is covalently bound to the 5’ end of the viral 
genome [44, 45]. Furthermore, TP acts as a primer for viral DNA replication [46]. 
 

 
Fig. 2: Structure and schematic organization of the HAdV virion. (A) Electron microscope 
images of the icosahedral structure of adenoviral particles (Department of Electron Microscopy, 
Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg). (B) Schematic 
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representation of the HAdV virion structure depicting the different capsid and core proteins. 
Protein names are shown on the right side. The structure is corresponding to the current model 
based on X-ray studies (adapted from [47]).  

HAdV contain a linear, dsDNA genome of 26-45 kb in size. Inverted terminal 
repeats (ITR) at the end of the genome are between 36-200 bp long and mark the 
origin of DNA replication. Furthermore, the genome is divided into early, 
intermediate and late transcription units. The early transcription unit consists of 
the five early regions E1A, E1B, E2, E3 and E4 that are involved in activation of 
transcription, blocking of apoptosis, DNA replication as well as transcriptional 
and translational regulation, respectively. The intermediate transcription unit 
contains the four regions IX, IVa2, L4 intermediate and E2 late, whereas the late 
transcription unit comprises the major late transcription unit (MLTU) that is 
processed into five late mRNAs (L1-L5). Together, these transcription units 
encode for approximately 40 different structural and regulatory proteins as well 
as one or two VA RNAs, depending on the HAdV type (Fig. 3) [4].  
 

 
Fig. 3 Genome organization of HAdV-5. Schematic representation of the viral genome of 
HAdV-5. Arrows indicate the transcriptional direction of the early (E1A, E1B, E2A, E2B, E3, E4), 
delayed (pIX, IVa2) and late (MLTU, L1-L5) transcription units. All viral genes are transcribed 
by polymerase II, except for the VA-RNAs that are transcribed by polymerase III. The late genes 
are under control of the common promoter MLP. ITR: inverted terminal repeats; MLTU: major 
late transcription unit; MLP: major late promoter; VA-RNAs: virus associated RNAs. 

1.1.3 Infectious life cycle of HAdV 

1.1.3.1 Adsorption and entry 
Most HAdVs attach to the host cell via the CAR receptor, a component of the 
tight junctions from epithelial cells found in the heart, CNS, lung, liver and 
intestine, but not in hematopoietic cells [48, 49]. Only HAdVs from species B 
have evolved a different mechanism for host cell binding and use CD46, a 
component of the complement system that is present on most cells, including 
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hematopoietic cells [38]. After binding to CAR, the penton base of the virion 
interacts with integrins α-3 and α-5, leading to receptor mediated endocytosis 
via clathrin-coated vesicles [4]. Again, HAdVs from species B were shown to 
enter the cell by a different mechanism, namely macropinocytosis [50, 51]. 
Following endosome acidification, the partially disassembled virion is released 
into the cytosol. Viral particles are transported to the nuclear pores by the 
cellular microtubular machinery. Thereafter, viral DNA is released through the 
nuclear pore complex (NPC) into the nucleus where viral DNA replication takes 
place [52].  

1.1.3.2 Early and late phase of infection 
Once the viral DNA enters the nucleus, the early phase of infection begins. E1A, 
the first protein that is transcribed during infection induces the cell to enter 
S-phase, thus creating a favorable environment for viral replication. E1A binds 
to retinoblastoma (Rb) proteins that suppress transcription factors of the E2F 
family. Consequently, E2F is released, which activates the transcription of E2F 
responsive genes, some of them inducing entry of the cell into S-phase [53–55]. 
Moreover, E1A stimulates the transcription of the other early regions (E1B, E2, 
E3 and E4), which have evolved different strategies to protect the virus from 
antiviral host defenses [4]. E1B encodes the two proteins E1B-19K and E1B-55K. 
Both are involved in the inhibition of apoptosis induced by the tumor 
suppressor p53. E1B-19K is a homolog of BCL-2 and binds to the proapoptotic 
factors BAK and BAX in order to prevent the release of apoptogenic proteins 
from mitochondria [56, 57]. E1B-55K developed several mechanisms to interact 
with p53 that will be described in more detail later in this work. Briefly, E1B-55K 
interferes with p53 through direct binding, SUMOylation as well as proteasomal 
degradation [58–62]. The E2 region encodes for proteins that are essential for 
viral DNA replication, namely the preterminal protein (pTP), the HAdV 
polymerase and the DNA binding protein (DBP) E2A [4]. Proteins from the E3 
region are associated with the evasion of the host cell immune response, such as 
blocking cell surface expression of HLA-I [63, 64]. Finally, the E4 region encodes 
proteins that are involved in the DNA damage response (DDR) and 
transcriptional activation. E4orf3 inhibits DNA double-strand break responses 
(DSBR) by sequestering proteins of the Mre11-Rad50-Nbs1 (MRN)-complex into 
so-called promyelocytic leukemia (PML)-tracks [65, 66]. E4orf6 forms an 
E3-Ubiquitin-ligase together with E1B-55K as well as cellular components, 
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leading to the proteasomal degradation of cellular antiviral factors, such as 
Mre11, SPOC-1 and p53 [61, 62, 67–69]. E4orf6/7 dimerizes E2F transcription 
factors, thus increasing their affinity to E2 early promoters [70]. 
The onset of viral DNA replication initiates the late phase of infection. Five late 
viral mRNAs (L1-L5) are generated from a major late promoter (MLP) through 
alternative splicing and mainly encode for the structural proteins involved in 
virus assembly [71, 72]. The late phase of infection induces the host cell shut-off. 
While export and translation of cellular mRNAs are blocked, viral mRNAs are 
selectively transported out of the nucleus and are efficiently translated [73]. The 

infectious life cycle of HAdVs ends with lysis of the cell and release of about 104 
viral particles [4].  

1.1.4 Early region 1B protein  

1.1.4.1 HAdV-C5 E1B-55K in lytic infection 
E1B-55K is an adenoviral protein of 496 aa that is expressed early in infection 
(approx. 8 h p.i.) and is important throughout the life cycle. This protein 
contains several domains that are responsible for its numerous functions (Fig. 4). 
The leucine-rich nuclear export signal (NES) is located at the N-terminus of the 
protein at L83/87/91 followed by a classical SCM around K104 [74, 75]. Binding 
sites for p53 and E4orf6 are located between aa 224-354 or aa 143 and aa 262-326, 
respectively [76, 77]. They are both overlapping with the cysteine/histidine-rich 
region (C/H-rich region) between aa 282-456 [78]. Furthermore, there is a 
putative Elongin B and C-Box (B/C-Box) between aa 179-188 that is involved in 
the formation of the E3-Ubiquitin-ligase together with E4orf6 [79]. Finally, a 
C-terminal phosphorylation region (CPR) is located at the very end of the 
protein, namely at aa 490-495 [80, 81].  
 

 
Fig. 4: Functional domains of HAdV-C5 E1B-55K. Schematic representation of the different 
functional domains of E1B-55K from HAdV-C5 including the nuclear export signal (NES) 
between aa 83-91, the SUMO conjugating motif (SCM) around K104, the putative Elongin B and 
C-Box (B/C-Box) between aa 179-188, the E4orf6 binding site at aa 143 and aa 262-326, the p53 
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binding domain between aa 224-354, the cysteine/histidine-rich region (C/H-rich region) 
between aa 282-456 and the C-terminal phosphorylation region (CPR) at aa 490-495 [74–77, 79, 
81]. 

Functions of E1B-55K include the regulation of viral and cellular gene 
expression, cell cycle control, apoptosis, DNA damage response as well as 
intrinsic and innate immunity. Binding of E1B-55K to p53 was one of the first 
interactions described for E1B-55K and eventually led to the discovery of p53 as 
a tumor suppressor [58]. Since then, it has been shown that E1B-55K established 
different ways to inhibit the transcriptional functions of p53, all of them 
contributing to the oncogenic potential of HAdVs (see 1.1.5). On the one hand, 
E1B-55K binds p53 and sequesters it from the nucleus into perinuclear and 
cytoplasmic structures [82]. These so-called aggresomes are accumulations of 
misfolded proteins that are transported to the microtubule-organizing center 
(MTOC) by dynein-dependent transport [83]. On the other hand, attachment of 
E1B-55K to p53 presumably leads to a conformational change of p53 resulting in 
a higher affinity to DNA binding sites. This leads to the recruitment of E1B-55K 
to p53-dependent promoters where it can inhibit their activation [84, 85]. 
Furthermore, E1B-55K post-translationally modifies p53 by conjugating the 
small cellular protein SUMO-1, acting as an E3-small Ubiquitin-like modifier 
(SUMO)-ligase [59]. SUMOylated p53 is then transported to PML-nuclear bodies 
(PML-NBs), where its nuclear export is facilitated [60].  
At late time points in infection, p53 is a target of the E3-Ubiquitin-ligase that is 
formed by E1B-55K together with E4orf6 and the cellular factors Elongin B and 
C, Cullin 5 and Rbx-1 [61, 62, 86]. This complex promotes ubiquitination 
followed by proteasomal degradation of their target proteins. It is suggested 
that E4orf6 forms the E3-Ubiquitin-ligase together with the cellular components 
while E1B-55K recruits the target proteins [79]. Apart from p53, many other 
cellular factors are degraded by the E3-Ubiquitin-ligase. This includes proteins 
involved in the DDR and DNA double strand break (DSB) repair, such as 
Mre11, a major component of the MRN-complex, SPOC-1 (survival-time 
associated PHD protein in ovarian cancer 1), DNA ligase IV as well as Bloom 
helicase (BLM) [68, 69, 87, 88]. Furthermore, integrin α-3 was identified to be a 
target of the E3-Ubiquitin-ligase [89]. Interestingly, degradation of a newly 
identified protein, the death domain-associated protein (Daxx) was shown to be 
independent of E4orf6 [90]. Moreover, interaction of E1B-55K and E4orf6 has 
been shown to be involved in the host cell shut-off. Here, viral mRNA is 
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preferentially exported out of the nucleus while cellular mRNA transport is 
partially blocked [91–94]. 
Another role of E1B-55K is the interaction with components of PML-NBs like 
PML and Speckled protein 100kDa (Sp100). PML-NBs are aggregations of 
regulatory proteins that are involved in replication and transcription, DDR, 
apoptosis and cell cycle regulation. Moreover, PML-NBs are thought to be a 
“platform for post-translational modification (PTM)” (reviewed in [95]). 
E1B-55K binds different PML isoforms and localizes to PML-NBs. Binding of 
E1B-55K and PML was shown to be regulated by other viral proteins as well as 
by SUMOylation of E1B-55K [96]. Additionally, E1B-55K dissociates Sp100 
isoforms B, C and HMG from PML-NBs. However, Sp100A associates with 
PML-tracks formed by E4orf3 to maintain HAdV gene expression during 
infection [66, 97, 98]. Additionally, E1B-55K interacts with the cellular 
heterochromatin-associated transcription factor KRAB-associated protein 1 
(KAP1). KAP1 is inactivated through de-SUMOylation of E1B-55K leading to 
chromatin decondensation and enhanced viral gene transcription [99]. In 
conclusion, E1B-55K exhibits functions that act on the transcriptional as well as 
translational level, making it an important factor in HAdV life cycle. 

1.1.4.2 Early region 1B proteins from other HAdV species 
Most of the investigations on HAdV E1B functions were conducted in 
HAdV-C5. Recently, studies concentrated on the analysis of the large E1B 
proteins from other HAdV species revealed conserved functions as well as 
heterogeneity. For instance, E3-Ubiquitin-ligase complexes of E1B and E4orf6 
are highly conserved. However, they differ in composition and also evolved 
distinct target specificities. It has been shown that the large E1Bs from six of the 
seven HAdV species bind to their respective E4orf6. E3-ligase complexes are 
mainly Cul5-based (HAdV-B34, HAdV-C5, HAdV-D9, HAdV-E4), whereas 
HAdV-A12 and HAdV-F40 form a Cul2-based E3-ligase complex and 
HAdV-B16 is even able to use both Cul2 and Cul5 [100]. The only so far known 
cellular target of the E3-Ubiquitin-ligase complex that is degraded from all 
tested species is DNA ligase IV. The p53 protein is only efficiently degraded by 
HAdV-A12, HAdV-C5 and HAdV-F40, although almost all of the large E1B 
proteins bind to it (except HAdV-E4) [100, 101]. Another group observed the 
accumulation of transcriptionally inactive p53 by E1B proteins from species B 
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[102]. Other cellular targets that are differentially degraded among HAdV 
species are Mre11, integrin α-3 and BLM [100, 101].  
Blanchette et al. analyzed the localization as well as the aggresome formation of 
several E1B types [103]. They showed that large E1B proteins are mainly located 
in nuclear dots, only HAdV-A12 showed a diffuse localization throughout the 
cell and HAdV-C5 was seen in the cytoplasm. Nevertheless, all large E1B 
proteins bound to PML and mostly co-localized with PML in the nucleus. 
However, aggresome formation was only observed in HAdV-B16, HAdV-C5, 
HAdV-D9 and HAdV-E4 [103]. These findings are summarized in the table 
below (Table 1). 
 
Table 1: Functions of large E1B proteins from different HAdV species. The table compares the 
E1B proteins from different HAdV species with regard to the formation of an E3-Ubiquitin 
ligase, degradation of cellular targets, aggresome formation and localization. Based on [100, 101, 
103]. 

HAdV 
E3-Ubi-
ligase 

(Cullin base) 

Degradation of cellular targets 
Aggre-
some 

formation 

Locali-
zation p53 

Mre 
11 

DNA 
ligase 

IV 

Inte- 
grin 
α-3 

BLM 

A 12 + (Cul2) + + + + + - diffuse 
B1 16 + (Cul2/5) - + + - + + nuclear 
B2 34 + (Cul5) - + + - + - nuclear 
C 5 + (Cul5) + + + + + + cytoplasm 
D 9 + (Cul5) - + + - - + nuclear 
E 4 + (Cul5) - - + + + + nuclear 
F 40 + (Cul2) + + + + + - nuclear 

 
In summary, analysis of large E1B proteins revealed functional diversity among 
different HAdV species.  

1.1.5 Transforming potential and oncogenicity of HAdV 
In 1962, HAdVs were discovered to cause tumors in newborn hamsters [36] and 
are ever since classified as DNA tumor viruses. The two viral proteins that are 
mainly associated with HAdV oncogenicity are E1A and E1B-55K. It is assumed 
that viral transformation of HAdV follows the classical concept, in which the 
viral oncogenes persist in the transformed cells and can later be detected [104]. 
In fact, several groups have observed transformation of rodent cells by E1A and 
E1B-55K in cell culture systems [105–107]. Complete transformation of rodent 
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cells is a two-step process. First, binding of E1A to p300 and/or Rb proteins 
leads to the stabilization of the tumor suppressor and transcription factor p53 
followed by induction of apoptosis [108, 109]. Second, E1B-55K has developed 
several mechanisms to counteract p53 as well as other factors involved in 
apoptosis, DNA repair and transcription (see 1.1.4.1). Among all, p53 
degradation through the E3-Ubiquitin-ligase and p53 translocation through 
binding and shuttling by E1B-55K are the most important functions involved in 
the transformation process [110]. Additionally, it has been shown that 
degradation of Daxx by E1B-55K is necessary for transformation of baby rat 
kidney cells (pBRKs) [111]. Consequently, the growth arresting functions of E1A 
in permissive cell lines that promote viral replication do not account for 
non-permissive rodent cells. There, E1A rather induces immortalization and 
partial transformation [112]. The pro-apoptotic functions of E1A are furthermore 
prevented by E1B-55K so that complete transformation can take place.  
So far, only small amounts of viral DNA were found in tumors of humans. For 
example, HAdV DNA was detected in pediatric brain tumors, small-cell lung 
carcinomas, mantle cell lymphomas and human sarcomas [113–116]. Recently, 
transformation of primary human mesenchymal stroma cells (hMSC) has been 
observed, hence indicating association of HAdV with human oncogenesis by 
mediating cellular transformation [117].  

1.2 The cellular post-translational modification (PTM) machinery 

1.2.1 Pathways of cellular PTM 
PTMs of proteins occur via covalent binding of an enzyme from the PTM 
machinery. PTM is a versatile regulator involved in cell cycle progression, cell 
growth, DDR, signal transduction, protein stability as well as protein-protein 
interaction [118–120]. Furthermore, PTMs have been shown to interact and 
interfere with pathogens, such as viruses and bacteria (reviewed in [121, 122]).  
Ubiquitin, the best-studied protein involved in PTMs, was found in the late 
1970s to modify proteins on lysine residues [123]. To date, the group of 
ubiquitin-like proteins (Ubl) comprises a number of members, for instance 
neural precursor cell expressed developmentally down-regulated protein 8 
(NEDD8), interferon stimulated gene 15 (ISG15) and small ubiquitin-like 
modifier (SUMO) [124]. 
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Another PTM that plays an important role in regulating cellular processes is 
CK2 phosphorylation. CK2 is a serine/threonine kinase that phosphorylates a 
broad number of target substrates involved in many different functions such as 
cell-cycle control, DNA replication and transcription, DDR and apoptosis [125–
128]. On this regard, increased levels of CK2 have been linked to cancer 
formation, since CK2 is able to suppress apoptosis (reviewed in [129]). Similar to 
ubiquitin and Ubls, CK2 phosphorylation is also known to modify viral 
proteins. For example, phosphorylation of EB2 from Epstein-Barr virus (EBV) 
regulates the nuclear export of cellular mRNA. NS2 from hepatitis C virus 
(HCV) is marked for proteasomal degradation upon phosphorylation by CK2 
[130, 131]. CK2 Phosphorylation occurs at the consensus motif S/TXXE/D and 
phosphoryl donors can be either ATP or GTP [132]. 
Besides CK2 phosphorylation, acetylation is another major PTM that occurs in 

proteins. Thereby, an acetyl group (CCH3) is transferred via an acetyl 
co-enzyme A (Ac-CoA) to a protein. Either, the acetyl group is attached by 

N-acetyltransferases (NATs) to the a-amino group at the N-terminus of the 

protein, or the acetyl group is transferred to the e-amino group of a lysine 
residue by histone-acetyltranferases (HATs). HATs were named after the first 
discovery of acetylation on histones and now they are mainly termed as 
lysine-acetyltransferases (KATs) [133]. Acetylation of lysine residues can be 
reversed by lysine-deacetylases (KDACs) (reviewed by [134]).  
Finally, several groups observed a crosstalk between the different PTMs. For 
example, it has been shown that the acetylation of the tumor suppressor p53 
inhibits its ubiquitination [135]. Furthermore, SUMOylation of another tumor 
suppressor, HIC1 (hypermethylated in cancer 1), stimulates interaction with 
metastasis associated protein 1 (MTA1), whereas its acetylation blocks this 
interaction [136]. Finally, inactivation of PML IV SUMOylation at K490 has been 
shown to increase acetylation of the protein at K487 [137]. 

1.2.2 Modification by the small ubiquitin-like modifier (SUMO) 
SUMO was discovered in 1996 by two groups working on the targeting of 
RanGAP1 to the nuclear pore complex [138, 139]. Currently, five isoforms of 
SUMO are known. SUMO-1 shares 50 % sequence identity with SUMO-2 and 
SUMO-3, whereas the latter have a similarity of 97 %, only differing in three 
residues at the N-terminus. Therefore, they are mostly referred to as SUMO-2/3 
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[124, 140]. Moreover, SUMO-2/3 contains an internal SUMO consensus site 
(SCS) ΨKxE, whereas Ψ is a hydrophobic amino acid and x refers to any amino 
acid, enabling the protein to form chains. In contrast, SUMO-1 is lacking this 
internal SCS and only binds to substrates as a monomer [141]. SUMO-4 and -5 
are the latest SUMO isoforms identified. SUMO-4 was detected mainly in the 
kidney and it is associated with type I diabetes mellitus [142]. However, there 
are reports stating that SUMO-4 is one of the many pseudogenes of the 
SUMO-family [124, 143]. SUMO-5 was found to be involved in PML-NB 
formation, on the one hand, and PML-NB disruption, on the other hand [144]. 
Conjugation of SUMO to a protein is a three-step enzymatic pathway that is 
very similar to the ubiquitination pathway (Fig. 5). SUMOylation occurs at a 
SCM ΨKxE/D, whereas Ψ is a hydrophobic amino acid and x refers to any amino 
acid [145]. The SUMO protein has to be activated in order to undergo the 
enzymatic cascade. Therefore, Sentrin specific proteases (SENPs) cleave off the 
C-terminus of the protein and reveal a Gly-Gly motif [120]. The first step of the 
SUMOylation pathway is the activation by an E1 activating enzyme (SUMO 
activating enzymes 1 and 2; SAE1/SAE2). Hereby, SUMO forms a thioester 
bond with the active site cysteine of SAE2 in an ATP-dependent manner [146, 
147]. Second, the C-terminal carboxy group of SUMO is linked via a thioester 
bond to the catalytic cysteine of an E2 conjugating enzyme (ubiquitin carrier 
protein 9; Ubc9) [148, 149]. So far, there is only one E2 conjugating enzyme 
known for SUMO, whereas there are over 20 known for ubiquitin [150]. Finally, 
SUMO is transferred to the substrate, where it forms an isopeptide bond via the 
Gly-Gly motif with a lysine residue on the target. This last step is often 
facilitated by SUMO-E3-ligases that act as a catalyzer for the process. Multiple 
HECT-domain E3-ligases have been described for ubiquitin [150]. However, 
SUMOylation requires different E3-ligases. So far, SUMO-E3-ligases can be 
differentiated into three groups. A first group contains E3-ligases with a 
RING-finger motif, which includes the protein inhibitor of activated STAT 
(PIAS)-family [151]. The second group consists of RanBP2 and the third one 
comprises the polycomb group (PcG) protein Pc2 [152, 153]. SUMOylation of 
proteins is reversible. The turnover of SUMOylation and deSUMOylation is 
very high. SUMO cleavage is mediated by SENPs, thereby releasing the 
substrate as well as free SUMO [154, 155]. 
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Fig. 5 Pathway of SUMO-conjugation. Three-step enzymatic cycle of SUMO-conjugation and 
de-conjugation. (A) SUMO binds to the active site cysteine of the E1 Activating enzyme 
(SAE1/SAE2). (B) SUMO is transferred to the E2 conjugating enzyme (Ubc9). (C) SUMO is 
transferred to the substrate, facilitated by E3 SUMO ligases. SUMO: small ubiquitin-like 
modifier; SAE1/2: SUMO activating enzymes 1 and 2; Ubc9: ubiquitin carrier protein 9; SENP: 
sentrin-specific protease. Adapted from [122]. 

1.2.3 Post-translational modification of viral pathogens  
Since PTMs of proteins modulate so many different yet important cellular 
pathways, it is not surprising that viruses evolved mechanisms to take 
advantage of the cellular PTM machinery. They either mimic cellular proteins 
involved in PTM or are post-translationally modified themselves.  
As described before, HAdV-C5 E1B-55K and E4orf6 form an E3-ubiquitin-ligase 
marking various cellular proteins for proteasomal degradation [61]. Similar to 
HAdV, K3 from Karposi’s sarcoma-associated herpesvirus (KSHV) acts as an 
E3-ubiquitin-ligase to degrade MHCI molecules. K3 promotes the ubiquitination 
of MHCI and ubiquitinated MHCI is then internalized from the cell surface and 
further targeted to the late endosome, where it is degraded [156]. The E6 protein 
from human papilloma virus (HPV) 16 and 18 forms a complex with the 
E6-associated protein (E6-AP) that targets p53 [157, 158]. E6 binds to E6-AP, 
thus enabling the binding and subsequent ubiquitination of p53 [159]. 
Interestingly, ICP0 (infected cell polypeptide 0) from herpes simplex virus 1 

A

B

C
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(HSV1) represents an E3-ubiquitin-ligase with SUMO-targeted ubiquitin ligase 
(STUbL) activity that is able to ubiquitinate poly-SUMOylated targets. It has 
been shown that ICP0 disrupts poly-SUMOylated PML by targeting it for 
proteasomal degradation [160].  
Furthermore, viral proteins can act as SUMO-E3-ligases, as it has been described 
for HAdV-C5 E1B-55K that SUMOylates the tumor suppressor p53 [59, 60]. 
Recently, another adenoviral SUMO-E3-ligase has been detected. Sohn et al. 

described that E4orf3 is able to SUMOylate TIF-1g and furthermore promote 
SUMO-3 chain formation [161]. The transcriptional factor KSHV 
basic-leucine-zipper (K-bZIP) from KSHV is even able to SUMOylate itself as 
well as p53 and pRb. In contrast to HAdV-C5, where SUMOylation of p53 has 
been shown to repress p53 transactivation, K-bZIP is activating the tumor 
suppressor upon SUMOylation [162]. Intriguingly, SUMO-E3-ligase function is 
conserved among viral homologues of herpesviruses. EB2 from Epstein-Barr 
virus (EBV), ICP27 from HSV1 as well as UL69 from human cytomegalovirus 
(HCMV) increase the global SUMOylation in infected cells and have been 
shown to SUMOylate p53 in vitro [163]. 
As mentioned above, viral proteins are targets of PTMs, as well. Since the 
discovery of SUMO, more and more viral targets of the SUMO conjugation 
machinery have been discovered [164]. It has been shown that immediate early 
protein 2 (IE2) from HCMV and EB1 from EBV are both modified by SUMO-1 
and SUMO-2/3, and that this modification regulates their transactivation 
capacity [165, 166]. SUMOylation of the 3C protease from enterovirus 71 (EV71) 
decreases its protease activity as well as stability [167]. The protein p6 from 
human immunodeficiency virus type 1 (HIV-1) even regulates virion infectivity 
[168]. Finally, also E1B-55K from HAdV-C5 is SUMOylated at the lysine on 
position 104 (K104), the consequences of which will be described in more detail 
in the next chapter of this work [75]. 

1.2.4 HAdV-C5 E1B-55K as a target of the cellular PTM machinery 
HAdV-C5 E1B-55K is a substrate for different PTMs. It is SUMOylated at a 
conserved SCM around K104 and phosphorylated at the C-terminus [75, 80, 81]. 
In general, SUMOylation regulates many functions of the protein. 
E3-SUMO-ligase function of E1B-55K towards p53 as well as Sp100A are 
dependent on E1B-55K’s own SUMOylation [59, 60, 97]. Remarkably, both 
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proteins are sequestered to the cytoplasm upon SUMO modification by 
HAdV-C5 E1B-55K [60, 97]. Moreover, SUMOylation of HAdV-C5 E1B-55K is a 
prerequisite for efficient repression of p53-stimulated transcription [75]. 
However, the E3-SUMO-ligase function of HAdV-C5 E1B-55K towards p53 is 
not required for maximal repression of p53 transactivation [59, 60]. 
Additionally, immunoprecipitation experiments showed that SUMOylation of 
E1B-55K is also necessary for binding to different PML isoforms [96]. The 
interaction with PML IV and V can occur in a SUMO-dependent 
and -independent manner, ultimately leading to the localization of E1B-55K to 
PML-NBs. In infection, other viral proteins regulate the binding of E1B-55K and 
PML, as well, indicating that a change between SUMOylation and 
deSUMOylation of E1B-55K regulates its targeting to PML and PML-NBs [96]. 
Interestingly, degradation of Daxx, the so far only cellular protein that is 
degraded independently of E4orf6, is also dependent on SUMOylation of 
HAdV-C5 E1B-55K [90]. Together, these studies provide further evidence that 
efficient transformation of pBRKs is highly reliant on the SUMOylation of 
E1B-55K [75]. Lastly, nuclear export as well as intranuclear targeting of 
HAdV-C5 E1B-55K is correlated to its PTM. SUMOylation of HAdV-C5 E1B-55K 
recruits the protein to viral RCs and inactivation of SUMO conjugation 
completely abrogates this co-localization [169, 170]. Furthermore, it has been 
suggested that SUMOylation interferes with nuclear export of the protein by 
obstructing the binding of CRM1 to the NES. However, HAdV-C5 E1B-55K 
evolved mechanisms to exit the nucleus in a CRM1-independent manner, 
although the exact method behind it remains to be elusive [169].  
As described above, SUMOylation is an important regulator of HAdV-C5 
E1B-55K function. Interestingly, SUMOylation of HAdV-C5 E1B-55K itself is 
regulated by several mechanisms. Wimmer et al. showed that depletion of the 
three phosphorylation sites S490, S491 and T495 leads to a markedly reduction 
of SUMOylation at K104 [170]. Besides phosphorylation, nuclear export is 
another mechanism to regulate HAdV-C5 E1B-55K SUMOylation. HAdV-C5 
E1B-55K has a leucine-rich nuclear export signal (NES) that enables the protein 
to shuttle between the cytoplasm and the nucleus. On the one hand, inactivation 
of the NES abrogates CRM1-dependent shuttling, resulting in an exclusively 
nuclear localization accompanied by higher SUMOylation [74, 169]. On the 
other hand, inactivation of the SCM by K104R mutation inhibits the intracellular 
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shuttling of E1B-55K and the protein remains mainly cytoplasmic. 
Consequently, phosphorylation and nuclear export also regulate functions of 
HAdV-C5 E1B-55K that are induced by SUMOylation, such as p53 
transactivation and SUMOylation, degradation of Daxx and ultimately the 
oncogenic potential of HAdV-C5 E1B-55K [75, 170, 171]. 
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2 Material 

2.1 Cells 

2.1.1 Bacterial Strains 
 

Strain Genotype 

DH5α supE44, ∆lacU169, (φ80dlacZ∆M5), hsdR17, recA1, endA1, 
gyrA96, thi-1, relA1 [172]. 

 

2.1.2 Mammalian cell lines 
 

# Cell line Genotype Reference 

8 A549 Human lung carcinoma cell line 
expressing wild-type p53 [173]. 

DMSZ 

7 H1299 Human lung carcinoma cell line, 
p53-negative [174]. 

ATCC 

56 HeLa Human cervix carcinoma cell line, 
p16-negative [175]. 

DMSZ 

925 HeLa-SU1 HeLa cells stably expressing N-terminally 
6-His-tagged SUMO-1 under puromycin 
selection (2µg/ml) [176]. 

R. Hay 

926 HeLa-SU2 HeLa cells stably expressing N-terminally 
6-His-tagged SUMO-2 under puromycin 
selection (2µg/ml) [176]. 

R. Hay 

- pBRK Primary baby rat kindney cells, freshly 
isolated from 3-5-day old Sprague Dawley 
rats (Janvier, France). 

Group 
database 
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2.2 Viruses 
 

# Adenovirus Characteristics 

100 H5pg4100 Wild-type HAdV-C5 carrying an 1863 bp deletion  
(nt 28602-30465) in the E3 reading frame [169]. 

101 H5pm4101 HAdV-C5 mutant containing three aa exchanges 
(L83/87/91A) in the NES of E1B-55K [169]. 

102 H5pm4102 HAdV-C5 mutant containing an aa exchange (K104R) in 
the SCM of E1B-55K [169]. 

245 H5pm4243 HAdV-C5 mutant containing an aa exchange (K101R) in 
the putative SCM of E1B-55K (group database). 

246 H5pm4244 HAdV-C5 mutant containing two aa exchanges 
(K101/104R) in the SCM and the putative SCM of E1B-55K 
(group database) 

273 H5hh4305 HAdV-C5 mutant containing an aa exchange (K101A) in 
the putative SCM of E1B-55K (group database). 

 

2.3 Nucleic acids 

2.3.1 Oligonucleotides 
The following oligonucleotides were used for sequencing, PCR and site-directed 
mutagenesis. All nucleotides were ordered from Metabion and numbered 
according to the internal group Filemaker Pro database. 
 

# Name Sequence Purpose 

64 E1B bp2043 fwd 5’-CGC GGG ATC CAT GGA GCG 
AAG AAA CCC ATC TGA GC-3’ 

Sequencing 

366 cmv 5’-CCC ACT GCT TAC TGG C-3’ Sequencing 

636 pcDNA3-rev 5’-GGC ACC TTC CAG GGT CAA 
G-3’ 

Sequencing 
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782 E1-Box fwd 2454 bp  5’-CAA GGA TAA TTG CGC TAA 
TGA GC-3’ 

Sequencing 

1318 E1B-C-Terminus 5’-GGCCTCCGACTGTGGTTGCT
TC-3’ 

Sequencing 

592 HAdV-5 K104R fwd 5’-GGG CTA AAG GGG GTA 
AGG AGG GAG CGG GGG-3’ 

Site-directed 
mutagenesis 

593 HAdV-5 K104R rev 5’-CCC CCG CTC CCT CCT TAC 
CCC CTT TAG CCC-3’ 

Site-directed 
mutagenesis 

2787 HAdV-5 K101R fwd 5’- GGG CAG GGG CTA AGG 
GGG GTA AAG AGG G-3’ 

Site-directed 
mutagenesis 

2788 HAdV-5 K101R rev 5’-CCC TCT TTA CCC CCC TTA 
GCC CCT GCC C-3’ 

Site-directed 
mutagenesis 

3368 HAdV-4 K93R fwd 5’-CGA GTG GTC GGG AGA GGG 
GTA TTA GGC GGG AGA GGC-3’ 

Site-directed 
mutagenesis 

3369 HAdV-4 K93R rev 5’-GCC TCT CCC GCC TAA TAC 
CCC TCT CCC GAC CAC TCG-3’ 

Site-directed 
mutagenesis 

3339 HAdV-9 K103R fwd 5’-CAG GGG AGT TAG GAG 
GGA GAG-3’ 

Site-directed 
mutagenesis 

3340 HAdV-9 K103R rev 5’-CTC TCC CTC CTA ACT CCC 
CTG-3’ 

Site-directed 
mutagenesis 

3372 HAdV-12 K88R fwd 5’-GCG CAG ATG ATA GAG ATA 
GGC AGG-3’ 

Site-directed 
mutagenesis 

3373 HAdV-12 K88R rev 5’-CCT GCC TAT CTC TAT CAT 
CTG CGC-3’ 

Site-directed 
mutagenesis 

3161 HAdV-16 K101R fwd 5’-CAG GAC AGG GGC ATT CGG 
AGG GAA AGG AAT CC-3’ 

Site-directed 
mutagenesis 

3162 HAdV-16 K101R rev 5’-GGA TTC CTT TCC CTC CGA 
ATG CCC CTG TCC TG-3’ 

Site-directed 
mutagenesis 

3165 HAdV-34 K103R fwd 5’-GAT AGG GGC GTT CGG AGG 
GAG AGG GC-3’ 

Site-directed 
mutagenesis 

3166 HAdV-34 K103R rev 5’-GCC CTC TCC CTC CGA ACG 
CCC CTA TC-3’ 

Site-directed 
mutagenesis 
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3329 HAdV-40 K90R fwd 5’-CAA AGG GGG ACA AGG 
AGA AAG ATG G-3’ 

Site-directed 
mutagenesis 

3330 HAdV-40 K90R rev 5’-CCA TCT TTC TCC TTG TCC 
CCC TTT G-3’ 

Site-directed 
mutagenesis 

2.3.2 Vector plasmids 
The following vectors plasmids were used for sub-cloning or as transfection 
controls. They are numbered according to the internal group Filemaker Pro 
database.  
 

# Name Purpose Reference 

136 pcDNA3 Expression vector for mammalian 
cells, CMV promoter 

Invitrogen 

196 pcDNA3-Flu Expression vector for mammalian 
cells, CMV promoter, N-terminal 
HA-tag 

Group 
database 

138 pGL3 basic Firefly-Luciferase-Assay Promega 

180 pRL-TK Renilla-Luciferase-Assay Promega 

 

2.3.3 Recombinant plasmids 
The following recombinant plasmids were used for cloning and transfection 
experiments. All plasmids are numbered according to the internal group 
Filemaker Pro database.  
 

# Name Vector Insert Reference 

608 pXC-15 pXC15 HAdV-C5 E1 region 
(1-5790) 

Group 
database 

737 pE1A pML HAdV-C5 E1A Group 
database 

1319 pcDNA-E1B-55K pcDNA3 HAdV-C5 E1B-55K Group 
database 
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1908 E1B-19K- E1B-55K pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K 

Group 
database 

1022 E1B-55K-SCS pcDNA3 HAdV-C5 E1B-55K 
K104R 

Group 
database 

1023 E1B-55K-NES pcDNA3 HAdV-C5 E1B-55K 
L83/87/91A 

Group 
database 

2841 E1B-55K K101R pcDNA3 HAdV-C5 E1B-55K 
K101R 

Group 
database 

2842 E1B-55K 
K101/104R 

pcDNA3 HAdV-C5 E1B-55K 
K101/104R 

Group 
database 

2985 E1B-19K- E1B-55K 
K101A 

pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K K101A 

This work 

2988 E1B K101A pcDNA3 HAdV-C5 E1B-55K 
K101A 

This work 

2990 E1B-19K- E1B-55K 
K104R 

pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K K104R 

This work 

2991 E1B-19K- E1B-55K 
K101R 

pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K K101R 

This work 

2992 E1B-19K- E1B-55K 
NES 

pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K NES 

This work 

2993 E1B-19K- E1B-55K 
K101/104R 

pPG-S3 HAdV-C5 E1-region, 
E1B-19K negative, 
E1B-55K K101/104R 

This work 

3290 E1B-55K K138R pcDNA3 HAdV-C5 E1B-55K 
K138R 

This work 

3291 E1B-55K K185R pcDNA3 HAdV-C5 E1B-55K 
K185R 

This work 

2214 Ad4 HA55K 
pcDNA3 

pcDNA3 HAdV-E4 E1B-55K  
wt 

P. 
Blanchette 
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2215 Ad5 HA55K 
pcDNA3 

pcDNA3 HAdV-C5 E1B-55K  
wt 

P. 
Blanchette 

2216 Ad9 HA55K 
pcDNA3 

pcDNA3 HAdV-D9 E1B-55K  
wt 

P. 
Blanchette 

2217 Ad12 HA55K 
pcDNA3 

pcDNA3 HAdV-A12 E1B-55K  
wt 

P. 
Blanchette 

2218 Ad16 HA55K 
pcDNA3 

pcDNA3 HAdV-B16 E1B-55K  
wt 

P. 
Blanchette 

2219 Ad34 HA55K 
pcDNA3 

pcDNA3 HAdV-B34 E1B-55K  
wt 

P. 
Blanchette 

2220 Ad40 HA55K 
pcDNA3 

pcDNA3 HAdV-F40 E1B-55K  
wt 

P. 
Blanchette 

3226 Ad5 HA55K 
K101R 

pcDNA3 HAdV-C5 E1B-55K 
K101R 

L. Kieweg 

3227 Ad5 HA55K 
K104R 

pcDNA3 HAdV-C5 E1B-55K 
K104R 

L. Kieweg 

3229 Ad16 HA55K 
K101R 

pcDNA3 HAdV-B16 E1B-55K 
K101R 

L. Kieweg 

3231 Ad34 HA55K 
K103R 

pcDNA3 HAdV-B34 E1B-55K 
K103R 

L. Kieweg 

3255 Ad40 HA55K 
K90R 

pcDNA3 HAdV-F40 E1B-55K 
K90R 

L. Kieweg 

3260 Ad9 HA55K 
K103R 

pcDNA3 HAdV-D9 E1B-55K 
K103R 

L. Kieweg 

3292 Ad12 HA55K 
K88R 

pcDNA3 HAdV-A12 E1B-55K 
K88R 

This work 

3395 Ad4 HA55K K93R pcDNA3 HAdV-E4 E1B-55K 
K93R 

This work 
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2.4 Antibodies 

2.4.1 Primary antibodies 
 

# Name Properties 

1 2A6 Monoclonal mouse ab against the N-terminus of 
HAdV-C5 E1B-55K [177].  

369 4E8 Monoclonal rat ab against the central region of 
HAdV-C5 E1B-55K [178]. 

113 B6-8 Monoclonal mouse ab against HAdV-C5 E2A 
[179]. 

88 β-actin (AC-15) Monoclonal mouse ab against β-actin 
(Sigma-Aldrich, A5441). 

551 6-His Monoclonal mouse ab against 6xHis-tag 
(Clontech, 631212). 

62 DO-1 Monoclonal mouse ab against the N-terminal aa 
11-25 of human p53 (Santa Cruz, sc-126) [180]. 

54 FL-393 Polyclonal rabbit ab against human and rat p53 
(Santa Cruz, sc-6243). 

588/629 3F10 Monoclonal rat ab against the HA-epitope (Roche, 
11867423001). 

412 SUMO-2/-3 Monoclonal mouse ab against SUMO-2/-3 
(MoBiTec, M114-3). 

 

2.4.2 Secondary antibodies 

2.4.2.1 Antibodies for Western Blotting 
 

Name  Properties 

HRP-anti-mouse IgG Polyclonal horseradish peroxidase (HRP) conjugated 
antibody against mouse IgG (H+L, F(ab’)2 fragment), 
raised in goat (Jackson, 115-036-003). 
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HRP-anti-rat IgG Polyclonal HRP conjugated antibody against rat IgG 
(H+L, F(ab’)2 fragment), raised in goat (Jackson, 
112-036-003). 

HRP-anti-rabbit IgG Polyclonal HRP conjugated antibody against rabbit IgG 
(H+L, F(ab’)2 fragment), raised in goat (Jackson, 
111-036-003). 

HRP-anti-mouse IgG 
(light chain specific) 

Polyclonal HRP conjugated antibody against the light 
chain of mouse IgG, raised in goat (Jackson, 
115-035-174). 

HRP-anti-rabbit IgG 
(light chain specific) 

Polyclonal HRP conjugated antibody against the light 
chain of rabbit IgG, raised in mouse (Jackson, 
211-032-171). 

 

2.4.2.2 Antibodies for Immunofluorescence 
 

Name Properties 

Alexa Fluor™ 488 
anti-mouse 

Polyclonal Alexa™488 conjugated antibody against 
mouse IgG (H+L, F(ab’)2 fragment), raised in goat 
(Invitrogen, A-11001). 

Alexa Fluor™ 488 
anti-rabbit 

Polyclonal Alexa™488 conjugated antibody against 
rabbit IgG (H+L, F(ab’)2 fragment), raised in goat 
(Invitrogen, A-11008). 

Cy3 anti-rat Polyclonal Cy3 conjugated antibody against rat IgG 
(H+L, F(ab’)2 fragment), raised in goat (Dianova, 
712-166-153). 

 

2.5 Standards and markers 
 

Product Company 

1 kb and 100 bp DNA ladder NEB 

Page Ruler™ Prestained Protein Ladder Thermo Scientific 
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2.6 Commercial systems 
 

Product Company 

Dual-Luciferase Reporter Assay System Promega 

Plasmid Purification Mini, Midi und Maxi Kit Qiagen 

Protein Assay BioRad 

SuperSignal™ West Pico Chemiluminescent Substrate Thermo Scientific 

SuperSignal™ West Femto Maximum Sensitivity Substrate Thermo Scientific 

ProFection® Mammalian Transfection System Promega 

QIAquick Gel Extraction Kit Qiagen 

 

2.7 Chemicals, enzymes, reagents, equipment 
All chemicals, enzymes and reagents used in this work were obtained from 
AppliChem, Biomol, Invitrogen, Merck, New England Biolabs, Promega, 
Qiagen, Roche, Sigma Aldrich, Stratagene and ThermoFisher Scientific. Cell 
culture materials, general plastic material and other equipment were supplied 
by BioRad, Biozym, Brand, Engelbrecht, Eppendorf GmbH, Falcon, Gibco BRL, 
Greiner, Hartenstein, Hellma, Ibidi, Nunc, Pan, Sarstedt, Protean, 
Schleicher&Schuell, VWR and Whatman. 

2.8 Software and databases 
 

Software Purpose Reference 

Acrobat 9 Pro PDF data processing Adobe 

CLC Main Workbench 7 Sequence data processing CLC bio 

Filemaker Pro 14 Database management Filemaker, Inc. 
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Illustrator CS6 Layout processing Adobe 

Photoshop CS6 Layout processing Adobe 

Word 2011/365 Text processing Microsoft 

PowerPoint 2011/365 Layout processing Microsoft 

PubMed Literature database, open 
sequence analysis 

Open software 
(provided by NCBI) 

Fiji Image processing [181] 

Prism 5 Data graphing, statistical 
analysis 

GraphPad 

NIS-Elements Imaging of confocal 
fluorescence images 

Nikon 

NIS-Elements Viewer 4.20 Imaging software Nikon 

Gene tools Imaging of agarose gels and 
transformation assays 

GBox-Systems 
(Syngene) 

GPS-SUMO Prediction of SUMOylation 
sites 

[182, 183] 

Mendeley Desktop 1.17.13 Reference management Mendeley Ltd. 
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3 Methods 

3.1 Bacteria 

3.1.1 Culture and storage 
Liquid cultures of bacteria (E. coli) were inoculated with a single bacteria colony 
and grown in sterile LB-media containing 100 µg/ml ampicillin. Cultures were 
then incubated over night at 30 °C/37 °C at 200 rpm in an Inova 4000 Incubator 
(New Brunswick). Single bacteria colonies were grown on LB-Agar plates 
containing 15 g/l agar and 100 µg/ml ampicillin.  
Agar plate cultures can be stored at 4 °C for several weeks. For long-term 
storage, liquid cultures were centrifuged at 4000 rpm for 5 min at RT (Multifuge 
3 S-R; Heraeus), the pellet was resuspended in 1 ml LB medium supplemented 
with 50 % sterile glycerol, transferred into CryoTubes (Nunc) and stored 
at -80 °C. 
 
LB-Medium 10 g/l  Trypton 
 5 g/l Yeast extract 
 5 g/l NaCl (Autoclaved) 
 
Antibiotic solution 100 mg/ml  Ampicillin (Sterile filtered; stored at -20 °C) 
 

3.1.2 Chemical transformation of E. coli 

For transformation of E. coli 100 µl of chemical competent bacterial cells (DH5α) 
were thawed on ice were transferred to a pre-cooled 15 ml Falcon containing 
approx. 100 ng of plasmid DNA. After incubation on ice for 30 min, a heat shock 
was performed at 42 °C for 45 sec. Cells were immediately chilled on ice for 
2 min, then 1 ml of LB medium without antibiotics was added followed by 
incubation for 1 h at 30/37 °C and 220 rpm in an Inova 4000 Incubator (New 
Brunswick). Finally, 100 µl of bacterial suspension was plated on an LB agar 
plate containing appropriate antibiotics (100 µg/ml ampicillin). The rest of the 
suspension was pelleted (4000 rpm, 2 min; Megafuge 1.0, Heraeus), resuspended 
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in 100 µl LB medium and as well plated on LB agar. LB agar plates were 
incubated over night at 30/37 °C. 

3.2 Mammalian cells 

3.2.1 Cultivation and passaging 
Adherent cells were grown in monolayers on polystyrene cell culture dishes 
(6-well, 12-well, 100 mm, 150 mm tissue culture dish; Sarstedt/Falcon). They 
were cultivated in Dulbecco’s Modified Eagle Medium (DMEM; Sigma) containing 
0.11 g/l sodium pyruvate, 10 % FBS (Pan) and 1 % penicillin/streptomycin 
solution (1,000 U/ml penicillin and 10 mg/ml streptomycin in 0.9 % NaCl; Pan). 
Culture medium for human cervix carcinoma cell lines (HeLa) stably 
overexpressing 6-His-tagged SUMO-1 or SUMO-2 was additionally 
supplemented with 1 µg/ml puromycin. All cells were incubated at 37 °C and 

5 % CO2 atmosphere (CO2 incubator BBD 6220; Heraeus). 
In order to split confluent cells, the medium was removed, and cells were 
washed once with sterile PBS. Cells were then incubated with 0.5 % 
trypsin/EDTA (Pan) for 2-5 min at 37 °C. Trypsin was inactivated by adding 
culture medium (1:1 v/v) and the cell suspension was transferred to a 50 ml 
falcon followed by centrifugation at 2000 rpm for 3 min (Multifuge 3S-R; 
Heraeus). The supernatant was removed, and cells were resuspended in 
medium. Depending on the experimental conditions, cells were either split in an 
appropriate ratio (1:2-1:20) or counted prior to seeding using a hemocytometer 
(Neubauer cell counter; Carl Roth). Therefore, the cell suspension was mixed with 
Trypan blue solution (1:1 v/v) and pipetted onto the counting chamber. The 
mean number of cells in 16 small squares was determined using a Leica DMIL 
light microscope and the number of viable cells was calculated using the 
following formula: 
 

cell number/ml = counted cells x 2 (dilution factor) x 104 
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PBS 140 mM NaCl 
 3 mM KCl 
 5 mM Na2HPO4 
 1.5 mM KH2PO4 in H2O 
  ® autoclave 
 
Trypan Blue  0.15 % Trypan Blue 
Solution 0.85 % NaCl 
 

3.2.2 Storage 
For long-term storage, subconfluent cultures were trypsinized and pelleted as 
described above (see 3.2.1). Cells were resuspended in FBS containing 10 % 
DMSO, transferred to CryoTubes (Nunc) and slowly frozen using a freezing 
container (Mr. Frosty; Nalgene Labware). Frozen cells were stored in liquid 
nitrogen. 
For re-cultivation of cells, they were rapidly thawed in a water bath at 37 °C and 
resuspended in pre-warmed culture medium. To remove the DMSO, cells were 
centrifuged once at 2000 rpm for 3 min. Finally, cells were resuspended in 1 ml 
culture medium, seeded on an appropriate cell culture dish and incubated as 
described before (see 3.2.1). 

3.2.3 Transfection of mammalian cells 

3.2.3.1 Transfection with Polyethylenimine (PEI) 
Transfection of mammalian cells was in general performed using 

Polyethylenimine (PEI). PEI was dissolved in ddH2O (1 mg/ml), neutralized to 
pH 7.2 by 0.1 M HCl, sterile filtered (pore size 0.22 µm; VWR), aliquoted and 
stored at -80 °C. 24 h before transfection, cells were seeded on 6-well or 100 mm 
cell culture dishes. Plasmid DNA was mixed with 600 µl pre-warmed DMEM 
without supplements and PEI was added in a ratio of 10:1 (DMEM:PEI, v/v). 
The transfection solution was shortly vortexed and incubated at RT for 10 min 
before it was added drop wise to the cells in fresh DMEM without supplements. 
After incubation for 4-5 h at standard conditions, the transfection solution was 
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replaced by standard culture medium, since PEI is toxic to the cells. Transfected 
cells were harvested 24-72 h post transfection (p.t.). 

3.2.3.2 Transfection with calcium phosphate (ProFectionâ Mammalian 
Transfection System) 

This method of transfection was used for transformation assays of pBRK cells 
(see 3.2.5). The protocol has been modified from the manufacturer’s protocol of 

the ProFectionâ Mammalian Transfection System Kit (Promega). 48 h prior to 
transfection, pBRK cells were freshly isolated and seeded on 100 mm cell culture 

dishes. Plasmid DNA was diluted with sterile deionized H2O to a volume of 

437.5 µl and mixed gently before 62.5 µl 0.2 M CaCl2 were added. In parallel, 
500 µl sterile 2x HBS were prepared in a 15 ml falcon. The DNA solution was 
then added drop wise to the HBS while it was continuously vortexed. After 
incubation for 30-60 min at RT, the transfection solution was added drop wise to 
the cells in standard culture medium. 6-8 h after transfection, the medium was 
changed once again. 

3.2.4 Cell harvesting 
Transfected or infected cells were harvested with cell scrapers and collected in 
15/50 ml falcons followed by centrifugation at 2000 rpm for 3 min. Cells were 
washed once in sterile PBS and stored at -20 °C for later experiments. 

3.2.5 Transformation of pBRK cells 
pBRK cells were transfected as described above (see 3.2.3.2). The cells were 
grown for approximately 3 weeks and medium was changed twice a week. 
After that time, most non-transfected cells died, whereas cells transfected with 
adenoviral gene products were considered transformed, resulting in 
multilayered cell colonies (foci). These foci were stained with a crystal violet 
solution and counted for statistical analysis. The number of foci represents the 
efficiency of cellular and viral oncogenes to initiate the transformation process.  
 
Crystal Violet  1 % (w/v) Crystal Violet 
Staining Solution 25 % (v/v) Methanol (in ddH2O) 
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3.3 Adenovirus 

3.3.1 Infection of mammalian cells 
Cells were seeded as described before (see 3.2.1) and infected at a confluency of 
50-70 %. Prior to infection, the culture medium was removed and replaced by 
medium without supplements. Virus dilutions were prepared using the 
following formula: 
 

!"#$%&	!()$*	*+",-	*"#$+(".	(µ#) = 	%$#+(3#(,(+4	"5	(.5&,+(".	(678)	9	+"+:#	,&##	.$%;&)!()$*	+(+&)	(5#$")&*,&.,&	5")%(.<	$.(+*	(55$)/µ#)  

 
The virus was then diluted in an appropriate amount of medium without 
supplements and added to the cells. After 2 h incubation at standard conditions, 
the medium was replaced with complete culture medium. Infected cells were 
harvested at desired time points according to the experimental setup. 

3.3.2 Propagation and storage of high-titer virus stocks 
Propagation of high-titer virus stocks was performed in A549 cells. Therefore, 
cells were infected as described above (see 3.3.1) at a MOI of 15 ffu/cell. After 
3-5 days, cells were harvested followed by centrifugation at 2000 rpm for 3 min. 
Cells were washed once in PBS and resuspended in an appropriate amount of 
medium without supplements. In order to release viral particles into the 
medium, cells were broken up by freezing in liquid nitrogen and rapid thawing 
in a water bath at 37 °C. Freeze and thaw cycles were repeated three times. The 
cell debris was then pelleted at 4500 rpm for 10 min and the supernatant was 
mixed with sterile glycerol to a concentration of 10 % (v/v). Virus stocks were 
kept at -80 °C for long-term and -20 °C for short-term storage.  

3.3.3 Titration of virus stocks 
Determination of virus titers is based on the number of fluorescence forming 
units (ffu) after immunofluorescence staining of the adenoviral DNA binding 

protein (DBP/E2A). Each virus stock was diluted by a factor of 100 - 10-5 to infect 

3x105 A549 cells per 6-well with each dilution. 24 h p.i., cells were fixed with 
ice-cold methanol for 20 min at -20 °C. Afterwards, the methanol was removed, 
and cells were air-dried at RT. To block unspecific binding sites, cells were 
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incubated with TBS-BG (1x) for 1 h at RT. Each well was incubated with primary 
antibody against DBP/E2A (B6-8; 1:10 dilution in TBS-BG 1x) for 2 h at RT 
followed by three washing steps with TBS-BG (1x). Alexa Fluor 488 coupled 
secondary antibody was incubated for 2 h at RT, cells were washed three times 
with TBS-BG and overlaid with 1 ml TBS-BG. Finally, cells were counted using a 
fluorescence microscope (DMIL, Leica). To analyze virus titers, fluorescent cells 
of four different visual fields were counted and the average was calculated. The 
total number of infectious particles was then calculated, taking into account the 
number of infected cells, the virus dilutions and the microscope magnification 
used.  
 
TBS-BG Tris/HCl, pH 7.6 20 mM 
 NaCl 137 mM 
 KCl 3 mM 
 MgCl2 1.5 mM 

 Tween-20 0.05 % (v/v) 
 Sodium-azide 0.05 % (w/v) 
 Glycine 5 % (w/v) 
 BSA 5 % (w/v) 

3.4 DNA techniques 

3.4.1 Preparation of plasmid DNA from E. coli 
To isolate plasmid DNA from E. coli cultures, 500 ml of LB medium were 
inoculated with 200-500 µl of a pre-culture derived from a single bacteria 
colony. After incubation for 16-20 h at 30/37 °C (Inova 4000 Incubator; New 
Brunswick), bacteria were pelleted at 6000 rpm for 10 min at 4 °C (Avanti J-E; 
Beckman & Coulter). Afterwards, plasmid DNA was extracted according to the  
manufacturer’s protocol using a MaxiKit (Qiagen). 
For analysis of newly generated plasmids, bacteria from 1 ml cultures were 
pelleted at 6000 rpm for 3 min at 4 °C (Zentrifuge 5417 R; Eppendorf GmbH). The 
pelleted bacteria were resuspended in 300 µl resuspension buffer P1 (Qiagen), 
lysed by adding 300 µl lysis buffer P2 (Qiagen) and incubated for 5 min at RT. 
After adding 300 µl neutralization buffer P3 (Qiagen) and incubation for another 
5 min at -20 °C, salts and cellular debris were pelleted by centrifugation at 
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13000 rpm for 5 min and 4 °C. The supernatant was transferred into a new 
1.5 ml Eppendorf tube and 1 volume of isopropanol as well as 0.1 volume of 
3 M NaAc was added. DNA was precipitated by centrifugation at 13000 rpm for 
30 min at 4 °C. Pelleted DNA was washed once with 1 ml 70 % (v/v) ethanol, 
centrifuged for 5 min at 13000 rpm and 4 °C, air dried and rehydrated in 

20-50 µl ddH2O.  

3.4.2 Quantitative determination of nucleic acid concentrations 
DNA/RNA concentrations were determined with a NanoDrop 
spectrophotometer (Peqlab) at a wavelength of 260 nm. An OD of 1.0 
corresponds to a concentration of 50 µg/ml for dsDNA, 33 µg/ml for ssDNA 
and 40 µg/ml for RNA, respectively. DNA purity was assessed by calculation of 

the OD260/OD280 ratio. For highly pure DNA this ratio should be located at 1.8, 
for highly pure RNA at 2.0. 

3.4.3 Agarose gel electrophoresis 
Analytical and preparative gels were prepared by dissolving agarose (Seakem® 
LE agarose; Biozym) in 1x TBE buffer to a final concentration of 0.8-1.2 % (w/v). 
Agarose was dissolved in a microwave (Siemens) and supplemented with 
50 ng/ml ethidium bromide. The solution was then poured into an appropriate 
gel tray. DNA samples were mixed with 6x loading dye, loaded onto the 
agarose gel and separated at 5-10 V/cm gel length in 1x TBE. DNA was 
visualized by applying UV light at 312 nm using the G:BOX transilluminator 
system (SynGene).  
To elute DNA from agarose gels, bands of interest were cut out the gel and 
isolated using the QIAquick Gel Extraction Kit (Qiagen) according to the 
manufacturer’s protocol.  
 
5x TBE 450 mM Tris/HCl, pH 8.0 
 450 mM Boric acid 
 10 mM EDTA 
  ® pH 7.8 
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6x loading  0.25 % (w/v) Bromophenol blue 
buffer 0.25 % (w/v) Xylene cyanol 
 50 % (v/v) Glycerol 
 2 % (v/v) 50x Tris acetate (TAE) 

3.4.4 Polymerase Chain Reaction (PCR) 
To amplify a DNA template, 50-100 ng DNA template, 0.2 µM forward primer, 
0.2 µM reverse primer, 1 µl dNTP mixture (dATP, dTTP, dCTP, dGTP; 1 mM 
each; New England Biolabs), 5 µl 10x PCR reaction buffer (Omnilab) and 5 U 
Taq-Polymerase (Roche) were prepared in a 0.2 ml PCR tube. PCR was 
performed in a thermocycler (Flexcycler; Analytic Jena) using the following 
programme: 
 
DNA denaturation 1 min 95 °C 
Primer annealing 45 s 55-70 °C 
Extension 1 min/kb 72 °C (20-30 cycles) 
Final extension 10 min 72 °C 
Storage ∞ 4 °C 
 
To determine PCR efficiency, 5 µl PCR reaction was analyzed on an agarose gel 
(see 3.4.3). Fragment size and yield was examined under UV light with the 
G:Box transilluminator system (SynGene). 

3.4.5 Site-directed mutagenesis 
Site-directed point mutations were inserted into plasmid DNA by PCR. Primers 
(forward and reverse) were designed with the desired mutations and ordered 
from Metabion (Munich). PCR was performed using the following programme:  
 
DNA denaturation 1 min 95 °C 
Primer annealing 45 s 55 °C 
Extension 45 s/kb 68 °C (12-16 cycles) 
Final extension 10 min 68 °C 
Storage ∞ 4 °C 
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PCR efficiency was determined by analyzing 10 µl PCR reaction on an agarose 
gel (see 3.4.3). The remaining 40 µl were incubated with 1 µl restriction enzyme 
DpnI (New England Biolabs) for 2 h at 37 °C to remove methylated template 
DNA. 10 µl of the digest were transformed into chemical competent DH5α (see 
3.1.2). The next day, single colonies were picked and cultured overnight in LB 
medium (see 3.1.1). Plasmid DNA was prepared and analyzed by agarose gel 
electrophoresis (see 3.4.3) and sequencing (see 3.4.6).  

3.4.6 DNA sequencing 
For sequencing of purified DNA, 1-1.2 µg of DNA were mixed with 30 pmol of 

the appropriate primer and adjusted to 15 µl with ddH2O. Sequencing was 
performed by Seqlab (Göttingen). 

3.5 Protein techniques 

3.5.1 Preparation of total cell lysates 
In order to prepare total cell lysates, cells were harvested as described above 
(see 3.2.4). Depending on the pellet size, cells were resuspended in 100-500 µl of 
ice-cold RIPA buffer, freshly supplemented with 1 mM PMSF, 10 U/ml 
aprotinin, 1 µg/ml leupeptin and 1 µg/ml pepstatin. This highly stringent 
buffer ensured proper solubilisation of matrix associated proteins, such as 
E1B-55K. Cells were then incubated on ice for 30 min and shortly vortexed every 
10 min to allow efficient cell disruption. Afterwards, lysates were sonified for 
30 s at 4 °C (output 0.8, 0.8 impulse/s; Branson Sonifier 450) to shear genomic 
DNA. If not indicated otherwise, cell debris as well as insoluble components 
were pelleted (11000 rpm, 3 min, 4 °C; Zentrifuge 5417R; Eppendorf GmbH) and 
the protein concentration of the supernatant was determined by 
spectrophotometry (see 3.5.2). Finally, all lysates were adjusted to the same 

concentrations by adding pre-cooled ddH2O. Lysates were then denatured by 
adding the required volume of 5x SDS sample buffer (Laemmli buffer) and 
boiling at 95 °C for 5 min. Protein lysates were stored at -20 °C. 
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RIPA lysis buffer 50 mM Tris/HCl (pH 8) 
 150 mM NaCl 
 5 mM EDTA 
 1 % (v/v) Nonidet P-40 
 0.1 % (w/v) SDS 
 0.5 % (v/v) Sodium desoxycholate 
 
5x SDS sample  100 mM Tris/HCl (pH 6.8) 
buffer 200 mM DTT 
 10 % (w/v) SDS 
 0.2 % (w/v) Bromophenol blue 

3.5.2 Quantitative determination of protein concentrations 
Protein concentrations of total cell lysates were determined using the 
Bradford-based BioRad Protein-Assay by measuring the absorption of 
protein-bound chromogenic substrate at 595 nm [184]. Therefore, 1 µl of each 

sample was mixed with 800 µl ddH2O and 200 µl Bradford Reagent (BioRad) and 
incubated for 5 min at RT. Samples were measured in a SmartSpec Plus 
spectrophotometer (BioRad) at 595 nm against a blank, and protein 
concentrations were determined by interpolation from a standard curve with 
BSA (concentrations of 1-16 µg/µl; New England Biolabs). 

3.5.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
Protein samples were separated according to their molecular weight by 
SDS-PAGE. The negatively charged SDS compensates for the positive charge of 
the proteins by accumulating on them at constant weight ratios. Thus, proteins 
can be separated only by their molecular weight. Protein separation is further 
increased by using a discontinuous stacking gel with lower pH (6.8). Proteins 
concentrate in this gel before migrating into the separating gel [185]. 
Polyacrylamide gels were made using 30 % acrylamide/bisacrylamide solution 
(37,5:1 Rotiphorese Gel 30; Roth), diluted to a final concentration of 10-15 % with 

ddH2O. All gels were run in TGS-buffer at 15-20 mA/gel. The PageRulerä 
Prestained Protein Ladder Plus (Thermofisher) was used for protein weight 
comparison. 
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Acrylamide Stock  29 % (w/v) Acrylamide N 
Solution (30 %) 1 % (w/v) N’Methylenbisacrylamide 
 
Stacking gel  17 % (v/v) Acrylamide stock solution 
(5 %) 120 mM Tris/HCl (pH 6.8) 
 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 
 0.1 % (v/v) Temed 
 
Separating Gel  34 % Acrylamide stock solution 
(10 %) 250 mM Tris/HCl (pH 8.8) 
 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 
 0.04 % (v/v) Temed 
 
Separating Gel  50 % Acrylamide stock solution 
(15 %) 250 mM Tris/HCl (pH 8.8) 
 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 
 0.6 % (v/v) Temed 
 
TGS buffer 25 mM Tris 
 200 mM Glycine 
 0.1 % (w/v) SDS 

3.5.4 Western Blot analysis 
Separated proteins from SDS-PAGE (see 3.5.3) were transferred onto 

nitrocellulose membranes (pore size Æ=0.45 µm; GE Healthcare) using the 
TransBlot Electrophoretic Transfer Cell System (BioRad). Briefly, gels and 
membranes were soaked in Towbin buffer and placed between two blotting 
papers (Whatman) and two blotting pads, also soaked in Towbin buffer, in a 
plastic grid. Protein transfer was performed in a blotting tank filled with Towbin 
buffer at 400 mA for 90 min. Afterwards, membranes were incubated in 5 % 
non-fat dry milk (w/v in PBS-Tween; Frema) overnight at 4 °C on an orbital 
shaker (GFL) to saturate non-specific antibody binding sites. The blocking 
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solution was discarded and membranes were washed 3x with PBS-Tween for 
10 min each followed by incubation with the respective primary antibody for 3 h 
at 4 °C. Antibody dilutions were established for each individual antibody. 
Afterwards, membranes were washed again as indicated above and incubated 
with the suitable HRP-coupled secondary antibody (Amersham) for 2 h at 4 °C. 
Secondary antibodies were diluted 1:10,000 in 3 % non-fat dry milk (w/v in 
PBS-Tween; Frema). After three final washing steps in PBS-Tween for 10 min 
each, protein bands were visualized by enhanced chemiluminescence using 

SuperSignalÔ West Pico Chemiluminescent Substrate (Thermofisher) according to 
the manufacturer’s instructions. For very weak protein expression, the 

SuperSignalÔ West Femto Maximum Sensitivity Substrate (Thermofisher) was 
used. Finally, protein bands were detected by X-ray films (RP New Medical 
X-Ray Film; CEA) using a GBX Developer (Kodak). X-ray films were scanned, 
cropped using Photoshop CS6 (Adobe) and figures were prepared using 
PowerPoint (Microsoft) and Illustrator CS6 (Adobe). 
 
Towbin buffer 25 mM Tris/HCl (pH 8.3) 
 200 mM Glycine 
 0.05 % (w/v) SDS 
 20 % (v/v) Methanol 
 
PBS-Tween 0.1 % (v/v) Tween20 
  in 1x PBS 

3.5.5 Denaturing purification and analysis of SUMO-conjugates 
HeLa cells stably overexpressing 6-His-tagged SUMO-1 or SUMO-2 were 
infected or transfected as described before (see 3.3.1 and 3.2.3.1). After 48 h, cells 
were harvested, washed once with 1x PBS and lysed in 5 ml Guanidinium 
hydrochloride (GuHCl) lysis buffer, freshly supplemented with 1 mM PMSF, 
10 U/ml aprotinin, 1 µg/ml leupeptin and 1 µg/ml pepstatin. 10 % of the cells 
were lysed in RIPA buffer for analysis of total cell lysates (see 3.5.1). The lysates 
in GuHCl lysis buffer were incubated overnight at 4 °C on a rotator (GFL) with 
50 µl Ni-NTA agarose (Thermo Scientific), prewashed 3x with 1 ml lysis buffer. 
Afterwards, the agarose beads were washed once with lysis buffer and once 
with each wash buffer (pH 8.0 and pH 6.3), freshly supplemented with 1 mM 
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PMSF, 10 U/ml aprotinin, 1 µg/ml leupeptin and 1 µg/ml pepstatin. Elution of 
6-His-tagged SUMO-conjugates was done in 60 µl elution buffer followed by 
boiling at 95 °C for 5 min. Eluted samples were stored at -20 °C until analyzed 
by SDS-PAGE and Western Blot (see 3.5.3 and 3.5.4).  
 
GuHCl lysis buffer 6 M GuHCl 
 100 mM Na2HPO4 
 100 mM NaH2PO4 
 10 mM Tris/HCl, pH 8.0 
 20 mM Imidazol 
 5 mM b-mercaptoethanol 
 
Wash buffer, pH 8.0 8 mM Urea 
 100 mM Na2HPO4 
 100 mM NaH2PO4 
 10 mM Tris/HCl, pH 8.0 
 20 mM Imidazol 
 5 mM b-mercaptoethanol 
 
Wash buffer, pH 6.3 8 mM Urea 
 100 mM Na2HPO4 
 100 mM NaH2PO4 
 10 mM Tris/HCl, pH 6.3 
 20 mM Imidazol 
 5 mM b-mercaptoethanol 
 
Elution buffer 200 mM Imidazol 
 0.1 % (w/v) SDS 
 150 mM Tris/HCl, pH 6.3 
 30 % (v/v) Glycerol 
 720 mM b-mercaptoethanol 
 0.01 % (w/v) Bromophenol blue 
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3.5.6 Indirect immunofluorescence 
Cells were grown on glass coverslips in 6-well plates and infected or transfected 
as described before (see 3.3.1 or 3.2.3.1). For some experiments, cells were 
treated with leptomycin B (LMB) prior to fixation. Therefore, 20 nM/µl LMB in 
EtOH was added to the cells 28 h p.t. Control cells were treated with EtOH only. 
All cells were fixed 24 h p.t. with 4 % PFA for 20 min at 4 °C. Cells were 
permeabilized with PBS containing 0.5 % Triton X-100 for 10 min at RT followed 
by 30 min blocking in TBS-BG buffer. The coverslips were incubated with 
primary antibody, diluted in PBS, for 1 h at RT. After three washing steps with 
TBS-BG, the coverslips were incubated with the corresponding 
Alexa488- (Invitrogen) or Cy3-conjugated (Dianova) secondary antibody for 
30 min at RT. Secondary antibody was diluted in PBS with DAPI (1:5000). 
Finally, cells were washed 3x with TBS-BG and 1x with PBS and mounted in 
glow medium. Digital images were acquired with a confocal spinning-disk 
microscope (Nikon Eclipse Ti-E stand; Yokagawa CSU-W1 spinning disk; 2x 
Andor888 EM-CCD camera; Nikon 100x NA 1.49 objective). Images were 
analyzed and cropped using Fiji and assembled with Illustrator CS6 (Adobe).  
 
PBS-Triton 0.5 M Triton X-100 
  in 1x PBS 

3.5.7 Reporter gene assay 
For quantitative determination of promoter activity, the Dual-Luciferase Reporter 
Assay System (Promega) was used according to the manufacturer’s instructions. 
Promoter activity was determined by expression of firefly luciferase (Photius 
pyralis) under the control of the investigated promoter. For normalization, and 
as an internal transfection control, renilla luciferase (Renilla reniformis) expression 
was measured, which is under the control of the herpes simplex virus thymidine 
kinase (HSV-TK) promoter. Cells were grown on 12-well plates and transfected 
as described before (see 3.2.3.1). After 24 h, cells were washed once with 1x PBS 
and 100 µl/well passive lysis buffer (Promega) were added. Plates were incubated 
on an orbital shaker (GFL) for 10 min with vigorous shaking. 10 µl of the lysate 
were mixed with 20 µl of the firefly luciferase substrate and the firefly emission 
was measured immediately in a Lumat LB 9507 luminometer (Berthold 
Technologies). The reaction was then stopped by addition of 20 µl Stop&Glow 
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substrate, which additionally is converted by the renilla luciferase and this 
emission was measured again. 
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4 Results 

4.1 K101 affects SUMOylation of HAdV-C5 E1B-55K 

4.1.1 HAdV-C5 E1B-55K K101R is highly SUMOylated in transient 
transfection and during infection 

HAdV-C5 E1B-55K is an early protein that evolved several mechanisms 
contributing to its oncogenic potential. Previously, E1B-55K has been shown to 
be a substrate of the SUMO conjugation machinery and that many of its 
functions are regulated by PTMs [59, 96, 97, 111]. Furthermore, our group 
identified a link between the different PTMs of E1B-55K and showed that 
phosphorylation at its C-terminus regulates SUMOylation at lysine 104 (K104) 
[170]. A site-specific SUMO-proteome, performed by members of our group in 
cooperation with Ron Hay from the University of Dundee revealed several 
lysines on E1B-55K, which are possibly involved in SUMOylation [186]. 
Amongst them was a lysine at position 101 (K101), which is in close proximity to 
the main SCM of E1B-55K at K104. Therefore, we assumed that this site could 
also play a role in the regulation of E1B-55K SUMOylation. It has been shown 
before for other proteins, that two adjacent lysines are regulating each other 
regarding their PTMs [137]. In addition, many proteins are modified by multiple 
PTMs, already indicating that they might be linked to one another. It is known 
that PML is ubiquitinated, SUMOylated, phosphorylated as well as acetylated 
(reviewed in [187]). Further, it has been described for PML that inactivation of 
acetylation at K487 results in a loss of SUMOylation at K490 [137]. 
Thus, in a first experiment we generated mutations of the putatively 
SUMOylated lysines revealed by the SUMO-proteome on E1B-55K by 
site-directed mutagenesis. Afterwards, SUMOylation of E1B-55K was analyzed 
by a Ni-NTA pulldown of transfected HeLa cells constitutively overexpressing 
6-His-SUMO-1 or 6-His-SUMO-2 (Fig. 6). This experiment allows the detection 
of SUMOylated proteins, as they are migrating slower in the SDS-PAGE with a 
SUMO attached to them. By exchanging the lysine with an arginine (K to R), 
putative SUMOylation at this site is inhibited, while biochemical properties of 
the residue are preserved. A lysine to alanine (K to A) exchange however, 
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results in a much smaller and hydrophobic residue. For the sake of simplicity, 
HAdV-C5 E1B-55K wt is referred to as E1B-55K in the following. Additionally, 
all mutants are termed according to the site of their mutation. 
Remarkably, immunoblotting of Ni-NTA purified 6-His-SUMO-1 and 
6-His-SUMO-2 conjugates with E1B-5K specific antibody revealed that 
the K101R mutant is SUMOylated more than the wt-protein (Fig. 6 A; lanes 11 
and 12 + Fig. 6 B; lanes 11 and 12). For the latter, we detected only a very faint 
slower migrating band in the SUMO-1 conjugated protein (Fig. 6 B; lane 11). In 
general, E1B-55K was much less conjugated to SUMO-1, since this isoform is 
bound to substrates as a monomer. As already published, inactivation of the 
main SCM (K104R) showed no SUMOylation with SUMO-1 or SUMO-2, 
suggesting that the lysine K101 is not SUMOylated (Fig. 6 A; lane 13 + Fig. 6 B; 
lane 13) [75]. The fact that no SUMO conjugates were found in the double 
mutant E1B-55K K101/104R further suggests that K104 is the main 
SUMOylation site in the K101R mutant (Fig. 6 A; lane 14 + Fig. 6 B; lane 14). As 
it has been observed before, inactivation of the NES led to a higher 
SUMOylation compared to the wt (Fig. 6 A; lane 15 + Fig. 6 B; lane 15) [169]. 
However, the pattern of SUMOylation appeared to be different from 
E1B-55K K101R as there is a band missing in the SUMO-2 conjugated protein 
(Fig. 6 A; indicated by white arrows). Additionally, the NES mutant is much 
higher SUMOylated by SUMO-1 than E1B-55K K101R (Fig. 6 B; lanes 12 and 15). 
Here, we even observed multiple slower migrating bands, indicating that 
SUMO-1 is incorporated into chains (Fig. 6 B; lane 15). In contrast to 
E1B-55K K101R, the K101A mutant was remarkably less SUMOylated by both 
SUMO isoforms (Fig. 6 A; lane 16 + Fig. 6 B; lane 16). Interestingly, in this 
mutant even the SUMO-2 conjugated protein seems to be modified by a 
monomer, since we detected only one slower migrating band in the immunoblot 
(Fig. 6 A; lane 16). To exclude that K to R mutation of any lysine led to a similar 
increase in SUMOylation as seen for E1B-55K K101R, we also tested the K138R 
and K185R mutants. These mutants showed comparable SUMOylation patterns 
to the wt-protein with SUMO-1 and SUMO-2 (Fig. 6 A; lanes 17 and 18 + Fig. 6 
B; lanes 17 and 18). No SUMOylation was detectable in the controls comprising 
HeLa parental cells or cells transfected with an empty vector (Fig. 6 A; lanes 1-10 
+ Fig. 6 B; lanes 1-10). Similar results were obtained in H1299 cells co-transfected 



 Results 

 57 

with the respective mutants and His-tagged SUMO-1 or SUMO-2 (data not 
shown).  
In summary, we identified that SUMOylation of E1B-55K with SUMO-1 and 
SUMO-2 at the SCM around K104 is strongly affected by the lysine K101 nearby. 
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Fig. 6: SUMO conjugation is increased in E1B-55K K101R in transfection (A) HeLa parental 
cells and HeLa cells stably overexpressing 6-His-tagged SUMO-2 or (B) HeLa parental cells and 
HeLa cells stably overexpressing 6-His-tagged SUMO-1 were transfected with an empty vector 
control or E1B-55K wt, K101R, K104R, K101/104R, NES, K101A, K138R or K185R. Cells were 
harvested 48 h p.t. and Ni-NTA purification of 6-His-SUMO conjugates was performed. Proteins 
were separated by SDS-PAGE and subjected to immunoblotting. Protein levels of input and 
Ni-NTA purified proteins were detected using mAb AC-15 (�-actin), mAb 2A6 (E1B-55K) and 
mAb 6-His (His). Molecular weights in kDa are indicated on the left, detected proteins on the 
right. The blots represent the result of several repeated experiments. 

 
Given that the SUMOylation of E1B-55K K101R was strongly increased in 
transient transfection experiments, we also tested the mutant in the context of 
viral infection. Thereby, we wanted to see, if we can still detect higher 
SUMOylation in the presence of other viral proteins. HeLa cells stably 
expressing 6-His-SUMO-2 were infected with HAdV-C5 E1B-55K wt and 
mutants according to the transfection experiment (Fig. 6). Then, His-SUMO 
conjugates were purified by Ni-NTA pulldown (Fig. 7). As expected, 
SUMOylation of E1B-55K was neither observed in the mock-infected samples 
nor in infected HeLa parental cells (Fig. 7; lanes 1-7). Consistent with our 
observations in transient transfection, E1B-55K of the K101R virus mutant was 
higher SUMOylated than E1B-55K of the wt-virus (Fig. 7; lanes 8 and 9). 
Infection with E1B-55K K104R resulted in a loss SUMOylation, which has been 
already observed after transfection (Fig. 7; lane 10) [169]. Similarly, the 
K101/104R virus revealed no SUMOylation of E1B-55K (Fig. 7; lane 11). Finally, 
infection with E1B-55K NES led to the highest SUMOylation of E1B-55K (Fig. 7; 
lane 12). 
Taken together, we saw that K101 affects SUMOylation of E1B-55K with 
SUMO-2 in both transfection and infection.  
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Fig. 7: SUMO-2 conjugation of E1B-55K is increased in HAdV-C5 E1B-55K K101R during 
infection. HeLa parental cells or HeLa cells stably overexpressing SUMO-2 were infected with 
HAdV-C5 wt virus (H5pg4100), HAdV-C5 E1B-55K K101R (H5pm4243), HAdV-C5 
E1B-55K K104R (H5pm4102), HAdV-C5 E1B-55K K101/104R (H5pm4244) or HAdV-C5 
E1B-55K NES (H5pm4101) at a MOI of 15. Cells were harvested 48 h p.i. and Ni-NTA 
purification of 6-His-SUMO conjugates was performed. Proteins were separated by SDS-PAGE 
and subjected to immunoblotting. Protein levels of input and Ni-NTA purified proteins were 
detected using mAb AC-15 (�-actin), mAb B6-8 (E2A), mAb 2A6 (E1B-55K) and mAb 6-His 
(His). Molecular weights in kDa are indicated on the left, detected proteins on the right. The blot 
represents the result of several repeated experiments. 
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4.1.2 HAdV-C5 E1B-55K K101R localizes to the nucleus in transient 
transfection  

SUMOylation of a protein is closely linked to its subcellular localization. For 
example, it has been shown that SUMO conjugation to RanGAP greatly 
facilitates its nuclear localization [138, 139]. Likewise, this observation was made 
for E1B-55K. Here, it was shown that inactivation of the SUMOylation prevents 
the protein from efficiently entering the nucleus [75, 169]. Moreover, E1B-55K 
actively shuttles between the nucleus and cytoplasm and shuttling is important 
for the protein to fulfill its functions [74, 188]. To assess the localization of the 
differently SUMOylated E1B-55K mutants, we performed immunofluorescence 
experiments in H1299 cells transfected with plasmids encoding for E1B-55K wt 
and the respective SUMO mutants (Fig. 8). To see, whether the mutants are still 
able to enter the nucleus and thus shuttle, we additionally treated the cells with 
the CRM1 inhibitor leptomycin B (LMB) prior to fixation (Fig. 8 C). All control 
cells that were not treated with LMB were treated with the solvent EtOH instead 
(Fig. 8 A). To better compare the different phenotypes observed in this 
experiment, cells were counted according to the E1B-55K localization (nuclear, 
cytoplasmic or both) and the quantitative distribution was calculated (Fig. 8 B + 
D).  
No E1B-55K was detected in cells transfected with an empty vector (Fig. 8 A; Ab 
and Ac). Transfection with E1B-55K wt led to a mainly cytoplasmic localization 
of the protein in 61.85% of the cells (Fig. 8 A; Ae and Af + Fig. 8 B; B1). In 
contrast, the highly SUMOylated E1B-55K K101R was present in the nucleus in 
58.23% of the cells (Fig. 8 A; Ah and Ai + Fig. 8 B; B2). Similar to this 
observation, the NES mutant revealed a nuclear localization of the protein in 
even 83.23% of the cells (Fig. 8 A; Aq and Ar + Fig. 8 B; B5). As observed before, 
E1B-55K K104R was almost exclusively found in the cytoplasm, namely in 
86.96% of the cells (Fig. 8 A; Ak and Al + Fig. 8 B; B3). Interestingly, both 
E1B-55K K101/104R and K101A were detected in the cytoplasm in 88.46% and 
86.62% of the cells, respectively (Fig. 8 A; An and Ao, At and Au; + Fig. 8 B; B4, 
B6). Since these mutants were also less SUMOylated or not SUMOylated at all 
(Fig. 6 and Fig. 7), these results further support a correlation between 
SUMOylation and subcellular localization. 
Treating the cells with LMB did not alter the localization of the already nuclear 
E1B-55K mutants K101R and NES (data not shown). However, localization of 
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E1B-55K wt changed to a mainly nuclear localization in 63.87% of the cells (Fig. 
8 C; Ce and Cf + Fig. 8 D; D1). In contrast to this, the largest fractions of 
E1B-55K K104R and K101A were visible in both cellular compartments (59.59% 
and 65.79%) (Fig. 8 C; Ch and Ci, Ck and Cl + Fig. 8 D; D2, D3). An exclusively 
cytoplasmic localization was detectable in 40.41% of cells transfected with 
E1B-55K K104R and 33.33% of cells transfected with E1B-55K K101A in contrast 
to only 1.05% of cells transfected with the wt-protein (Fig. 8 D; D1, D2, D3).  
Taken together, these results further indicate that SUMOylation of E1B-55K is a 
prerequisite to enter the nucleus [169]. Additionally, the position K101 seems to 
be involved in the shuttling of E1B-55K by either increasing the import or 
reducing the export of the protein.  
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Fig. 8: K101 regulates subcellular localization and shuttling of HAdV-C5 E1B-55K. (A) H1299 
cells were transfected with an empty vector control or 1.5 µg of plasmid encoding for HAdV-C5 
E1B-55K wt, K101R, K104R, K101/104R, NES or K101A. As a control for the LMB treatment, 
cells were treated with 2 µl EtOH for 4 h at 20 h p.t. Cells were fixed 24 h p.t. with 4% PFA and 
labeled with rat mAb 4E8 (E1B-55K), detected with Cy3-conjugated secondary antibody (red 
channel). Nuclei were labeled with DAPI. a-E1B-55K (red; Ab, Ae, Ah, Ak, An, Aq, At), DAPI 
(blue; Aa, Ad, Ag, Aj, Am, Ap, As) and overlay of the single images (merge; Ac, Af, Ai, Al, Ao, 
Ar, Au) are shown. (B) Statistical analysis of the captured phenotypes (n). The phenotype that 
represents the majority of analyzed cells is shown in A. (C) H1299 cells were transfected with an 
empty vector control or 1.5 µg of plasmid encoding for HAdV-C5 E1B-55K wt, K104R or K101A. 
Cells were treated with 20 nM/µl LMB for 4 h at 20 h p.t. Cells were fixed 24 h p.t. with 4% PFA 
and labeled with rat mAb 4E8 (E1B-55K), detected with Cy3-conjugated secondary antibody (red 
channel). Nuclei were labeled with DAPI. a-E1B-55K (red; Cb, Ce, Ch, Ck), DAPI (blue; Ca, Cd, 
Cg, Cj) and overlay of the single images (merge; Cc, Cf, Ci, Cl) are shown. (D) Statistical analysis 
of the captured phenotypes (n). The phenotype that represents the majority of analyzed cells is 
shown in C. 

4.1.3 HAdV-C5 E1B-55K K101R localizes to structures resembling viral 
replication center (VRC) during infection 

To confirm the results obtained in transiently transfected cells and to investigate 
the localization of E1B-55K K101R in presence of other viral proteins, we 
performed immunofluorescence experiments in infection. Therefore, H1299 cells 
were infected with E1B-55K wt as well as the different E1B-55K virus mutants 
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(Fig. 9 A). Both, the E1B-55K localization and its ability to shuttle were analyzed 
with LMB, comparable to the transfection experiments (Fig. 9 B). 
In mock-infected cells, no unspecific signal for E1B-55K was detected (Fig. 9 A; 
Ab and Ac + Fig. 9 B; Bb and Bc). Upon infection with the wt virus, E1B-55K was 
mainly found diffusely in the nucleus or in cytoplasmic aggregates (Fig. 9 A; Ae 
and Af). Treatment with LMB completely relocalized E1B-55K wt into the 
nucleus, similar to previous publications showing that E1B-55K is exported in a 
CRM1-dependent manner (Fig. 9 B; Be and Bf) [74]. Furthermore, the protein 
was co-localizing with structures most likely resembling viral replication center 
(VRC), as it has been described before that E1B-55K co-localizes with VRCs in 
infection (Fig. 9 B; Be and Bf) [169, 189]. Relocalization of E1B-55K to these 
structures was also seen in LMB untreated cells infected with the higher 
SUMOylated virus mutants K101R and NES (Fig. 9 A; Ah, Ai, Ak, Al, At, Au). In 
these mutants, treatment with LMB did not alter the localization of E1B-55K 
(data not shown). Interestingly, the less SUMOylated virus mutants 
E1B-55K K104R and K101/104R revealed a largely cytoplasmic localization and 
even treatment of the cells with LMB did not trap the E1B-55K mutants in the 
nucleus (Fig. 9 A; An, Ao, Aq, Ar + Fig. 9 B; Bh, Bi, Bk, Bl).  
Here, we could show that K101R influences the subcellular localization of 
E1B-55K even in the context of viral infection, as E1B-55K K101R seems to 
facilitate the recruitment of E1B-55K to nuclear structures, most likely VRCs. 
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Fig. 9: HAdV-C5 E1B-55K K101R localizes to the nucleus in infection. (A) H1299 cells were 
infected with HAdV-C5 wt virus (H5pg4100), HAdV-C5 E1B-55K K101R (H5pm4243), 
HAdV-C5 E1B-55K K104R (H5pm4102), HAdV-C5 E1B-55K K101/104R (H5pm4244) or 
HAdV-C5 E1B-55K NES (H5pm4101) at a MOI of 15. As a control for the LMB treatment, cells 
were treated with 2 µl EtOH for 4 h at 20 h p.t. Cells were fixed 24 h p.i. with 4% PFA and 
labeled with rat mAb 4E8 (E1B-55K), detected with Cy3-conjugated secondary antibody (red 
channel). Nuclei were labeled with DAPI. a-E1B-55K (red; Ab, Ae, Ah, Ak, An, Aq, At), DAPI 
(blue; Aa, Ad, Ag, Aj, Am, Ap, As) and overlay of the single images (merge; Ac, Af, Ai, Al, Ao, 
Ar, Au) are shown. (B) H1299 cells were infected with HAdV-C5 wt virus (H5pg4100), 
HAdV-C5 E1B-55K K104R (H5pm4102) or HAdV-C5 E1B-55K K101/104R (H5pm4244) at a MOI 
of 15. 20 h p.i. cells were treated with 20 nM/µl LMB for 4 h. Cells were fixed with 4% PFA 
24 h p.i. and labeled with rat mAb 4E8 (E1B-55K), detected with Cy3-conjugated secondary 
antibody (red channel). Nuclei were labeled with DAPI. a-E1B-55K (red; Bb, Be, Bh, Bk), DAPI 
(blue; Ba, Bd, Bg, Bj) and overlay of the single images (merge; Bc, Bf, Bi, Bl) are shown. 



 Results 

 68 

4.2 HAdV-C5 E1B-55K K101R leads to a “gain-of-function” in 
transiently transfected cells 

4.2.1 HAdV-C5 E1B-55K K101R shows increased repression of 
p53-stimulated transcription 

Several publications have shown before that the multiple functions of E1B-55K 
are dependent on its SUMOylation [59, 96, 97, 111]. Thus, in a next step we 
investigated if the higher SUMOylation of E1B-55K K101R affects known 
functions of E1B-55K.  
Repression of the tumor suppressor and transcription factor p53 is one of the 
main functions of E1B-55K [85]. It has been shown that the acidic amino 
terminus of p53 is responsible for its function as a transcriptional activator and 
E1B-55K binds to p53 specifically at this site, inhibiting p53-dependent 
transcription [76, 190].  
To find out whether the K101R mutation alters the functions of E1B-55K on p53, 
we first investigated the repression of p53-stimulated transcription. Therefore, 
we performed a dual luciferase assay with p53-negative H1299 cells. We 
transfected a plasmid encoding the firefly luciferase under a CMV promoter 
downstream of five p53 binding sites and co-transfected it with a plasmid 
expressing p53 and the different E1B-55K mutant plasmids (Fig. 10). 
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Fig. 10: Repression of p53-stimulated transcription is increased in HAdV-C5 E1B-55K K101R. 
H1299 cells were transfected with 0.5 µg of HAdV-C5 E1B-55K wt, K101R, K104R, K101/104R, 
NES or K101A in combination with 0.0015 µg p53, 0.5 µg of a plasmid expressing the firefly 
luciferase gene under control of a CMV promoter downstream of five p53-binding sites and 
0.5 µg of a plasmid expressing the renilla luciferase. Transfection and measurements were done 
in triplicates. The activities of both luciferases were measured in a dual luciferase assay 24 h p.t. 
The mean values with the corresponding SEM of two independent experiments are shown. SEM: 
standard error of the mean. 

 
As seen in Fig. 10, the p53-induced firefly luciferase activity was highly reduced 
in the presence of E1B-55K wt when compared to the promoter activity only in 
the presence of p53 (Fig. 10; lanes 3 and 4). Interestingly, E1B-55K K101R was 
able to repress p53-stimulated transcription even more than the wt protein (Fig. 
10; lane 5). This effect is probably due to the high SUMOylation of the 
E1B-55K K101R mutant, as the also highly SUMOylated NES mutant led as well 
to a higher repression of promoter activity compared to the wt protein (Fig. 10; 
lane 8). However, we observed the lowest firefly luciferase activity in the 
presence of E1B-55K K101R (Fig. 10; lane 5). Furthermore, E1B-55K mutants that 
revealed less or no SUMOylation (E1B-55K K104R, K101/104R and K101A) also 
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showed a lower repression of p53-stimulated transcription (Fig. 10; lanes 6, 7 
and 9).  
Taken together, these results further confirm a strong correlation between the 
SUMOylation of E1B-55K on the repression of p53 transcriptional activity. 
Moreover, our results support the idea that K101 might be a regulator for 
E1B-55K SUMOylation at K104, since inactivation of K101 leads to a 
“gain-of-function”. 
 

4.2.2 HAdV-C5 E1B-55K K101R leads to enhanced focus formation in 
pBRK cells 

In 1992, it was published that repression of p53-stimulated transcription is a 
prerequisite for transformation of pBRK cells by the adenoviral oncogenes E1A 
and E1B-55K [190]. Because we detected an increased inhibition of p53 promoter 
activity with E1B-55K K101R in section 4.2.1, we wondered if the transformation 
efficiency was also increased in this mutant. Hence, we performed a 
transformation assay by transfecting pBRKs with plasmids encoding the E1-Box, 
comprising E1A and E1B-55K wt or the respective mutants of E1B-55K (Fig. 11).  
As expected, co-transfection with E1B-55K K101R resulted in an almost 2-fold 
increase in focus formation compared to E1B-55K wt (Fig. 11 A; lanes 3 and 4 + 
Fig. 11 B; B3 and B4). As expected, loss of SUMOylation in E1B-55K K104R and 
K101/104R led to a vast reduction of foci formation (Fig. 11 A; lanes 5 and 6 + 
Fig. 11 B; B5 and B6). In contrast, cells transfected with E1B-55K NES produced 
almost similar amounts of foci as the wt, although the protein is highly 
SUMOylated (Fig. 11 A; lanes 3 and 7 + Fig. 11 B; B3 and B7). Finally, focus 
formation of E1B-55K K101A was also reduced compared to the wt-protein (Fig. 
11 A; lane 8 + Fig. 11 B; B8).  
Taken together, we showed that the high SUMOylation of E1B-55K K101R is 
linked to a “gain-of-function” with increased repression of p53-stimulated 
transcription (4.2.1) and thus increased focus formation in pBRKs. 
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Fig. 11: Focus formation of HAdV-C5 E1B-55K K101R in pBRKs is increased. Primary BRK 
cells were transfected with 16 µg of plasmids encoding the E1-Box with HAdV-C5 E1A and 
HAdV-C5 E1B-55K wt, K101R, K104R, K101/104R, NES or K101A as well as 8 µg of sssDNA. 
The experiment was performed in quadruplicates and each transfected 100 mm plate was split 
into four 100 mm plates at 48 h p.t. The cells were kept in culture for six weeks and afterwards, 
three plates were fixed with a crystal violet solution (25% MeOH and 1% crystal violet in H2O). 
Visible foci were counted. Foci were picked from the fourth plate in order to establish stable cell 
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lines (data not shown). (A) Mean number of foci with SEM from triplicates. (B) Example of a 
culture plate with foci. A representative plate is shown. The results show a representative of 
three independent experiments. sssDNA: sheared salmon sperm DNA; SEM: standard error of 
the mean. 

4.2.3 Acetylation of HAdV-C5 K101 might downregulate SUMOylation 
at K104 

PTM of proteins often occur at lysine residues. In order to examine whether a 
protein is indeed modified at a specific lysine, single lysines are often 
conservatively exchanged to an arginine and subjected to immunoprecipitation 
experiments. We did the same in HAdV-C5 E1B-55K K101R and surprisingly 
observed an increase of SUMOylation, while HAdV-C5 E1B-55K K101A led to a 
reduction of it (4.1.1). Interestingly, PML SUMOylation is regulated through 
acetylation of a lysine nearby [137]. Furthermore, mutation of a lysine to an 
arginine (K to R) blocks acetylation, while replacement of a lysine with an 
alanine or glutamine (K to A or K to Q) mimics acetylation [137, 191]. Therefore, 
it is conceivable that K101 might affect SUMOylation of E1B-55K via acetylation. 
To address this question, we exchanged lysine 101 to glutamine (K101Q), and 
performed a Ni-NTA pulldown assay (Fig. 12). Remarkably, we observed that 
E1B-55K K101Q is less SUMOylated than the wt protein (Fig. 12; lanes 2 and 6). 
As shown before we could detect a very high SUMOylation in the K101R 
mutant and SUMOylation was abrogated in E1B-55K K104R and K101/104R 
(Fig. 12; lanes 3-5). Finally, no SUMOylation was seen with the empty vector 
(Fig. 12; lane 1).  
The lower SUMOylation of HAdV-C5 E1B-55K K101Q might indicate that K101 
is negatively affecting E1B-55K SUMOylation through acetylation. However, 
further experiments using mass spectrometry as well as antibodies detecting 
acetylated lysines need to be performed to further validate this preliminary 
result.  
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Fig. 12: SUMOylation of HAdV-C5 E1B-55K K101Q is decreased. HeLa cells stably 
overexpressing 6-His-tagged SUMO-2 were transfected with HAdV-C5 E1B-55K wt, K101R, 
K104R, K101/104R or K101Q. Cells were harvested 48 h p.t and Ni-NTA purification of 6-His 
SUMO conjugates was performed. Proteins were separated by SDS-PAGE and subjected to 
immunoblotting. Protein levels of input and Ni-NTA purified proteins were detected using mAb 
AC-15 (�-actin), mAb 2A6 (E1B-55K) and mAb 6-His (His). Molecular weights in kDa are 
indicated on the left, detected proteins on the right. 

4.3 SUMOylation of E1B-55K is conserved amongst HAdV 
species 

4.3.1 K101 is specific for E1B-55K of species C HAdV 
Most studies on E1B-55K were performed with HAdV-C5. However, in the last 
years more and more studies have been published that focused on the large 
E1B-proteins from other HAdV species. They all have a molecular mass of about 
55 kDa and for the sake of simplicity will be referred to as E1B-55K. Amongst 
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others, it has been shown that the E3-Ubiquitin-ligase complex of E1B-55K and 
E4orf6 is highly conserved between different HAdV species, but that they differ 
in their target specificity [100, 101]. In contrast, aggresome formation of E1B-55K 
is not conserved [103]. Although it has been shown in many publications and in 
this work that SUMOylation is an important regulator of HAdV-C5 E1B-55K 
functions, no study ever focused on the SUMOylation of E1B-55K from other 
HAdV species. Since it is known that proteins are mainly SUMOylated at a 
consensus motif, we first aligned one representative E1B-55K protein from each 
species A-F and compared them with the HAdV-C5 E1B-55K (Fig. 13).  

 
Fig. 13: Alignment of large E1B proteins from different HAdV species. Amino acid (aa) 
alignment of E1B-55K proteins with one representative from each species A-F. Types and species 
are indicated on the left. HAdV-C5 is shown on the top row and aa marking the functional sites 
are underlined. The sequences aligning with the SCM of HAdV-C5 are boxed in green, aa 
aligning with K101 are boxed in blue and the sites aligning to HAdV-C5 NES are boxed in gray. 
SCM: SUMO conjugation motif; NES: nuclear export signal. 

As seen in Fig. 13, the classic SCM (YKxE/D) found in species C was highly 
conserved among the different HAdV species (Fig. 13; green box). Only 
HAdV-A12 E1B-55K and HAdV-F40 did not possess a consensus SCM at this 
specific site (Fig. 13; green box, second row and last row). Surprisingly, the K101 
we identified in HAdV-C5 E1B-55K was only present in species C and all the 
other species revealed an arginine at the corresponding position (Fig. 13; blue 
box). Finally, the leucine-rich NES of HAdV-C5 E1B-55K was also only present 
in this species. All of the other species except HAdV-A12 and HAdV-F40 had 
conserved leucines at positions 83, 87 and 91. However, all of them were 
missing the isoleucines at positions 90 and 93, decreasing the score for a putative 
NES motif (Fig. 13; grey box). We additionally performed an in-silico analysis of 
all the E1B proteins using the algorithm GPS-SUMO to look for other SCM in 
the different E1B-55K [182, 183]. In this analysis, we did not find any other 
consensus SCM in E1B-55K from HAdV-C5, -B34, -B16 and -E4. HAdV-D9 
revealed two SCMs, the one we highlighted in Fig. 13 and another one around 
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lysine 296. For HAdV-F40, several non-consensus SCMs were found (data not 
shown). 

4.3.2 E1B-55K from different HAdV species are highly SUMOylated at 
a conserved SCM 

Discovering that E1B-55K from almost all species possess a SCM and moreover 
that K101 is unique to HAdV-C, we decided to analyze the SUMOylation of the 
putative E1B-55K SCM in the other species. Therefore, we generated mutants of 
the lysine in the putative SCM by replacing it with an arginine. These constructs 
were transfected in Hela cells either stably overexpressing 6-His SUMO-1 or 
6-His SUMO-2 and the SUMOylation of the different E1B-55K proteins was 
detected by a Ni-NTA pulldown assay (Fig. 14 and Fig. 15). 
As seen in Fig. 14, SUMOylation by SUMO-2 is highly conserved between 
HAdV species. No SUMOylation of E1B-55K was detected in the HeLa parental 
cell line or in the empty vector controls (Fig. 14 A; lanes 1-16 + Fig. 14 B; lane 1). 
Remarkably, almost all E1B proteins were highly SUMOylated and we observed 
very high SUMO-2 conjugation in HAdV-C5 E1B-55K K101R, HAdV-D9 
E1B-55K wt, HAdV-B16 E1B-55K wt, HAdV-B34 E1B-55K wt and HAdV-F40 
E1B-55K wt (Fig. 14 B; lanes 6, 7, 11, 13 and 15). SUMOylation of HAdV-E4 
E1B-55K wt was similar to HAdV-C5 E1B-55K wt (Fig. 14 B; lanes 2 and 4). 
Moreover, SUMOylation of HAdV-A12 E1B-55K wt was very low and mutation 
of the lysine did not alter the SUMOylation of the protein (Fig. 14 B; lanes 9 and 
10). This observation was expected since HAdV-A12 E1B-55K wt does not 
contain a SCM. In contrast, we could detect the lysine in HAdV-F40 E1B-55K as 
the main SUMOylation site of the protein, although it does not belong to a 
consensus SCM (Fig. 14 B; lanes 16). For this and all the other HAdV species, 
inactivation of the SCM led to a loss of SUMOylation (Fig. 14 B; lanes 3, 5, 12, 14 
and 16), indicating that the mutated amino acids in the SCM are responsible for 
the SUMOylation of E1B-55K in the different species assayed. Interestingly, only 
reduced SUMOylated protein could be detected in HAdV-D9 E1B-55K K103R, 
which can be explained by the second SCM we found in the in-silico analysis. 
However, the strong reduction in SUMOylation of the K103R mutant suggests 
that the main SCM is around this lysine (Fig. 14 B; lanes 7 and 8).  
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Fig. 14: SUMO-2 conjugation of E1B-55K is highly conserved among most HAdV species (A) 
HeLa parental cells and (B) HeLa cells stably overexpressing 6-His-tagged SUMO-2 were 
transfected with HAdV-E4 E1B-55K wt and K93R, HAdV-C5 E1B-55K wt, K104R and K101R, 
HAdV-D9 E1B-55K wt and K103R, HAdV-A12 E1B-55K wt and K88R, HAdV-B16 E1B-55K wt 
and K101R, HAdV-B34 E1B-55K wt and K103R or HAdV-F40 E1B-55K wt and K90R. Cells were 
harvested 48 h p.t. and Ni-NTA purification of 6-His SUMO conjugates was performed. Proteins 
were separated by SDS-PAGE and subjected to immunoblotting. Protein levels of input and 
Ni-NTA purified proteins were detected using mAb AC-15 (�-actin), mAb 3F10 (HA/E1B-55K) 
and mAb 6-His (His). Molecular weights in kDa are indicated on the left, detected proteins on 
the right. The blot represents the result of several repeated experiments. 

 
In contrast, analysis of Ni-NTA purified His-SUMO-1-conjugates revealed that 
SUMOylation with this isoform is not conserved among the different HAdV 
species tested in this work. No SUMOylation of E1B-55K was detected in the 
HeLa parental cell line or in the empty vector controls (Fig. 15 A; lanes 1-16 + 
Fig. 15 B; lane 1). As shown before, SUMOylation of HAdV-C5 E1B-55K K101R 
was increased, while it was completely abolished in the K104R mutant (Fig. 15 
B; lanes 5 and 6). Only the E1B-55K wt proteins from HAdV-E4, HAdV-B34, 
HAdV-D9, and HAdV-B16 were found SUMOylated by SUMO-1, the last two 
being the ones that presented the highest His-SUMO-1 conjugation level (Fig. 15 
B; lanes 2, 7, 11 and 13). Accordingly, their respective SCM mutants presented 
no SUMOylation by SUMO-1 (Fig. 15 B; lanes 3, 5, 8, 12, 14). The E1B-55K 
proteins from HAdV-A12 and HAdV-F40, as well as their corresponding SCM 
mutants, however, were not SUMOylated by SUMO-1 (Fig. 15 B; lanes 9 and 10, 
15 and 16). SUMOylation of HAdV-C5 E1B-55K wt by SUMO-1 was not 
detected in our experimental settings, probably due to different cell lines and 
assays, although it has been shown to be SUMOylated by SUMO-1 [75] (Fig. 15 
B; lane 4). 
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Fig. 15: SUMO-1 conjugation of E1B-55K is not conserved among HAdV species (A) HeLa 
parental cells and (B) HeLa cells stably overexpressing 6-His-tagged SUMO-1 were transfected 
with HAdV-E4 E1B-55K wt and K93R, HAdV-C5 E1B-55K wt, K104R and K101R, HAdV-D9 
E1B-55K wt and K103R, HAdV-A12 E1B-55K wt and K88R, HAdV-B16 E1B-55K wt and K101R, 
HAdV-B34 E1B-55K wt and K103R or HAdV-F40 E1B-55K wt and K90R. Cells were harvested 
48 h p.t. and Ni-NTA purification of 6-His SUMO conjugates was performed. Proteins were 
separated by SDS-PAGE and subjected to immunoblotting. Protein levels of input and Ni-NTA 
purified proteins were detected using mAb AC-15 (�-actin), mAb 3F10 (HA/E1B-55K) and 
mAb 6-His (His). Molecular weights in kDa are indicated on the left, detected proteins on the 
right. The blot represents the result of several repeated experiments. 

 

Next, we wanted to further investigate the regulatory role of K101 in HAdV-C5 
E1B-55K. Therefore, we mutated the arginine to a lysine in the other HAdV 
species, which corresponds to the K101 residue in HAdV-C5 E1B-55K. We again 
performed a Ni-NTA pulldown to see whether SUMOylation of these mutants is 
decreased. Surprisingly, this mutation did not alter the SUMOylation of 
E1B-55K from the other HAdV species (data not shown). 
Taken together, we identified a conserved SCM of E1B-55K in almost all 
HAdV-species and could show that these proteins are highly SUMOylated 
specifically in this motif. Furthermore, we could show that K101 and its 
regulatory functions are specific for HAdV-C5 E1B-55K. 

4.3.3 Nuclear localization of E1B-55K from different HAdV species is 
dependent on SUMOylation 

As described in 4.1.2, we observed a mainly nuclear localization of HAdV-C5 
E1B-55K in cells transfected with the highly SUMOylated K101R mutant when 
compared to the wt-protein, indicating that SUMOylation regulates the 
subcellular localization of E1B-55K. Since almost all E1B proteins from other 
HAdV species are highly SUMOylated as well, we analyzed their localization by 
immunofluorescence experiments. Therefore, we transfected H1299 cells with 
HA-tagged E1B-55K from different HAdV species as well as their respective 
SUMO mutants (Fig. 16). We not only stained the cells for E1B-55K but also for 
SUMO-2 to further analyze the co-localization of SUMOylated proteins.  
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Fig. 16: E1B-55K from different HAdV species localizes mainly in the nucleus. (A+C) H1299 
cells were transfected with plasmids encoding HAdV-E4 E1B-55K wt and K93R, HAdV-C5 
E1B-55K wt, K104R and K101R, HAdV-D9 E1B-55K wt and K103R, HAdV-A12 E1B-55K wt and 
K88R, HAdV-B16 E1B-55K wt and K101R, HAdV-B34 E1B-55K wt and K103R or HAdV-F40 
E1B-55K wt and K90R. 24 h p.t. cells were fixed with 4% PFA and labeled with rat mAb 3F10 
(HA/E1B-55K), detected with Cy3-conjugated secondary antibody (red channel) and rabbit pAb 
SUMO-2/3 (SUMO-2), detected with Alexa488-conjugated secondary antibody (green channel). 
Nuclei are indicated by the dotted lines. a-HA (red; Aa, Ad, Ag, Aj, Am, Ap, As, Av, Ca, Cd, Cg, 
Cj, Cm, Cp, Cs, Cv), a-SUMO-2 (green; Ab, Ae, Ah, Ak, An, Aq, At, Aw, Cb, Ce, Ch, Ck, Cn, Cq, 
Ct, Cw) and overlay of the single images (merge; Ac, Af, Ai, Al, Ao, Ar, Au, Ax, Cc, Cf, Ci, Cl, 
Co, Cr, Cu, Cx) are shown. (B+D) Statistical analysis of the captured phenotypes (n). The 
phenotype that represents the majority of analyzed cells is shown in (A+C). 

 
As seen in Fig. 16, no E1B-55K was detected in the mock control (Fig. 16 A; Aa). 
As previously shown, HAdV-C5 E1B-55K wt was seen mainly in the cytoplasm 
in 55.56 % of the cells and the SUMO mutant HAdV-C5 E1B-55K K104R was 
detected in the cytoplasm even in 70.89 % of the cells (Fig. 16 A; Aj, Al, Ap and 
Ar + Fig. 16 B; B3 and B5). Again, HAdV-C5 E1B-55K K101R was mainly 
detected in the nucleus in 52.87 % of the cells and only 16.09 % revealed a 
cytoplasmic localization of the protein (Fig. 16 A; Am and Ao + Fig. 16 B; B4). In 
cells transfected with HAdV-E4 E1B-55K wt, the protein was found in both 
cellular compartments in 53.13 % of the cells, with the largest fraction of the 
protein present in the nucleus (nuclear > cytoplasm) (Fig. 16 A; Ad and Af + Fig. 
16 B; B1). HAdV-E4 E1B-55K wt was even detected exclusively in the nucleus in 
46.88 % of the analyzed cells (Fig. 16 B; B1). In contrast, HAdV-E4 E1B-55K K93R 
was found in both cellular compartments in 76.29 % of the cells, but the largest 
fraction of the protein was detected in the cytoplasm (nuclear < cytoplasm) (Fig. 
16 A; Ag and Ai + Fig. 16 B; B2). Here, restricted nuclear localization was only 
observed in 22.68 % of the cells (Fig. 16 B; B2). HAdV-D9 E1B-55K was observed 
in both cellular compartments in the wt protein (50 %) as well as in the K103R 
mutant (48.33 %) (Fig. 16 A; As, Au, Av an Ax + Fig. 16 B; B6 and B7). However, 
the largest fractions of the protein were found in the nucleus in HAdV-D9 
E1B-55K wt (nuclear > cytoplasm) and 39.06 % of the cells revealed a solely 
nuclear localization (Fig. 16 A; As + Fig. 16 B; B6). Conversely, HAdV-D9 
E1B-55K K103R was merely detected in the cytoplasm in 46.67 % of the cells 
(Fig. 16 A; Av + Fig. 16 B; B7). Interestingly, HAdV-D9 E1B-55K wt formed 
track-like structures in the nucleus that were not observed in HAdV-D9 
E1B-55K K103R or in any other E1B protein from other HAdV species (Fig. 16 A; 
As and Au). Different from all the other HAdV species, HAdV-A12 E1B-55K 
revealed the same nucleo-cytoplasmic localization of the protein in cells 
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transfected with the wt protein (55.56 %) and the K88R mutant (58.82 %) (Fig. 16 
C; Ca, Cc, Cd and Cf + Fig. 16 D; D1 and D2). This is in concordance with the 
fact that HAdV-A12 E1B-55K does not contain a SCM and the protein is only 
SUMOylated to a very low extent. Transfection with HAdV-B16 E1B-55K wt led 
to a nuclear localization of the protein in 76.32 % of the cells (Fig. 16 C; Cg and 
Ci + Fig. 16 D; D3). However, HAdV-B16 E1B-55K K101R was present in the 
nucleus only in 12.77 % of the cells and the protein was rather found in both 
cellular compartments (80.85 %) (Fig. 16 C; Cj and Cl + Fig. 16 D; D4). Similar 
results were obtained for HAdV-B34 and HAdV-F40. Here, E1B-55K wt was 
almost exclusively detected in the nucleus in 84.44 % and 96.23 % of the cells, 
respectively (Fig. 16 C; Cm, Co, Cs and Cu + Fig. 16 D; D5 and D7). Mutation of 
the SCM led to a shift of the protein into the cytoplasm and HAdV-B34 E1B-55K 
K103R as well as HAdV-F40 E1B-55K K90R were then seen in both cellular 
compartments (61.82 % and 53.70 %, respectively) (Fig. 16 C; Cp, Cr, Cv and Cx 
+ Fig. 16 D; D6 and D8). 
In summary, these results show that highly SUMOylated E1B-55K from several 
HAdV species mainly localize in the nucleus similar to the observations made 
for HAdV-C5 E1B-55K K101R. In this line and in agreement with previous 
results of this work, loss of SUMOylation shifted these E1B-55K proteins into the 
cytoplasm. Taken together, these results suggest that SUMOylation is an 
important regulator of E1B-55K subcellular localization not only in HAdV-C5 
but also in other HAdV species. 
After we have observed a change of E1B-55K subcellular localization from 
almost all HAdV species upon inactivation of the SCM, we examined their 
co-localization with SUMO-2. Thus, we counted the number of cells that 
revealed a clear co-localization of E1B-55K and SUMO-2 (Fig. 16). Only cells that 
showed no co-localization of E1B-55K and SUMO-2 at all were counted as 
negative. Hence, cells with a partial co-localization signal between E1B-55K and 
SUMO-2 were counted as positive. The results of the analysis are displayed in 
Fig. 17. 
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Fig. 17 E1B-55K of HAdV species co-localize with SUMO-2. Transfected cells from 4.3.3 (Fig. 
16; n) were counted according to the co-localization of E1B-55K and SUMO-2 signals. The 
percentage of positive and negative cells was calculated. Cells that showed partial or complete 
co-localization of E1B-55K with SUMO-2 were counted as positive. Remaining cells were 
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counted as negative. The pie charts represent the distribution of cells with (dark grey) and 
without (light grey) co-localization of E1B-55K and SUMO-2. (A) HAdV-E4 E1B-55K wt and 
K93R (B) HAdV-C5 E1B-55K wt, K101R and K104R (C) HAdV-D9 E1B-55K wt and K103R (D) 
HAdV-A12 E1B-55K wt and K88R (E) HAdV-B16 E1B-55K wt and K101R (F) HAdV-B34 
E1B-55K wt and K103R (G) HAdV-F40 E1B-55K wt and K90R. 

 
Co-localization of transfected SUMO-2 and HAdV-C5 E1B-55K was detected in 
31.94% of the cells in case of the wt-protein and even in 47.13% after K101R 
mutant transfection (Fig. 17 B). In contrast, only 5.06 % of the cells revealed a 
co-localization of E1B-55K and SUMO-2 in HAdV-C5 E1B-55K K104R (Fig. 17 B). 
For HAdV-E4 E1B-55K wt a co-localization with SUMO-2 was observed in 
65.63 % of the cells, whereas for the HAdV-E4 E1B-55K K93R mutant this was 
only seen in 19.59 % of the cells (Fig. 17 A). Similar results were obtained for 
HAdV-D9 E1B-55K where co-localization was seen in 26.56 % of the cells with 
the wt protein and only in 1.67 % with the K103R mutant (Fig. 17 C). Both 
HAdV-B16 and HAdV-B34 E1B-55K revealed a strong co-localization with 
SUMO-2 in cells transfected with the wt protein, namely 63.16 % and 53.33 %, 
respectively (Fig. 17 E and F). Additionally, inactivation of the SCM led to a vast 
reduction of co-localization to 6.38 % for HAdV-B16 E1B-55K K101R and 
10.91 % for HAdV-B34 K103R (Fig. 17 E and F). Interestingly, co-localization of 
E1B-55K and SUMO-2 was almost similar in HAdV-F40 E1B-55K wt with 
50.94 % and HAdV-F40 E1B-55K K90R with 46.30 % (Fig. 17 G). As expected, no 
co-localization of E1B-55K and SUMO-2 was observed in HAdV-A12, neither 
with HAdV-A12 E1B-55K wt nor with HAdV-A12 E1B-55K K88R (Fig. 17 D). 
These results showed a markedly reduction of the co-localization between 
E1B-55K from several HAdV species and SUMO-2 upon SCM inactivation, 
which is in line with the results obtained from pulldown experiments (4.3.2). 
Taken together, these results further confirmed that E1B-55K proteins from most 
HAdV species are SUMOylated at a highly conserved SCM as mutation of this 
site leads to loss of SUMOylation accompanied by subcellular relocalization of 
these proteins. 

4.3.4 Several E1B-55K proteins from HAdV species are able to repress 
p53- stimulated transcription in a SUMO-dependent manner 

We have observed earlier in this work that high SUMOylation of HAdV-C5 
E1B-55K K101R led to a “gain-of-function” regarding the repression of 
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p53-activated transcription, showing that this function of E1B-55K on p53 is 
strongly regulated by SUMOylation (4.2.1). Besides, it has been shown before 
that repression of p53 by E1B-55K is highly conserved among the different 
HAdV species. Cheng et al. could show that all E1B proteins, except HAdV-E4 
E1B-55K, were able to repress p53-stimulated transcription [101]. Thus, we 
wanted to investigate whether SUMOylation of E1B-55K from other HAdV 
species is also able to regulate E1B-55K repression of p53-activated 
transcription. Therefore, we performed a dual luciferase assay as described in 
4.2.1 but with E1B-55K wt and the respective SUMO mutants from different 
HAdV species.  
In Fig. 18, the absolute firefly luciferase activity (= promoter activity) is shown. 
No promoter activity was observed with renilla luciferase or the promoter alone 
(Fig. 18 A; left and middle lane). In the presence of p53, we observed a strong 
promoter activity, serving as a positive control (Fig. 18 A; right lane). As shown 
in previous experiments, HAdV-C5 E1B-55K wt was able to reduce 
p53-dependent promoter activity, which was even greater when the K101R 
mutant was transfected (Fig. 18 B; left and right lane). As described before, 
HAdV-C5 E1B-55K K104R was not able to repress p53-stimulated transcription 
(Fig. 18 B; middle lane). Regarding the other HAdV species, similar results were 
obtained for HAdV-B16 and HAdV-F40 E1B-55K. Here, a strong reduction of 
promoter activity was seen for the wt proteins (Fig. 18 F and H; left lanes). 
Mutation of their SCM prevented inhibition of p53 transactivation shown by 
higher promoter activity compared to their wt proteins (Fig. 18 F and H; right 
lanes). However, HAdV-D9 E1B-55K wt strongly repressed the promoter 
activity, which was only slightly decreased in HAdV-D9 E1B-55K K103R (Fig. 18 
D). For HAdV-E4 E1B-55K wt we observed a weaker repression of 
p53-stimulated transcription compared to HAdV-C5 and there was a slight 
difference between the wt protein and the SCM mutant (HAdV-E4 E1B-55K 
K93R) (Fig. 18 C). Moreover, both HAdV-A12 E1B-55K wt and its SCM mutant 
(K88R) showed rather low repression of p53-stimulated transcription (Fig. 18 E). 
Interestingly, we detected a strong repression of promoter activity for both the 
HAdV-B34 E1B-55K wt and its SCM mutant (K103R), although the mutant is not 
SUMOylated anymore and showed a different localization (Fig. 18 G). This 
might suggest that HAdV-B34 E1B-55K uses a SUMO-independent mechanism 
to repress p53-stimulated transcription.  
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Fig. 18 Repression of p53-stimulated transcription is mainly dependent on SUMOylation. 
H1299 cells were transfected with 0.5 µg of HAdV-E4 E1B-55K wt and K93R, HAdV-C5 
E1B-55K wt, K104R and K101R, HAdV-D9 E1B-55K wt and K103R, HAdV-A12 E1B-55K wt and 
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K88R, HAdV-B16 E1B-55K wt and K101R, HAdV-B34 E1B-55K wt and K103R or HAdV-F40 
E1B-55K wt and K90R in combination with 0.0015 µg p53, 0.5 µg of a plasmid expressing the 
firefly luciferase gene under control of a CMV promoter downstream of five p53-binding sites 
and 0.5 µg of a plasmid expressing the renilla luciferase. Transfection and measurements were 
done in triplicates. The activities of both luciferases were measured in a dual luciferase assay 
24 h p.t. The graphs correspond to one representative experiment and show the mean values 
with SEM. The dashed line represents the value of the positive control shown in (A). SEM: 
standard error of the mean. 

In summary, we could confirm that repression of p53-stimulated transcription 
by E1B-55K is mainly conserved among HAdV species. Remarkably, E1B-55K 
from some HAdV species seem to have evolved another SUMO-independent 
mechanism to repress p53 promoter activity. Further experiments need to be 
done to elucidate these mechanisms in detail. 

4.3.5 E3-SUMO-ligase function of HAdV E1B-55K is not conserved 
throughout different species  

We detected that E1B-55K from different HAdV species were highly 
SUMOylated. It is well known that HAdV-C5 E1B-55K SUMOylation regulates 
E1B-55K mediated repression of p53-stimulated transcription (4.3.4). 
Furthermore, HAdV-C5 E1B-55K is able to SUMOylate p53 with SUMO-1, 
thereby acting as an E3-SUMO-ligase itself [59, 60]. Since this function is also 
regulated by E1B-55K SUMOylation, we decided to investigate the 
E3-SUMO-ligase function of the highly SUMOylated E1B-55K proteins from 
other HAdV species [59]. The multiple ways of HAdV-C5 E1B-55K to inhibit p53 
all contribute to the oncogenic potential of the protein. Another mechanism of 
E1B-55K from other species to inactivate p53 similar to HAdV-C5 could provide 
further insights into the transformation efficiency of these proteins. So far, focus 
formation has been observed only with E1A from HAdV-C5 [101]. Here, we 
transfected H1299 cells with p53, 6-His-tagged SUMO-1 as well as E1B-55K from 
the different HAdV species or their respective SUMO mutants and performed a 
Ni-NTA pulldown (Fig. 19).  
Immunoblotting of the 6-His-SUMO-1-conjugates revealed that E1B-55K wt 
from HAdV-E4, HAdV-C5, HAdV-B16, HAdV-B34 and HAdV-F40 induced 
SUMOylation of p53 with SUMO-1 (Fig. 19; lanes 3, 5, 12, 14, 16). Remarkably, 
HAdV-B34 E1B-55K wt induced the highest SUMOylation of p53 (Fig. 19; lane 
14). For HAdV-E4 E1B-55K, we did not see any change in SUMOylated p53 
upon inactivation of the SCM (Fig. 19; lanes 3 and 4). SUMOylation of p53 by 
HAdV-C5 E1B-55K appeared to be very weak in this experiment (Fig. 19; lane 
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5). However, we could confirm previous results by showing that SUMOylation 
of p53 is abrogated in HAdV-C5 E1B-55K K104R (Fig. 19; lane 6). Interestingly, 
HAdV-C5 E1B-55K K101R revealed a higher SUMOylation of p53, most 
probably due to the enhanced SUMOylation of HAdV-C5 E1B-55K K101R (Fig. 
19; lane 7), which is known to regulate its E3 ligase function [59]. Inactivation of 
the SCM in HAdV-B16 E1B-55K K101R and HAdV-B34 K103R led to a clear 
reduction of SUMOylated p53 (Fig. 19; lanes 13 and 15). In HAdV-F40 E1B-55K 
K90R SUMOylation of p53 was completely abrogated (Fig. 19; lane 17). 
Furthermore, neither HAdV-D9 wt nor its SCM mutant (K103R) was able to 
SUMOylate p53 (Fig. 19; lanes 8 and 9). Interestingly, although no SUMOylation 
of p53 was induced by HAdV-A12 E1B-55K wt, a very faint band corresponding 
to SUMOylated p53 could be detected when transfecting its SCM mutant (K88R) 
(Fig. 19; lane 11). Finally, no SUMOylation of p53 was observed in the empty 
controls, where p53 and 6-His-SUMO-1 were transfected without E1B-55K (Fig. 
19; lanes 1 and 2).  
Taken together, we have shown that the E3-SUMO-ligase function of E1B-55K is 
only conserved in some HAdV species, indicating that HAdV species might 
have evolved different mechanisms to counteract p53. Moreover, E1B‑55K 
SUMOylation might not necessarily regulate SUMOylation of p53 in other 
species, as it has been shown for species C. The results described here provide 
hints from a single experiment that needs to be repeated in order to confirm the 
outcome. 
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Fig. 19: SUMO-E3 Ligase function of E1B-55K is not conserved among HAdV species. H1299 
cells were transfected with plasmids encoding for 6-His-tagged SUMO-1, p53 as well as 
HAdV-E4 E1B-55K wt and K93R, HAdV-C5 E1B-55K wt, K104R and K101R, HAdV-D9 E1B-55K 
wt and K103R, HAdV-A12 E1B-55K wt and K88R, HAdV-B16 E1B-55K wt and K101R, 
HAdV-B34 E1B-55K wt and K103R or HAdV-F40 E1B-55K wt and K90R. 48 h p.t., cells were 
harvested and Ni-NTA purification of 6-His SUMO conjugates was performed. Proteins were 
separated by SDS-PAGE and subjected to immunoblotting. Protein levels of input and Ni-NTA 
purified proteins were detected using mAb AC-15 (�-actin), mAb 3F10 (HA/E1B-55K), mAb 
DO-1 (p53) and mAb 6-His (His). Molecular weights in kDa are indicated on the left, detected 
proteins on the right.  
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5 Discussion 

5.1 K101 is a novel regulator of HAdV-C5 E1B-55K SUMOylation  
E1B-55K is an early adenoviral protein with multiple functions. Its roles in 
regulation of gene expression, cell cycle control, apoptosis, DDR and innate 
immunity render it an important viral factor throughout the whole life cycle of 
HAdVs [68, 97–99, 192, 193]. Furthermore, E1B-55K possesses an oncogenic 
potential through its anti-apoptotic functions, especially repression and 
depletion of p53 but also proteasomal degradation of other cellular factors 
involved in DDR, such as Mre11 or SPOC-1 [61, 62, 68, 69, 84, 85]. Soon after the 
discovery of SUMO, E1B-55K has been shown to be modified by SUMO-1 at a 
consensus motif around K104 [75]. SUMOylation is an enzymatic process during 
which the SUMO protein is covalently bound to a target protein and can have 
several effects on the modified proteins. It might alter protein-protein 
interactions as well as protein stability, localization or activation [194]. In fact, 
SUMOylation of E1B-55K is required for many functions of the protein. 
Inactivation of SUMOylation in E1B-55K K104R leads to impaired intranuclear 
shuttling and cytoplasmic localization of the protein [169]. Furthermore, 
E3-SUMO-ligase functions towards p53 and Sp100A as well as degradation of 
Daxx are highly dependent on SUMOylated E1B-55K [59, 90, 97]. Finally, 
SUMOylation regulates repression of p53-stimulated transcription by E1B-55K 
[75]. 
Aim of this work is the analysis of a lysine at position 101 (K101) and its role on 
the PTMs of E1B-55K. Remarkably, we detect a higher SUMOylation of E1B-55K 
upon K101R mutation (Fig. 6 + Fig. 7). However, when transfecting with the 
K101A mutant, we observe a much lower SUMOylation of the protein (Fig. 6). 
This observation, together with the fact that no SUMOylation was observed in 
the E1B-55K K101/104R double mutant reveals that K104 is the main SCM in 
E1B-55K and that SUMOylation at this site is highly affected by K101. We could 
specify the regulation through K101, since inactivation of other lysines present 
in E1B-55K (K138R and K185R) did not alter the SUMOylation of the protein 
(Fig. 6). One hypothesis for the increase in E1B-55K SUMOylation might be a 
structural change of E1B-55K upon K101 mutation. Up to date, the exact 



 Discussion 

 92 

structure of E1B-55K is still unknown. However, it has been shown that the 
N-terminal part of E1B-55K is intrinsically disordered. Furthermore, prediction 
tools assume that the central part of E1B-55K is ordered, while the C-terminal 
part is intrinsically disordered again [195]. Structural changes of proteins upon 
single amino acid mutations have been reported before. Single nucleotide 
polymorphisms (SNPs) of the protein kinase Pim-1 (proviral insertion site in 
moloney murine leukemia-virus) are found in many cancer tissues and it has 
been shown that these SNPs result in a local change of the tertiary protein 
structure [196]. The K101R mutation might change the structure of E1B-55K, 
which leads to a higher exposure of the SCM to SUMO. K101A on the other site 
might be masking the SCM, resulting in a lower SUMOylation of E1B-55K.  
On a different note, higher SUMOylation of HAdV-C5 E1B-55K K101R might be 
explained by an increased import of the protein into the nucleus. A similar 
mechanism has been observed for Mdm2, which is another cellular protein that 
is only nuclear when it is modified by SUMO. Moreover, RanBP2 and PIAS have 
been identified as E3-SUMO-ligases for Mdm2. Since RanBP2 is located at the 
nuclear pores, it is suggested that Mdm2 is SUMOylated upon entering the 
nucleus. Inside the nucleus, the protein is further SUMOylated by PIAS [197]. It 
is possible that the K101R-mutation of the protein increases its interaction with 
cellular factors promoting the nuclear import of the protein. Because 
SUMOylation mainly occurs in the nucleus, higher import into the nucleus 
might consequently increase SUMOylation of HAdV-C5 E1B-55K K101R. Up to 
now, the E3-SUMO-ligase of HAdV-C5 E1B-55K has not been identified. 
Additional experiments need to be performed to further investigate this 
hypothesis.  
HAdV-C5 E1B-55K encodes a nuclear export signal (NES) close to the main SCM 
and the newly discovered K101 (Fig. 4) [74]. Proteins that harbor a NES are 
transported out of the nucleus through binding of the nuclear transport receptor 
CRM1. Kindsmüller et al. previously modeled an interplay between HAdV-C5 
E1B-55K SUMOylation, nuclear export and intranuclear targeting [169]. They 
state that, while SUMOylation of HAdV-C5 E1B-55K restricts CRM1 binding, it 
enables the protein to migrate to viral RCs, where it interacts with cellular 
factors. At the RCs, the protein is deSUMOylated again and can enter 
CRM1-dependent export pathways [169]. Interestingly, Kindsmüller et al. 
presume another, CRM1-independent pathway for nuclear export of HAdV-C5 
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E1B-55K. This is supported by the observation that a double mutant virus, 
HAdV-C5 E1B-55K NES K104R, is still able to exit the nucleus [169]. There are 
several examples in the literature showing that SUMOylation of a protein 
enhances its nuclear retention, especially when a NES is nearby. It is suggested 
that SUMOylation is covering the NES, thereby blocking its function [198, 199]. 
SUMOylation of Krüppel-like factor 5 (KLF5) greatly enhances its nuclear 
localization by inhibiting the upstream NES [198]. Furthermore, mutations in 
the SCM of CREB (cAMP-response element-binding protein) and CtBP1 
(C-terminal binding protein of adenovirus E1A) abrogate the nuclear 
localization of these proteins [200, 201]. Du et al. further reveal that these two 
proteins contain a putative NES close to their SCM as well [198]. Comparably, 
we observe here that exchange of the lysine to an arginine (K101R) leads to a 
change in the protein’s subcellular localization in transient transfection and 
infection (Fig. 8 + Fig. 9). Thus, highly SUMOylated HAdV-C5 E1B-55K K101R 
might enhance nuclear localization by masking the NES at leucines 83, 87 and 91 
(L83/87/91), as well. In immunofluorescence experiments we still observe 
approximately 20 % of the K101R mutant in the cytoplasm. On the one hand, 
this result further supports the model by Kindsmüller et al. of a 
CRM1-independent export (Fig. 8) [169]. On the other hand, the remaining 
cytoplasmic localization of HAdV-C5 E1B-55K K101R could be explained by a 
different observation. It has been reported that only a small portion the protein 
population is SUMOylated and that this fraction is sufficient to maintain the 
effects of SUMOylation [120, 124]. Thus, only a small fraction of HAdV-C5 
E1B-55K wt might be SUMOylated, leaving enough unSUMOylated protein for 
its cytoplasmic functions. In contrast, the K101R mutation might result in a 
larger fraction of SUMOylated E1B-55K, leaving only a minor amount of 
cytoplasmic protein.  
Furthermore, we observe a localization of HAdV-C5 E1B-55K K101R to nuclear 
structures strongly resembling the viral RCs in infection experiments (Fig. 9). It 
has been described before that HAdV-C5 E1B-55K localizes to viral RCs during 
infection, at the same time supposedly removing cellular factors involved in 
cellular mRNA export [189]. Moreover, localization to viral RCs is increased 
when the NES is inactivated and the protein is more strongly SUMOylated 
[169]. Therefore, HAdV-C5 E1B-55K K101R, which is more SUMOylated than 
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the NES mutant, might facilitate the recruitment of HAdV-C5 E1B-55K to viral 
RCs explaining the strong localization to these nuclear structures. 
Besides, this work shows that high SUMOylation of E1B-55K K101R results in a 
“gain-of-function” with increased repression of p53-stimulated transcription 
and augmented focus formation (Fig. 10 + Fig. 11). Inhibition of p53 
transactivation by E1B-55K is necessary for its oncogenic potential [190]. 
However, particular mutants of E1B-55K that are still able to repress 
p53-stimulated transcription fail to transform pBRKs. Thus, there are 
p53-repression independent mechanisms involved in the transformation process 
[78]. Investigations on the cellular protein Daxx (death domain-associated 
protein) have shown that E1B-55K mutants defective for Daxx degradation are 
less effective in transforming pBRKs [111]. Daxx is associated with PML-NBs 
and plays a role in the intrinsic antiviral immune response and transcriptional 
repression. Furthermore, it has been shown to negatively regulate HAdV-C5 
infection [90, 202, 203]. Interactions with both p53 and Daxx, which are crucial 
for pBRK transformation, are known to be regulated by SUMO conjugation of 
E1B-55K [75, 111]. Therefore, it is most likely that the “gain-of-function” we 
have observed in the K101R mutant regarding oncogenic transformation is a 
logical consequence of its higher SUMOylation.  
It has been shown before that HAdV-C5 E1B-55K is targeted by different PTMs, 
which regulate each other. On the one hand, it has been revealed that 
phosphorylation at its C-terminus is a positive regulator for efficient 
SUMOylation of HAdV-C5 E1B-55K at K104 [170]. On the other hand, we detect 
K101 as a negative regulator for HAdV-C5 E1B-55K SUMOylation (Fig. 6 + Fig. 
7). Cross-talk of PTMs has already been described for other proteins. 
Investigating the PTMs of PML, Guan et al. detected an acetylation site at K487 
as well as a SUMOylation site at K490. Furthermore, they showed that 
inactivation of acetylation by a K487R mutation led to an increase in 
SUMOylation, while the SUMO mutant of PML IV (K490R) was highly 
acetylated [137]. Therefore, we were especially interested in K101 and its role 
regarding PTMs of HAdV-C5 E1B-55K, because the lysine residue is in very 
close proximity to the main SCM of HAdV-C5 E1B-55K around K104. Of note, 
HAdV-C5 E1B-55K K101R reveals higher SUMOylation, whereas HAdV-C5 
E1B-55K K101A and K101Q are less SUMOylated compared to the wt-protein 
(Fig. 12). Exchange of a lysine with an arginine (K to R) preserves the electric 
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charge of this site but blocks its acetylation, while mutation of lysine to 
glutamine (K to Q) neutralizes electric charges and mimics acetylation [137, 191, 
204]. It is conceivable that mutation of HAdV-C5 E1B-55K K101R blocks 
acetylation of the protein while simultaneously promoting its SUMOylation at 
K104. HAdV-C5 E1B-55K K101A might mimic acetylation of E1B-55K, thereby 
partly blocking the SUMOylation of the protein, similar to the observations 
made for PML [137]. This hypothesis is further strengthened by the fact that 
HAdV-C5 E1B-55K K101Q, mimicking a constitutively acetylated form of the 
protein, is less SUMOylated (Fig. 12). This result indicates that acetylation of 
HAdV-C5 E1B-55K is negatively affecting SUMOylation of the protein. 
However, additional studies, including mass spectrometry analysis, have to be 
performed to verify this result.  
It is also conceivable that K101 is modified by different PTMs that compete with 
each other. Acetylation of the tumor suppressor p53 at K320 inhibits 
ubiquitination by Mdm2 at the same site [135]. Usually, Mdm2 ubiquitinates 
p53, marking it for proteasomal degradation [205–207]. A switch to acetylation 
of p53, however, reduces degradation of the protein by occupying the 
ubiquitination site [135, 208]. HAdV-C5 E1B-55K K101 could be a target for 
different PTMs, like SUMOylation, ubiquitination or acetylation, and a switch 
between these PTMs might regulate its function or stability.  
In summary, SUMOylation is essential for HAdV-C5 E1B-55K functions. 
Phosphorylation of the protein positively regulates its SUMOylation, and 
SUMOylation in turn negatively regulates nuclear export via a leucine-rich NES. 
Furthermore, we have identified for the first time that SUMOylation of 
HAdV-C5 E1B-55K is affected by a lysine at position 101. Several studies have 
shown a complex interplay between phosphorylation, SUMOylation and 
nuclear export and a crucial role for these in the protein’s multiple functions, 
both in the nucleus and cytoplasm. In our model, we propose that K101 might 
diminish the E1B-55K SUMOylation at K104, therefore enabling the protein to 
efficiently shuttle between the nucleus and the cytoplasm. Upon K101R 
mutation, nuclear import of HAdV-C5 E1B-55K is increased while nuclear 
export is inhibited. Once in the nucleus, HAdV-C5 E1B-55K K101R might be 
further SUMOylated, simultaneously masking the NES close by. Furthermore, 
we propose that acetylation of K101 might be the reason for reduced 
SUMOylation of HAdV-C5 E1B-55K wt (Fig. 12). However, it is also possible 
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that K101 is modified by other PTMs, such as ubiquitination or SUMOylation. 
Yet, the exact mechanism behind the regulation of HAdV-C5 E1B-55K 
SUMOylation remains elusive (Fig. 20). 
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Fig. 20: Model for the regulation of HAdV-C5 E1B-55K SUMOylation by K101. (A) Regulation 
in E1B-55K wt: PTM of K101 further regulates SUMOylation at K104 and nucleo-cytoplasmic 
shuttling of the protein is promoted. SUMOylation of E1B-55K directs the protein to PML-NBs 
and RCs and deSUMOylation results in nuclear export via the NES. (B) Regulation in E1B-55K 
K101R: PTM of K101 is inhibited, resulting in an increased SUMOylation at K104. SUMOylated 
E1B-55K is directed to the nucleus, where it interacts with PML-NBs and RCs. High 
SUMOylation blocks both deSUMOylation and the NES and nucleo-cytoplasmic shuttling is 
impaired. PTM: post translational modification, PML-NB: PML nuclear bodies, RC: replication 
center, NES: nuclear export signal. 

5.2 SUMOylation of E1B-55K is conserved among HAdV species  
For a long time, observations from HAdV-C were applied to all HAdVs. 
Accordingly, most of the studies on E1B-55K were performed in HAdVs from 
species C. Recently, studies have concentrated on other HAdV species, revealing 
conserved functions but also differences among species [100–103]. Surprisingly, 
although SUMOylation has a major influence on HAdV-C5 E1B-55K, no studies 
have examined the impact of PTMs on E1B-55K functions.  
In this work, we have identified a conserved SCM in E1B-55K from all species 
except HAdV-A12 and HAdV-F40 (Fig. 13). We show that all E1B-55K proteins, 
except HAdV-A12, are highly SUMOylated at this conserved SCM and even 
though HAdV-F40 E1B-55K does not possess a consensus motif, the protein is a 
target of the SUMO conjugation machinery (Fig. 14). SUMOylation of a protein 
on a lysine lacking the surrounding consensus motif has been observed before 
for other proteins such as Mdm2 or CREB [120, 197, 200]. Thus, HAdV-F40 
E1B-55K is another protein that is modified by SUMO in spite of a missing SCM. 
Remarkably, PTM of HAdV-F40 occurs in the same region of E1B-55K where the 
other species SCM are located (Fig. 13). Our findings indicate that SUMOylation 
at the N-terminal region is conserved and therefore an important PTM of 
E1B-55K from most species, similar to HAdV-C. In contrast to the conserved 
SCM, the leucine-rich NES of HAdV-C5 E1B-55K is not conserved. Comparable 
to the SCM, HAdV-A12 as well as HAdV-F40 are lacking the complete motif 
(Fig. 13). However, we see a SUMO-dependent localization of E1B-55K in almost 
all species. Only HAdV-A12 did not change its localization (Fig. 16). Since the 
protein does not contain a SCM and the very weak SUMOylation is not altered 
upon mutation of the lysine residue, this observation is not surprising (Fig. 14). 
In fact, it further underlines the correlation between SUMOylation and 
intracellular localization. Comparable to HAdV-C5 E1B-55K, highly 
SUMOylated E1B-55K proteins from other species are mainly found in the 
nucleus and co-localized with SUMO-2. Upon SCM depletion, these proteins are 
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shifted to the cytoplasm and for most of them co-localization with SUMO-2 is 
abrogated (Fig. 16 + Fig. 17). It is therefore reasonable to assume that shuttling 
of E1B-55K in most of the HAdV species is regulated through a complex 
interplay between SUMOylation and intranuclear targeting. Similar to 
HAdV-C5, SUMOylated E1B-55K in other HAdV species is present in the 
nucleus. DeSUMOylation could then induce the export of the protein into the 
cytoplasm. While HAdV-C5 E1B-55K exits the nucleus via its NES, E1B-55K 
proteins from other species are lacking this site and presumably exit the nucleus 

via a CRM1-independent pathway. CRM1 is part of the importin-b superfamily 
and is involved in the nuclear export of most shuttling proteins [209]. However, 

there are other members of the importin-b superfamily that have been described 

to mediate nuclear export. Amongst them are CAS for the export of importin a 
and exportin-t for the export of tRNA [210, 211]. Thus, E1B-55K from other 
HAdV species might use one of the above-mentioned transport receptors to exit 
the nucleus. As described above, Kindsmüller et al. already suggested a second, 
CRM1-independent mechanism for shuttling of HAdV-C5 E1B-55K, as well 
[169]. Therefore, HAdV-C5 E1B-55K might have evolved an additional 
CRM1-dependent export via its NES to further facilitate the transfer to the 
cytoplasm. However, the exact mechanism behind remains elusive. 
It has been shown before that some E1B-55K functions are conserved among the 
different species. Nevertheless, they differ in some important aspects. For 
example, the E3-ubiquitin-ligase that is formed by E1B-55K and E4orf6 together 
with the cellular factors Elongin B and C, Cullin and Rbx1 is highly conserved 
[61, 67, 100]. This ligase complex ubiquitinates cellular proteins and marks them 
for proteasomal degradation. However, the ligase complex from different 
HAdV species has been shown to incorporate different members of the Cullin 
family, either Cul2, Cul5 or even both [100]. Moreover, DNA-ligase IV is the 
only target that is degraded by all HAdV species [100, 102]. Mre11 and p53 are 
only degraded by E1B-55K from HAdV-A12, HAdV-C5, HAdV-F40 and 
HAdV-E4, although just in the context of infection for HAdV-E4 E1B-55K [101, 
102]. However, E1B-55K evolved multiple mechanisms to inactivate p53. We 
and others have shown that E1B-55K from all species, except HAdV-E4, 
efficiently repress p53-stimulated transcription (Fig. 18) [101]. Moreover, we 
have shown here for the first time that E1B-55K from HAdV-E4, HAdV-B16, 
HAdV-B34 and HAdV-F40 are E3-SUMO-1-ligases for p53, similar to HAdV-C5 
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E1B-55K (Fig. 19). Pennella et al. showed that HAdV-C5 E1B-55K tethers p53 to 
PML-NBs and SUMOylates p53, thereby facilitating its nuclear export [60]. 
Therefore, it is possible that E1B-55K from the other HAdV species have evolved 
similar mechanisms. It has been described that E1B-55K from all other species 
bind to PML and that HAdV-A12, HAdV-B16 and HAdV-E4 relocalize p53 to 
the aggresome, similar to HAdV-C5 E1B-55K [101, 103]. Still, no study has 
concentrated on the correlation between E1B-55K induced relocalization to 
PML-NBs and SUMOylation of p53 followed by nuclear export in the other 
HAdV species. Remarkably, the interactions we observed with p53 are 
dependent on E1B-55K SUMOylation from the species HAdV-C5, HAdV-B16, 
HAdV-F40 and HAdV-B34 (Fig. 18 + Fig. 19). Interestingly however, the latter is 
able to repress p53 transactivation independent of SUMOylation (Fig. 18). 
E1B-55K from the remaining species HAdV-E4, HAdV-D9 and HAdV-A12 
interact with p53 in a SUMO-independent fashion (Fig. 18 + Fig. 19). When 
trying to group E1B-55K from different HAdV species according to their p53 
interactions or SUMO dependency, it soon becomes clear that this is not 
possible. We and others show that the mechanisms HAdV-C5 E1B-55K evolved 
to counteract p53 are not absolutely applicable to the other HAdV species [100–
102]. Although all of them evolved antiapoptotic functions with regard to p53, 
none of the E1B-55K proteins examined in this work are entirely comparable to 
HAdV-C5 E1B-55K. Inhibition of p53 is critical to counteract the stabilization of 
the protein by E1A in HAdV-C5 [108, 109]. The differences of E1B-55K from 
other HAdV species to counteract p53 might be due to differences in p53 
stabilization of the respective E1A protein. It is possible that less stabilization of 
p53 by E1A results in reduced antiapoptotic functions of E1B-55K and vice 
versa. So far, stabilization of p53 by E1A from other HAdV species has not been 
investigated and might be an interesting objective for future analyses.  
Significantly, we detect K101 as a novel regulator for E1B-55K SUMOylation 
that is exclusively present in HAdV-C (4.3.1). SUMOylation is described to be a 
molecular switch between lytic and latent infections in viruses. For instance, the 
latency-associated nuclear antigen (LANA) is involved in the maintenance of 
KSHV latency through repression of lytic genes (reviewed in [212]). 
Furthermore, LANA possesses a SUMO interacting motif (SIM) and is highly 
SUMOylated [213]. It is suggested that LANA creates a SUMO-rich milieu 
favoring chromatin condensation and thus silencing of lytic genes [214]. 
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Therefore, SUMOylation as well as SUMO-SIM interaction of LANA are 
important to inhibit the onset of a lytic infection [213]. Another example is the 
BZLF1 protein from EBV. BZLF1 is a transcriptional activator that is involved in 
the switch between latent and lytic infection [215]. SUMOylation of BZLF1 
promotes viral latency whereas deSUMOylation by the EBV BGLF4-encoded 
protein kinase (EBV-PK) induces reactivation of the virus [166]. Interestingly, 
both LANA and BZLF1 reveal functional similarities to HAdV E1B-55K, for 
example in regulating gene transcription (reviewed in [212], [216]). LANA is 
also involved in inhibition of p53 and thereby blocking of apoptosis (reviewed 
in [212]). Studies together with the recently described humanized mouse model 
for persistent HAdV infections strongly indicate that the virus is able to induce 
persistent infections [33]. Early in life, around 80 % of the human population are 
infected with HAdV-C. When Garnett et al. analyzed tissues from 
tonsillectomies and adenoidectomies, they found HAdV DNA from species C in 
T-lymphocytes from 79 % of the samples. In addition, they found the highest 
amount of viral DNA in a 2-year-old donor [31]. In a later study, they could 
even reactivate replicating HAdVs from donor samples upon in-vitro 
stimulation [32]. Therefore, it is possible that HAdV-C E1B-55K SUMOylation 
and the regulation of its functions by this PTM could have a role in the 
establishment of a persistent infection by HAdV. Interestingly and contrary to 
other HAdV species, E1B-55K wt from species C is less SUMOylated (Fig. 14). 
The K101 residue of HAdV-C5 E1B-55K could promote viral persistence in 
infected cells by reducing the SUMOylation of the protein. E1B-55K from other 
species lacking K101 might therefore be less likely to induce persistence. 
Additional experiments in cellular systems modeling persistence and eventually 
our humanized mouse model are needed to further elucidate this theory. 
Taken together, we have shown for the first time that SUMOylation of E1B-55K 
is conserved throughout the tested species. Our results provide further insights 
into conserved functions but also differences of HAdV E1B-55K. Furthermore, 
we identify K101 as a potential regulator of E1B-55K SUMOylation that is 
specific to HAdV-C. We suggest that HAdV E1B-55K from different species 
evolved diverse strategies to modulate the infected cell. In the case of HAdV-C5, 
these strategies might allow persistence. 
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Zusammenfassung 
E1B-55K (early region 1B 55 kDa) der humanen Adenoviren Spezies C Typ 5 
(HAdV-C5) ist ein frühes multifunktionelles Protein, das eine entscheidende 
Rolle während des gesamten viralen Replikationszyklus spielt. Das erste 
exprimierte virale Protein E1A unterstützt die virale Replikation durch die 
Induktion der S-Phase. Dabei wird das zelluläre pro-apoptotische Protein p53 
stabilisiert. E1B-55K entwickelte mehrere Mechanismen, um dieser 
Stabilisierung entgegenzuwirken. Zum einen dient E1B-55K als 
E3-SUMO-Ligase für p53 und transportiert das Protein aus dem Nukleus, um 
die Aktivierung der pro-apoptotischen p53-abhängigen Gene zu inhibieren. 
Zum anderen bildet E1B-55K zusammen mit E4orf6 und weiteren zellulären 
Proteinen einen E3-Ubiquitin-Ligase Komplex, der neben p53 auch andere 
zelluläre Faktoren abbaut. Dazu gehören unter anderem Mre11, SPOC-1 und 
Daxx, die sowohl an der DNA-Schadensantwort (DNA damage response; DDR) 
als auch an der Transkriptionsregulierung beteiligt sind. Diese 
anti-apoptotischen und proviralen Funktionen führen zum onkogenen Potential 
von E1B-55K. Darüber hinaus erhöhen post-translationale Modifikationen 
(PTMs) an E1B-55K seine funktionelle Vielfalt, die wiederum durch gegenseitige 
Regulation der PTMs nochmal erhöht wird. Interessanterweise werden viele 
Funktionen von E1B-55K durch SUMOylierung reguliert, was darauf schließen 
lässt, dass diese Modifikation ein essentieller Bestandteil für das Protein ist. Um 
diesen Sachverhalt noch besser zu verstehen, wurde E1B-55K mittels 
Massenspektrometrie genauer untersucht. Dabei wurde unter anderem ein 
Lysin an Position 101 (K101) als potentielles neues SUMO-Konjugationsmotiv 
(SUMO conjugation motif; SCM) entdeckt. Die Nähe von K101 zum eigentlichen 
SCM um das Lysin 104 (K104) machte diese Position besonders interessant. 
Daher ist K101 Gegenstand der Untersuchungen dieser Arbeit.   
Im ersten Teil wurde K101 als Regulator der E1B-55K SUMOylierung 
identifiziert. Untersuchungen dieses Lysins durch einen Aminosäureaustausch 
(K101R) zeigten eine erhöhte SUMOylierung von E1B-55K. Übereinstimmend 
mit früheren Studien an E1B-55K Mutanten, die eine erhöhte SUMOylierung 
zeigen, wies E1B-55K K101R eine vermehrt nukleare Lokalisation auf. 
Außerdem zeigten Infektionsexperimente mit E1B-55K K101R, dass es in 
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Strukturen lokalisiert, die mutmaßlich virale Replikationszentren (replication 
center; RC) darstellen. Funktionell ging die erhöhte SUMOylierung der 
K101R-Mutante mit einer verstärkten Hemmung der p53-abhängigen 
Transkription sowie einer erhöhten Fokusformation in 
Transformationsexperimenten einher. 
Der zweite Teil dieser Arbeit befasste sich mit E1B-55K von weiteren HAdV 
Spezies. Zunächst wurde ein konserviertes SCM in nahezu allen Spezies 
identifiziert. Zudem wurde gezeigt, dass K101 spezifisch für HAdV der Spezies 
C ist, da alle anderen HAdV Spezies ein Arginin an entsprechender Stelle 
aufwiesen. Vergleichbar mit HAdV-C5 E1B-55K K101R wurden die Proteine fast 
aller untersuchten Spezies stark SUMOyliert und lokalisierten meist im 
Nukleus. Ein Vergleich von E1B-55K der verschiedenen Spezies hinsichtlich der 
SUMO-anhängigen Funktionen zeigt, dass die Hemmung der p53-vermittelten 
Transkription eher konserviert, während seine Funktion als E3-SUMO1-Ligase 
nicht konserviert zu sein scheint. Die Ergebnisse dieser Arbeit zeigen, dass 
E1B-55K speziesübergreifende konservierte Funktionen entwickelt hat, die 
allerdings je nach Spezies und mutmaßlich Pathogenität ein wenig voneinander 
abweichen. 
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