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Regulation of transcriptional intermediary factor 1γ by adenovirus 

Pól Ó Catnaigh 

Abstract 

The transcriptional repressor, E3 ubiquitin ligase and putative tumour suppressor 

TIF1γ/TRIM33/Ectodermin is involved in embryological development and haematopoiesis. It 

antagonises the TGF-β pathway by preventing downstream signalling through SMAD4. 

Recent observations suggested that absolute cellular levels of TIF1γ fall dramatically post-

infection with different adenoviral serotypes, including Ad5 and Ad12. Given the functional 

similarities between the usurpation of the cellular machinery by adenovirus and the cellular 

reprogramming that occurs in cancer, it was considered useful to investigate adenoviral 

regulation of TIF1γ. 

 

Western blot findings confirmed a reduction in cellular TIF1γ levels following Ad5 or Ad12 

infection. TIF1β/TRIM28 levels did not fall, however, suggesting selective regulation of 

TIF1γ. TIF1γ interacted with the adenoviral E1B-55kDa oncoprotein in adenoviral 

transformed cells and immunofluorescence microscopy implied that they co-localised in 

cytoplasmic aggresome-like structures. 

 

As E1B-55kDa and E4orf3 can cooperatively mediate protein degradation, further work 

examined the role of Ad5 E4orf3 in the regulation of TIF1γ. Confocal microscopy revealed 

that TIF1γ co-localised with PML in nuclear tracts in adenovirus-infected cells. Similar 

nuclear co-localisation of TIF1γ with Ad5 E4orf3 was shown 18 hours post-infection and 

with Ad12 E4orf3 in transfected HeLa cells. 

 

E4orf3- mutant Ad5 infection failed to abate TIF1γ levels, implying a necessary role for 

E4orf3 in the process. Interestingly, the adenoviral E3 ubiquitin ligase remained functional as 

p53 was still degraded. Ad5 E4orf3 transcriptional repression of p53-dependent gene 

expression was shown not to be required to attenuate TIF1γ levels. 

 

To identify novel E4orf3-interactors, immunoprecipitation followed by mass spectrometry 

was performed. The data suggested UBE4A as a promising potential regulator of TIF1γ. 

 

To conclude, E4orf3 plays a necessary role reducing cellular TIF1γ levels during Ad5 

infection, although it remains to be seen if this phenomenon involves the Ad5 E3 ubiquitin 

ligase or a novel mechanism. 

 

Keywords:  adenovirus, transcriptional intermediary factor 1γ, tripartite motif containing 

protein 33, transcriptional repressor, tumour suppressor, protein regulation. 
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Chapter 1: Introduction 

 

1.1 Adenovirus and cancer – an overview 

Adenoviruses were first recorded in 1953 after having been isolated from human adenoid 

tissue following adenoidectomy (Rowe et al., 1953). 

 

Human adenoviruses form a subset of six species within the mammal host specific 

mastadenovirus genus, designated human adenovirus A-F (Davison et al., 2003). Each of 

these species contain one or more serotypes, of which there are over 50 shared between the 

six species as shown in Table 1 (Turnell, 2008). 

 

Table 1.1: List of Human Adenovirus species by serotype 

Human Adenoviral Species Serotypes* 

A 12, 18, 31 

B 3, 7, 11, 14, 16, 21, 34-35, 50 

C 1, 2, 5, 6 

D 8-10, 13, 15, 17, 19, 20, 22-30, 32-33, 36-39, 42-49, 51 

E 4 

F 40-41 

* As listed in Turnell (2008). Further serotypes have since been discovered. For example, 54 are mentioned in 

Ferreyra et al. (2010) which also points to the possibility of serotype 52 representing a possible new species (G), 

but these have been omitted due to conflict in the literature. 

 

Human adenoviruses exhibit a lytic lifecycle in their human cell hosts. Clinically, they tend to 

infect the respiratory, urinary bladder, gastrointestinal or ocular epithelium resulting in a 

variety of site of infection-specific symptoms in non-immunosuppressed individuals. In 

immunocompromised patients, however, adenoviral infections can be life-threatening 

(Lenaerts et al., 2008). 

 

In order to allow for the replication of its genome prior to the assembly and release of new 

virions, adenovirus suppresses the host cell’s ability to respond to DNA damage and hijacks 

its protein synthesis machinery. In these respects, adenovirus manipulates the cell into acting 

in a way akin to a cancer cell. For example, the virus generates a cellular environment that is 

conducive to the replication of its genome (Turnell, 2008). This is much like a cancer cell 

inappropriately inducing S-phase in the absence of appropriate exogenous growth signals – 

one of the six classic hallmarks of cancer (Hanahan and Weinberg, 2000). Adenovirus confers 

at least two other hallmarks onto host cells, namely insensitivity to anti-growth signals and 

evasion of apoptosis. There is some evidence that at least one adenoviral serotype encodes a 
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protein that can greatly increase human cell lifespan in culture (Gallimore et al., 1997), 

linking up with another hallmark – limitless replicative potential. 

 

Avoiding immune destruction is one of four “emerging hallmarks” of cancer that Hanahan 

and Weinberg propose in a recent update to their seminal 2000 paper (Hanahan and Weinberg, 

2011). The adenoviral E3 transcription unit, for example, encodes proteins that interfere with 

the ability of the host to launch an immune response against infected cells (Wold and 

Gooding, 1991) with at least one acting by multiple mechanisms (Bennett et al., 1999). 

 

1.2 Adenoviral genome 

Adenovirus has a linear double stranded DNA genome. The length of the genome is serotype-

specific, ranging between 26-45 kb (Davison et al., 2003). Both strands contain coding 

sequences (Figure 1.1). The 5-prime (5’) ends of the DNA molecules are covalently capped 

with a virally-encoded protein termed terminal protein (TP). 

 

 

 

Figure 1.1: A schematic representation of the approximate location of the early region 

transcription units of the adenoviral genome. The intermediate and late region transcription 

units, some of which share base sequences with early region transcription units, were 

excluded for clarity. The sequence lengths are not to scale. As with other genes, these are read 

in the 3’-5’ direction. 

 

 

Adenoviral DNA replication uses a combination of at least three virally encoded proteins (a 

5’-3’ DNA polymerase, a DNA binding protein and a protein primer that is later cleaved to 

generate the 5’ terminal protein cap) and a variety of host proteins. For a review of this topic, 

see de Jong et al. (2003). 

 

Transcription of adenoviral early region transcription units is choreographed in a time-

dependent manner (Nevins et al., 1987). The transcription units are assigned to one of three 

groups depending on relative time of the onset of their transcription. These groups are: 

 

3’ 

3’ 5’ 

5’ 

E1A E1B E3 

E2A E2B E4 
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1) Early region, consisting of six transcription units (E1A, E1B, E2A, E2B, E3, E4) 

2) Intermediate region 

3) Late region 

 

The intermediate (e.g. Lutz et al., 1997) and late (Logan and Shenk, 1982) regions mainly 

encode viral structural proteins and will not be examined further here. 

 

1.3 Prevention of adenoviral genome concatemerisation 

As adenovirus has a short linear double stranded genome, it risks being recognised as 

genomic DNA containing double stranded breaks. The presence of multiple copies of the viral 

genome can cause the host cell DNA damage response machinery to ligate them together, 

thereby preventing the formation of viral progeny. Mechanistically, this was shown to involve 

the Mre11/Rad50/Nbs1 (MRN) complex-induced non-homologous end-joining following the 

removal of TP using the Mre11 endonuclease domain (Stracker et al., 2002). 

 

Clearly genome concatemerisation is a process that adenovirus must prevent and both its 

E4orf3 and E4orf6 proteins have been implicated as functioning in such a capacity (Weiden 

and Ginsberg, 1994; Stracker et al., 2002; see sections 1.7.3 and 1.7.4). 

 

1.4 Promyelocytic leukemia protein oncogenic domains 

Mre11 is one of many cellular targets for adenoviral proteins that are found in nuclear 

structures known as promyelocytic leukemia protein (PML) oncogenic domains (PODs) 

(Lombard and Guarente, 2000). PODs are nuclear protein structures formed around 

assemblies of PML covalently modified by small ubiquitin-like modifier (SUMO) (Muller et 

al., 1998). The SUMOylated PML proteins then interact with a variety of proteins with 

SUMO-interacting motifs (Lallemand-Breitenbach and de Thé, 2010). PODs also contain a 

variety of non-SUMOylated proteins whose localisation is determined by other covalent 

modifications (Lallemand-Breitenbach and de Thé, 2010). Many of the constituent proteins 

are known tumour suppresors (e.g. p53 and retinoblastoma (Rb) protein) or proto-oncogenes 

(e.g. protein kinase B) (Lallemand-Breitenbach and de Thé, 2010). 
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1.5 Ubiquitin-proteasome pathway of protein degradation 

The ultimate fate of Mre11 in cells infected with the human adenovirus (Ad), species C, 

serotype 5 (Ad5) is degradation by the 26S proteasome (Stracker et al., 2005) – a large 

(Hough et al., 1986), barrel shaped multi-subunit protein complex (Walz et al., 1998) that is 

involved in degrading proteins that are predominately covalently attached to lysine 48 

connected polyubiquitin chains (Figure 1.2). 

 

 

Figure 1.2: A schematic diagram representing the structure of a protein covalently 

attached to a lysine-48 linked polyubiquitin chain. Circles represent amino acid residues and 

rectangles represent whole proteins. n must be at least 4 for a protein (blue) to be targeted for 

proteasomal degradation (Thrower et al., 2000). Polyubiquitin chains formed with lysine 11 

and lysine 63 linkages have also been linked to proteasomal degradation (Li and Ye, 2008; 

Matsumoto et al., 2010), although these and other non-K48 linked chains tend to be 

associated with other cellular functions (Chen and Sun, 2009). 

 

 

The ubiquitylation cascade involves a number of different classes of enzyme (Table 1.2): 

Substrate 

K G76 K48 

Ubiquitin 

n 
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Table 1.2: Classes of enzyme involved in protein ubiquitylation 

E1 ubiquitin activating enzymes 

 

These transfer AMP from ATP onto ubiquitin. They 

then bind to the ubiquitin via an E1 cysteine residue 

in a process that removes AMP from ubiquitin. There 

is only one E1 enzyme in mammals. 

E2 ubiquitin conjugating enzymes These accept ubiquitin from an E1 and prepare it for 

transfer to a substrate in conjunction with an E3 

ligase. 

E3 ubiquitin ligases* 

 

 

These mediate the transfer of one, or a series, of 

ubiquitin monomers from E2 conjugating enzymes to 

a substrate. There are three main classes of E3 ligase, 

of which the RING box and U-box containing 

varieties are of importance in this investigation. 

E4 polyubiquitin ligases These multifunctional proteins can catalyse the 

addition of ubiquitin to substrates already 

ubiquitylated by an E3 ligase (Koegl et al., 1999). 

These proteins are not always required for 

polyubiquitylation. They may also act independently 

as E3 ligases (Hatakeyama et al., 2001). 

* ‘E3 ligase’ and ‘E3 ubiquitin ligase’ are used interchangeably in the text. 

 

 

1.6 Adenoviral oncogenic and transformation potential 

Notwithstanding the close similarities between adenoviral strategies for self-replication and 

human cancer cells, there has been no substantiated report in the literature of any human 

adenovirus serotype leading to cancer in man. 

 

Certain human adenoviruses have shown oncogenic potential in rodents however. Human 

adenovirus, species A, serotype 12 (Ad12) was shown to cause tumours in neonate Syrian 

hamsters whereas representative members of species B, C and D did not (Trentin et al., 1962). 

When Ad12 infects non-permissive hamster cells little viral DNA reaches the nucleus and 

both viral DNA replication and late transcription are inhibited (Doerfler, 2007). Loss of late 

transcription prevents the formation of viral progeny as late region genes encode most of the 

viral structural proteins (see below). Ad12 DNA integrates randomly into the hamster cell 

genome (Hilger-Eversheim and Doerfler, 1997), and retains expression of early region 

proteins. 

 

Whilst Ad2 was shown to be non-oncogenic in neonate Syrian hamsters, both Ad12 (McBride 

and Wiener, 1964) and Ad2 (Freeman et al., 1967) were able to transform primary rodent 

cells in vitro. Further study led to further complexity. Ad2 transformed hamster embryo cells 

were, for example, shown to have oncogenic potential when inoculated into newborn 

hamsters but not into adult hamsters (Lewis and Cook, 1982). It was further shown that 
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tumours generated in newborn hamsters could be cultivated to develop oncogenic potential in 

congenic adult hamsters, but not in adults of a different strain of the same species (Lewis and 

Cook, 1982). 

 

In another study, rat cells were transformed with combinations of Ad5 and Ad12 E1A and 

E1B proteins. These cells were then injected into congenic rats and immunodeficient 

congenic rats and/or immunodeficient mice (Bernards et al., 1983). These experiments 

showed a number of interesting facts. Cells transformed with any combination of Ad5 and 

Ad12 E1A and E1B were oncogenic in immunodeficient animals. In congenic rats, only cells 

transformed with Ad12 E1A had oncogenic potential and this was greatly enhanced (from 

10%-100%) when Ad12 E1B was used as opposed to the Ad5 variety. Possibly most 

importantly, when cells were transformed with Ad 12 E1B and both Ad12 and Ad5 E1A, 

these did not possess any oncogenic potential in congenic rats. They went on to provide a 

partial explanation for some of these differences by showing that major histocompatability 

complex (MHC) class 1 antigens are massively downregulated in cells transformed with Ad12 

E1A, but not Ad5 E1A. They also show that the Ad5 phenotype is dominant when both are 

present. 

 

Ad12 E1A was later shown to reduce MHC class 1 presentation at the transcriptional level, 

whereas Ad5 E1A was not (Ge et al., 1992). As stated above, such immune evasion is 

considered an emerging hallmark of cancer (Hanahan and Weinberg, 2011). 

 

It was much more difficult to transform human primary cells with human adenovirus, 

however. Graham and colleagues describe the generation of the transformed human 

embryonic kidney (HEK) 293 cell line following transfection with sheared Ad 5 DNA 

(Graham et al., 1977). 

 

HEK293 cells were derived from embryonic kidney tissue although it is believed that they are 

of a neuroectodermal, as opposed to mesenchymal, lineage (Shaw et al., 2002). A wide range 

of neuronal receptor agonists were shown to elicit calcium transients in HEK293 cells (Vetter 

and Lewis, 2010), providing strong pharmacological evidence for the theory. 

 

There are also examples of human embryo retinoblasts (HER) cells being transformed 

following transfection with plasmid encoded Ad12 E1 region transcription units (Byrd et al., 

1982). These cells are neuroepithelial in origin (Grabham et al., 1988). Interestingly, it was 

suggested that human adenoviruses preferentially transform neuronal cells (Shaw et al., 2002). 
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HEK293 cells and HER2/10 cells express the E1A and E1B proteins of the virus with which 

they were transformed (Nevins, 1982; Grand and Gallimore, 1986; Figure 1.3). 

 

 

 

Figure 1.3: A schematic representation of adenovirus-transformed cell lines used in this 

investigation showing their expressed complement of viral proteins. Other E1B splice 

variants may be expressed, although this has not been investigated. 

 

 

The Ad5 and Ad12 E1 transcription units encode proteins that are sufficient for cellular 

transformation to occur (Table 1.3). Certain E4 genes can also promote transformation in 

conjunction with E1 proteins. These include E4 open reading frame (orf) 6 (Moore et al., 

1996) and E4orf3 (Nevels et al., 1999), both of which are discussed below. One other 

example of an oncogenic adenoviral protein is the product of the Ad9 E4orf1. This protein is 

responsible for the generation of mammary tumours in rats (Javier, 1994). 

 

Table 1.3:  Major effects of the adenoviral proteins expressed in HEK293 and 

HER2/10 cells. 
 

Adenoviral 

proteins 
Major effect on host cell 

Effects on 

apoptosis 

E1A 
Transcriptional modulation 

Possesses transforming potential 
pro-apoptotic 

E1B 
Protein synthesis and post-translational modulation 

Cooperates with E1A in cellular transformation 
anti-apoptotic 

(see section 1.7 for further details) 

Ad5 E1A: 12S/13S  

Ad5 E1B: 55kDa, 

      19kDa 

     

Ad12 E1A: 12S/13S  

Ad12 E1B: 55kDa, 

        19kDa 

         

 

HEK293 HER2/10 
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1.7 Function of proteins encoded by selected early region transcription units 

 

1.7.1 E1A 

The E1A transcription unit has two major protein products, formed by differential splicing, 

that are important in transformation (Boulanger and Blair, 1991). These proteins are termed 

13S and 12S after their mRNA sedimentation coefficients or 243R and 289R after their 

number of amino acids (for Ad5 proteins). The proteins differ with respect to the presence or 

absence of the conserved region 3 (CR3) sequence. This region encodes a zinc finger 

transcription factor domain and functions as a transactivator in human adenoviral serotypes of 

all species (Ablack et al., 2010). 

 

As well as this, both E1A proteins are known to interact with a large number of cellular 

proteins. These include a number of transcription factors such as c-Jun, the cell cycle 

regulating transcriptional repressor Rb (Whyte et al., 1988), and the closely related 

transcriptional co-activators and p53 E4 ubiquitin ligases (Shi et al., 2009) 3’-5’cyclic 

adenosine monophosphate response element binding protein binding protein (CBP) and p300 

(Gallimore and Turnell, 2001). p300 was first discovered as an E1A interacting protein 

(Banerjee et al., 1994). Another important tumour suppressor initially discovered as being an 

E1A interacting protein is the transcriptional co-repressor, C-terminal binding protein (CtBP) 

(Boyd et al., 1993). 

 

The net effect of these, and other, interactions is to allow the adenovirus to manipulate the cell 

into acting as if it had received growth signals encouraging it to enter S phase (Turnell, 2008). 

For example, the ability of E1A to sequester the Rb protein allows for the liberation of E2F 

transcription factors that lead to the upregulation of genes that push the cell through the 

restriction (G1-S) checkpoint and commit itself to passing through the cell cycle (Weinberg, 

2006). 

 

Such S-phase promoting transcriptional modulation as mentioned above determines E1A’s 

transforming ability. This is only part of the picture however, and E1A has only been shown 

to be weakly transforming when transfected into cells in the absence of some other co-

operating oncogene (Turnell, 2008). Such oncogenes include constitutively activated Harvey 

(H-) ras (Lin et al., 1995), adenoviral proteins such as those encoded by the E1B transcription 

unit (see below) and others, some of which are mentioned above. This has been put down to 

E1A also demonstrating potent pro-apoptotic properties. Much evidence in the literature 
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suggests that E1A can induce apoptosis in a p53-dependent manner and Ad5 E1A has been 

shown to stabilise p53 (Lowe and Ruley, 1993). 

 

One protein that may be important in p53 stabilisation in E1A transformed cells is the p14ARF 

protein that inhibits HDM2 binding to p53 (Sherr, 2001). HDM2 is the human homologue of 

the mouse double minute (MDM2) protein that acts as an E3 ubiquitin ligase for p53. The 

mouse homolog of p14ARF, p19ARF, was shown as necessary to facilitate the stabilisation of 

p53 by E1A in mouse cells (de Stanchina et al., 1998). 

 

Other evidence implies that the pro-apoptotic activity of E1A may be at least in some cases, 

p53-independent (Teodoro et al., 1995). 

 

Irrespective of the precise biological explanation for the pro-apoptotic side effects of E1A in 

any given cellular environment, it is obvious that adenoviruses must be able to counteract 

them. 

 

1.7.2 E1B 

The E1B transcription unit generates a single mRNA that generates a number of proteins by 

alternative splicing (Sieber and Dobner, 2007). Of these, it encodes two major proteins with 

properties well documented in the literature – a larger, approximately 55kDa, protein and a 

smaller 19kDa protein (Turnell, 2008). There are also known to be at least three other smaller 

E1B encoded proteins consisting of 156, 93 and 84 amino acids respectively (Sieber and 

Dobner, 2007). 

 

E1B-55kDa and E1B-19kDa have been shown to independently cooperate with E1A in the 

transformation of rodent cells, by different anti-apoptotic mechanisms. 

 

1) E1B-55kDa has been shown to bind p53 on promoters and repress its transcriptional 

activity (Yew et al., 1994). Moreover, evidence implies that it can act as a substrate 

recruitment molecule that targets p53 and other substrates to a E4-orf6 dependent 

cullin-RING E3 ubiquitin ligase complex that is formed by many adenoviral serotypes 

including Ad5 and Ad12 (Cheng et al., 2011; Forrester et al., 2011). This in turn 

targets p53 for proteasomal degradation (Blanchette et al., 2004). 
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Ad5 E1B-55kDa also causes the proteasomal degradation of the Daxx protein in an 

E4orf6-independent fashion (Schreiner et al., 2010). Daxx exhibits a variety of 

functions, among them being: 

 

i) Aiding in the instigation of the extrinsic pathway of apoptosis by 

binding to the cytosolic side of activated Fas receptors (Yang et 

al., 1997). 

 

ii) Increasing sensitivity to Fas signalling at the transcriptional level. 

The pool responsible for this resides in PODs (Torii et al., 1999). 

 

E1B-55kDa has also recently been suggested to act independently as an E3 SUMO 

ligase for p53, causing its relocalisation to PODs prior to nuclear export, thereby 

inhibiting its ability to activate transcription (Pennella et al., 2010). 

 

2) The E1B-19kDa protein has been shown to be functionally equivalent to the anti-

apoptotic B cell lymphoma 2 (BCL2) protein in baby rat kidney cells (Rao et al., 

1992). BCL2 functions by binding to the direct effectors of apoptosis (BAK and BAX), 

preventing their oligomerisation. This avoids mitochondrial outer membrane 

permeabilisation (MOMP) occurring (Chipuk et al., 2010). MOMP leads to 

cytochrome c release, apoptosome formation and activation of the initiator caspase, 

caspase 9 (Riedl and Salvesen, 2007). 

 

Interestingly, as well as its BCL2-like anti-intrinsic pathway effects, E1B-19kDa has 

also been shown to protect cells from certain extrinsic pathway  mediators such as 

tumour necrosis factor α (TNFα) (White et al., 1992). 

 

Ad5 E1B has also been shown to be involved in the inhibition of host cell protein synthesis 

(Babiss and Ginsberg, 1984). Ad5 E1B carries out this function, as well as increasing late 

viral protein synthesis, at the level of mRNA export in conjunction with the adenoviral E3 

ubiquitin ligase complex (Woo and Berk, 2007). 

 

1.7.3 E4orf3 

E1B-55kDa is known to reduce p53 transcriptional activity (see above). Nevertheless, a recent 

study showed that E1B-55kDa is not necessary for p53 transcriptional repression in 

adenoviral infection as E4orf3 is capable of selectively silencing p53 responsive genes by 
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mediating the methylation of histone H3 lysine 9 (H3K9) and chromatin remodelling in 

promoter regions (Soria et al., 2010). 

 

E4orf3 is known to cause a dramatic morphological change in PODs, leading to the 

generation of track structures that sequester proteins away from viral replication centres. At 

least in the case of Ad5 E4orf3, the PODs must contain the PML-II for this effect to be seen 

(Hoppe et al., 2006). Ad5 E4orf3 is localised with E1B-55kDa in the restructured PODs 

(Leppard and Everett, 1999). It has also been shown to cause the relocalisation of Mre11 

within PODs, although this does not occur with Ad12 E4orf3 (Stracker et al., 2005). Other 

proteins relocalised to the E4orf3 tracks include the PML-related transcriptional modulator 

TRIM24/transcriptional intermediary factor (TIF) 1α (Yondola and Hearing, 2007). 

 

The MRN complex can associate with Ad5 E1B-55kDa within PODs and, in the presence of 

either E4orf3 or E4orf6, can later become relocalised to cytoplasmic inclusion bodies akin to 

aggresomes (Liu et al., 2005). Aggresomes are pericentriolar structures containing protein 

aggregates (Johnston et al., 1998). These can sequester misfolded proteins prior to their 

degradation via the autophagy pathway (Wileman, 2007). In the case of Ad5 E1B-55kDa 

mediated MRN sequestration, however, the end point is increased proteasomal degradation 

(Liu et al., 2005). Recent evidence suggests that biochemically genuine aggresomes are 

formed in Ad5 infection, whereas representative serotypes from other adenoviral species may 

form pseudo-aggresomes that lack γ-tubulin (Greer et al., 2011). 

 

One interesting point is that baby rat kidney cells can be transformed with Ad5 E1A together 

with E4orf3 or E4orf6, in most cases the transformed cell lines do not express the E1A viral 

proteins and expression of the E4 protein is either absent (E4orf3), or very low (E4orf6) 

(Nevels et al., 2001). This is in contrast to cell lines transformed with E1A and E1B, where 

both proteins are well expressed (Figure 1.3), and led to a model of “hit and run” 

transformation (Nevels et al., 2001). 

 

1.7.4 E4orf6 

As well as transforming cells in cooperation with E1A, E4orf6 has been shown to interact 

with specific host cullins (Cul) to generate adenovirus-regulated cullin-RING E3 ubiquitin 

ligases (Querido et al., 2001). These E3 ligases are structurally similar to cellular ligases such 

as the Von Hippel-Lindau E3 ligase (Figure 1.4 versus Figure 1.5) and, like them, they can 

target a range of proteins for degradation by the proteasome. There are a number of serotype 

specific differences in structure and substrate specificity. Ad5 E4orf6 uses a Cul5 scaffold 
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whereas Ad12 E4orf6 uses a Cul2 scaffold. Ad16 E4orf6 can form an E3 ligase complex 

using Cul2 or Cul5 as a scaffold (Cheng et al., 2011). 

 

Both the Ad5 and Ad12 E3 ubiquitin ligases cause the polyubiquitylation and subsequent 

proteasomal degradation of p53 (Querido et al., 2001; Blackford et al., 2010) whereas the 

Ad12 ligase, but not the Ad5 ligase, targets the ataxia telangiectasia mutated and Rad3 related 

(ATR) activator, topoisomerase IIβ binding protein 1 (TopBP1) for proteasomal degradation 

(Blackford et al., 2010). 

Not all serotypes with E4orf6 containing E3 ubiquitin ligases target p53 (Cheng et al., 2011) 

nor Mre11 (Forrester et al., 2011), but E3 ligases from all serotypes examined targeted DNA 

ligase IV (Cheng et al., 2011). 

 

The different complement of cellular proteins targeted by each serotype exemplifies a 

different evolutionary strategy by which to subjugate the host cell’s cell cycle control 

mechanisms and DNA damage response pathways. 

 

 

 

Cul2 

NEDD8 

E2 
ubiquitin 

conjugase 

Elongin B/C 
complex 

Rbx1 

Von Hippel-
Lindau 

Substrate 
for ligase 

(e.g. HIF1α) 
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Figure 1.4: A schematic representation of the proteins involved in the Von Hippel-Lindau 

(VHL)-containing cullin-RING E3 ubiquitin ligase. VHL recruits substrates, such as HIF1α, 

to the ligase. The RING finger containing Rbx1 protein then mediates the transfer of ubiquitin 

from an E2 conjugase to the substrate that is then targeted for degradation by the 26S 

proteasome. NEDDylation of Cul2 greatly enhances ligase activity (Ohh et al., 2002). 

 

 

 

 

 

Figure 1.5: A schematic representation of the proteins involved in the Ad5 and Ad12 cullin-

RING E3 ubiquitin ligases. E1B-55kDa can recruit substrates, such as p53, to the ligase. The 

RING finger containing Rbx1 protein then mediates the transfer of ubiquitin from an E2 

conjugase to the substrate that is then targeted for degradation by the 26S proteasome. There 

is some evidence showing that E1B-55kDa is not required for the polyubiquitylation of all 

ligase substrates (see section 1.7.4 for further details). 

 

 

1.8 Transcriptional Intermediary Factor 1 (TIF1) 

TIF1 encompasses a group of transcriptional corepressors within the larger family of tripartite 

motif-containing (TRIM) proteins that include, for example, the PML protein (also known as 

TRIM19). 

 

Cul2/5 
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E4orf6 
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Four mammalian TIF1 proteins are currently documented in the literature; TRIM24/TIF1α, 

TRIM28/TIF1β, TRIM33/TIF1γ and TRIM66/TIF1δ (Khetchoumian et al., 2004). These 

proteins all share a common basic structure (Figure 1.6). 

 

 

 

 

Figure 1.6: A schematic representation showing the major conserved domains found in all 

TIF1 family proteins (not to scale). 

 

 

The N-terminal tripartite motif of many TRIM family members, including TIF1γ, has been 

shown to be involved in the ubiquitylation pathway, functioning as an E3 ligase (Meroni and 

Diez-Roux, 2005). 

 

1.9 TIF1γ 

TIF1γ/TRIM33, also known as Ectodermin after its Xenopus laevis homologue, has been 

shown to interact with SMAD proteins in a variety of developmental and adult settings, 

including haematopoiesis (Ransom et al., 2004; Dupont et al., 2005; He et al., 2006; Morsut 

et al., 2010). TIF1γ was shown to inhibit transforming growth factor-beta (TGF-β) and bone 

morphogenic protein (BMP) signalling by decreasing the nuclear:cytoplasmic ratio of 

SMAD4 via ubiquitylation (Dupont et al., 2005). Further work by the same group showed 

TIF1γ mediated monoubiquitylation of SMAD4 that is antagonised by the FAM 

deubiquitylase, an enzyme they show to be essential for signalling through SMAD4 (Dupont 

et al., 2009). Other work has implied that TIF1γ prevents TGF-β signalling by interacting 

with phospho-SMAD2/3 in such a way as to prevent interaction with SMAD4 (He et al., 

2006). Whilst these findings need not be mutually exclusive, they do point to an unresolved 

conflict in the literature and show that more work is required to properly elucidate the 

mechanism(s) by which TIF1γ inhibits TGF-β signalling (Figure 1.7). 
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Figure 1.7: A simplified schematic representation of signalling through SMAD4 to show the 

points at which TIF1γ is postulated to act. Activated receptors phosphorylate receptor 

SMADs (light blue/pink circles) and this allows them to associate with their common 

mediator SMAD4. The ensuing complex can then migrate to the nucleus where it functions as 

a transcription factor and modulates gene transcription. Orange asterisks signify points at 

which TIF1γ is suggested to function. By sequestering SMAD2/3 or inactivating SMAD4, 

TIF1γ can reduce signalling through the TGF-β side of the diagram. Inactivation of SMAD4 

can also prevent signalling through the BMP side of the diagram. 

 

 

Conflict aside, there is agreement that links do exist between TIF1γ and decreased TGF-β 

signalling. This could imply a possible role in oncogenesis. An initial role in cancer was 

demonstrated when TIF1γ was found as a fusion protein with the Rearranged During 

Transfection (RET) tyrosine kinase in papillary thyroid carcinomas (Klugbauer and Rabes, 

1999). Since then, an increasing number of papers have suggested that TIF1γ functions as a 

tumour suppressor in a variety of histological settings (Vincent et al, 2009; Aucagne et al, 

2011; Herquel et al., 2011). Interestingly, FAM has also been shown to demonstrate proto-

oncogene properties (Schwickart et al., 2010). 

 

The C-terminal region of TIF1γ contains a plant homeodomain (PHD) and a bromodomain, 

both of which have been shown to be involved in binding to acylated lysine residues on 
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histone proteins (Mellor, 2006). Such interactions with chromatin offer a direct mechanism by 

which transcriptional modulation can occur. 

 

Importantly, as far as this current project is concerned, the Turnell group has recently shown 

that Ad5 and Ad12 infection results in a reduction in the cellular levels of the TIF1γ protein. 

Other exciting preliminary mass spectrometry data suggested that the fat facets in mammals 

(FAM) deubiquitylating enzyme co-immunoprecipitated with E1B-55kDa from both Ad5 and 

Ad12 (Forrester and Turnell, unpublished observations). 

 

1.10 Aims 

Whilst many interesting facts had been discovered concerning the effect of adenoviral 

proteins on TRIM family proteins, both in isolation and in infection, many questions remain 

unanswered. 

 

E1B-55kDa was known to interact with TIF1γ in Ad5 and Ad12 transformed cells and both 

Ad5 and Ad12 infection of cultured cells had been shown to lead to a reduction in cellular 

levels of TIF1γ. The function of the E1B-55kDa-TIF1γ interaction remains enigmatic, 

however. E1B-55kDa was known to ferry cellular proteins to the adenoviral E3 ubiquitin 

ligase and thereby target them for degradation by the 26S proteasome. The possibility that 

TIF1γ is degraded by a similar mechanism will be considered. 

 

Ad5 E4orf3 has been shown to co-localise to nuclear tracks with other TRIM family proteins, 

such as PML and TIF1α. This investigation will examine whether or not it also co-localises 

with TIF1γ, potentially modulating its function or turnover rate. 

 

E4orf3 has also recently been shown to act as a transcriptional repressor by modulating 

methylation at p53 responsive promoters. The possibility that it could also repress 

transcription of TIF1γ will also be considered, as this would offer a putative mechanism by 

which TIF1γ levels could fall post-infection. To further investigate a potential role for E4orf3 

in the regulation of TIF1γ I also aimed to identify novel E4orf3 interacting proteins by mass 

spectrometry. 

 

Many proteins are targeted to the proteasomal degradation pathway following ubiquitylation 

by the adenoviral E4orf6 containing cullin-RING E3 ligase. This could be the mechanism by 

which TIF1γ levels fall during adenoviral infection. Mutant Ad5 viruses that lack E4orf3, or 
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both E4orf3 and E4orf6, expression will be used to dissect the relative importance of E4orf3 

and E4orf6. 

 

In summary, this investigation aims to explore the regulation of the tumour suppressor protein 

TIF1γ by adenovirus, using Ad12 and Ad5 as exemplars. 
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Chapter 2: Materials and methods 

 

2.1 Materials 

 

2.1.1 Suppliers of chemicals, reagents and media 

With the exception of certain antibodies (section 2.1.4), all chemicals, reagents and media 

used during the course of this investigation were sourced from the suppliers listed in Table 2.1. 

Sigma was the default supplier, supplying all such products unless stated otherwise below 

(Table 2.2 and footnote). 

 

Table 2.1: A list of suppliers of chemicals, reagents and media used in this investigation 

 

 

 

 

 

 

 

 

 

 

 

 

Supplier Details 

BDH BDH Laboratory Supplies, Poole, England 

Bio-Rad Bio-Rad, Munich, Germany 

Fisher Fisher Scientific, Loughborough, England 

Invitrogen Invitrogen Limited, Paisley, Scotland 

KPL KPL, Gaithersburg, USA 

Melford Melford Laboratories, Ipswich, England 

PAA PAA Laboratories, Pasching, Austria 

PALL PALL Corporation, Pensacola, USA 

Promega Promega, Madison, USA 

Severn Severn Biotech, Kidderminster, England 

Sigma Sigma-Aldrich, Gillingham, England 

Vector Vector Labs, Peterborough, England 

VWR VWR International, Fontenay-sous-Bois, France 
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Table 2.2: List of chemicals, reagents and media not supplied by Sigma 

Supplier Product 

On-site Deionised water (for gels) 

On-site Gel running markers 

On-site Phosphate buffered saline (PBS) 

On-site Saline 

On-site Tris-Buffered Saline Tween-20 (TBST) 

BDH Hydrogen peroxide 

Bio-Rad Protein assay solution 

Fisher Acetic acid 

Fisher Acetonitrile 

Fisher Paraformaldehyde 

Invitrogen Trypsin (for cell culture) 

KPL Protein G on agarose beads 

Melford 1,2-bis(dimethylamino)ethane (TEMED) 

Melford Bicine 

Melford Glycine 

Melford Sodium Chloride 

Melford Tris(hydroxymethyl)aminomethane (Tris) 

PAA Foetal calf serum (FCS) 

PALL Nitrocellulose membrane 

Promega Trypsin (Mass spectrometry) and associated resuspension buffer 

Severn Sodium dodecylsulphate (SDS) 

Vector Vectashield Mounting Medium containing DAPI 

VWR Mass spectrometry grade water (Chromanorm brand) 

 

Reconstituted Marvel® branded powdered milk was also used. It is widely available in 

English grocery shops. 
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2.1.2: Human cell lines used 

All cell lines used during this investigation are presented in Table 2.3. 

 

Table 2.3: Cell lines used during the course of this investigation. 

Cell line Cell type Cell origin Notes 

A549 Epithelial Small cell lung carcinoma wild type p53 

HeLa Epithelial Cervical carcinoma 

transformed with HPV16* 

E6** and E7** 

HEK293 Neural Embryonic kidney Ad5 E1 region-transformed 

HER2/HER10 Neural Embryonic retina Ad12 E1 region-transformed 

U2OS Epithelial Osteosarcoma wild type p53 

H1299 Epithelial 

Non-small cell lung 

carcinoma p53 null 

N.B. not all cell lines are necessarily referred to in the text due to the data obtained from 

certain experiments being unusable for this thesis. * =  Human papillomavirus (HPV) 

serotype 16. ** = protein products of the HPV Early Region (E) 6/7 genes. 

 

 

 

2.1.3: Viruses and plasmids 

Ad5, and Ad12 Huie wt viruses were obtained from the American Tissue Culture Collection 

(ATCC). Ad5 mutant E4orf3- and E4orf3-/6- viruses, and pcDNA3 Ad5/ Ad12 HA-E4orf3 

plasmids were made in the lab of Prof. Thomas Dobner (University of Hamburg, Germany). 

FLAG-tagged TIF1 was a gift from Prof. Stefano Piccolo (University of Padua, Italy). 
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2.1.4: Antibodies 

All primary and secondary antibodies used in the course of this investigation are shown in 

Table 2.4 (A-D). 

 

Table 2.4A: Primary antibodies sourced in-house or from other academic laboratories 

 

Antibody targeting Name Raised in Used for Source 

Ad12 E1A 5D02 Mouse WB In-house 

Ad12 E1B-55kDa XPH9 Mouse WB, IF, IP In-house 

Ad5 E1A M58 Mouse WB In-house 

Ad5 E1B-55kDa 2A6 Mouse WB, IF, IP In-house 

HA tag 12CA5 Mouse WB, IP In-house 

p53 DO-1 Mouse WB In-house 

TIF1γ 197 Rabbit WB, IF, IP In-house 

TOPBP1 (5H)52 Rabbit WB Iain Morgan * 

Ad5 E4orf3 6A11 Mouse WB, IF Thomas Dobner ** 

Ad5 E4orf6 RSA3 Rat WB Thomas Dobner ** 

* University of Glasgow  ** University of Hamburg 

WB – Western blotting   IF – Immunofluorescence microscopy 

IP – immunoprecipitation 

 

 

 

 

Table 2.4B: Antibodies sourced commercially 

 

Antibody target Name Raised in Used for Source 

HA tag AB9110 Rabbit IF Abcam * 

None - control IgG AB37355 Mouse IP Abcam * 

TIF1β A300-274A Rabbit WB Bethyl ** 

FAM A301-351A Rabbit WB Bethyl ** 

Mre11 12D7 Mouse WB GeneTex *** 

PML PG-M3 Mouse IF Santa Cruz # 

FLAG tag M2 Mouse WB, IF Sigma ## 

β-actin A2228 Mouse WB Sigma ## 

p53 CM1 Rabbit IF Vector ## 

*  Abcam, Cambridge, England 

**  Bethyl Laboratories Inc., Montgomery, USA 

*** GeneTex Inc., Irvine, USA 

#  Santa Cruz Biotechnology, Inc., Santa Cruz, USA 

## See Table 2.1 for contact details 
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Table 2.4C: Horseradish peroxidise (HRP)-conjugated secondary antibodies used for 

Western blotting. 

 

Antibody Raised in Source 

Anti-mouse immunoglobulin G (IgG) Goat DAKO* 

Anti-rabbit IgG Swine DAKO* 

Anti-rat IgG Rabbit DAKO* 

Protein G ** Bacteria Bio-Rad*** 

* DAKO, Glostrup, Denmark 

** Not strictly an antibody, but it functions like a secondary antibody by binding to 

primary antibodies raised in many species; including mouse, rat and rabbit. It was only used 

for IP-Western blots. As it does not recognise denatured antibodies, it was used to detect 

proteins around the mass of the IgG heavy or light chains when they would otherwise be seen. 

It was also used as default in place of anti-rabbit secondary antibodies following IPs with an 

antibody raised in rabbit and probing with a primary antibody also raised in rabbit. 

*** See Table 2.1 for contact details 

 

 

Table 2.4D: Alexa Fluor dye-conjugated secondary antibodies for use in 

immunofluorescence confocal microscopy. 

 

Antibody Raised in Optimal excitation wavelength of dye (nm) * 

Anti-mouse IgG Goat 488 

Anti-mouse IgG Donkey 594 

Anti-rabbit IgG Donkey 488 

Anti-rabbit IgG Goat 594 

* - wavelength refers to the conjugated Alexa Fluor dye. All antibodies were sourced from 

Invitrogen (see Table 2.1 for contact details). 

 

 

2.2:     Methods 

 

2.2.1: Cell culture 

All cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 

8% foetal calf serum (FCS). The medium was stored at 4°C when not in use. 

 

Antibiotics were not used. All plasmids used contained a G418 selection marker and their 

medium was supplemented with G418 (final concentration of 200μg/ml) where stated. 

 

All cell lines were maintained in 10cm diameter Petri dishes housed in one of two humidified 

incubators at 37°C supplied with 5% carbon dioxide. They were split or fed twice a week. 

When splitting, cells were washed twice with phosphate buffered saline (PBS, in house) 

warmed to 37°C in a water bath. After the removal of the second wash, 1ml of trypsin 

solution (strength as supplied by Sigma) was added per dish and the dishes were re-placed in 
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an incubator for sufficient time for the cells to detach (usually between 3 and 5 minutes). At 

least 5ml of DMEM containing 8% FCS was then added to inactivate the trypsin and the 

solution was transferred to tubes for centrifugation at 1500 revolutions per minute (rpm) for 3 

minutes. The supernatant was discarded and the cell pellet resuspended in DMEM containing 

8% FCS. This was then divided by plating out onto fresh dishes with additional DMEM 

containing 8% FCS added to make a final volume of 8-12ml. The splitting ratio varied 

between cell type and experimental requirements. When cells were fed, they had their old 

medium removed and fresh DMEM containing 8% FCS was added. 

 

2.2.2: Generation of E4orf3-expressing clonal cell lines 

A 10cm dish of HEK293 cells was split into a 15ml tube and cell density was measured using 

a haemocytometer. The cells were then diluted to a concentration of 8x106ml-1. Aliquots of 

200μl of this suspension were then added to 200μl of a solution made of 100μl of 2xDMEM, 

96μl sterile deionised water and 4μl of either Ad5, Ad12 HA-E4orf3 or empty vector 

(pcDNA3) plasmid constructs that also included a G418 resistance marker (=6μg of DNA). 

 

Electroporation of plasmid DNA into cells was achieved using a Bio-Rad Gene Pulsar 

(settings 220V, 960μF). The cell solutions were then split onto 10cm dishes at a density of 

around 400 cells per dish in DMEM medium containing 8% (v/v) FCS. 

 

After 48 hours the medium was changed to 200μg/ml G418-containing medium. Cells were 

then fed with the selection medium every few days over two weeks. At the end of this period 

a dozen or so colonies were picked from each dish using a sterile 200l pipette and 

transferred to 6cm dishes containing selection medium. After around a week each of these 

was split onto two 10cm dishes each. Once confluent, one dish each was tested for HA-

E4orf3 expression. 

 

 

   

Figure 2.1: Representative Western blot testing for expression of Ad5 or Ad12 HA-tagged 

E4orf3 (as stated) in clonal lines generated from transfected HEK293 cells. A selection 

marker conferring resistance to G418 was included on the E4orf3-containing plasmid and 

used to select for cells that had taken up plasmid. 

HA-E4orf3

Ad5 E4orf3 Ad12 E4orf3 

1        2       3       4       1       2      3       4  
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All clonally derived cell lines were tested for expression of the HA-tag for both Ad5 and 

Ad12 E4orf3 transfected cells. Clone 3, as presented in Figure 3.7a, was selected in both 

cases, and was maintained for use in future experiments. 

 

2.2.3 Transfections with calcium chloride 

For the immunofluorescence experiment requiring Ad12 HA-E4orf3 and FLAG-tagged TIF1γ 

transfected HeLa cells, a dish of HeLa cells was split 1 in 10 onto a new dish and left in 

incubator overnight. The next morning 61μl of 1M calcium chloride was added to 10μl of 

mixed plasmid DNA (around 15μg DNA) and made up to 0.5ml with sterile deionised water. 

A further 0.5ml of 2x HEPES [4-2-hydroxyethyl-1-piperazineethanesulfonic acid]-buffered 

saline (40mM HEPES, 300mM sodium chloride) was then added and the suspension was left 

for 30mins. The cells were then fed with 9ml of fresh DMEM containing 8% FCS and the 

plasmid solution was added dropwise. The cells were fed the next day and returned to the 

incubator. The following day they were placed in G418 selection medium and were then 

maintained in this until used. 

 

2.2.4: Viral infections 

10cm dishes at around 70-80% confluence were washed in serum free DMEM prior to 

submersion in 2ml of serum free DMEM containing 10 plaque forming units (pfu) per cell of 

Ad5, Ad12 or mock (serum free DMEM). The dishes were placed in an incubator for 2 hours, 

during which time they were swirled every 15mins to ensure even distribution of virus. After 

the 2 hours, 8ml of DMEM containing 8% FCS was added to the dishes.  

 

The same procedure was used when cells in microscope slide mini-wells were infected, with 

correspondingly reduced volumes, except that the dishes were not swirled. 

 

2.2.5: Cell lysis 

Dishes of cells being used for straight Western blots were lysed in urea buffer (9M urea, 

50mM Tris (pH 7.2), 150mM β-mercaptoethanol). Dishes of cells being used for 

immunoprecipitations (IPs) were lysed in HiLo buffer (50mM Tris at pH 7.4, 0.825M sodium 

chloride, 1% v/v NP-40). 1ml of cold lysis buffer was used per confluent 10cm dish and 

300μl per 6cm dish. Volumes were reduced correspondingly for sub-confluent dishes. Dishes 

were left a 4oC for at least one minute before the dishes were scraped with a cell scraper and 

the lysates aspirated up in a 1ml Gilson pipette, transferred to a suitable container and stored 

on ice until required. 

 



 25 

2.2.6: Sonication and centrifugation 

Cell lysates were sonicated for around 15s in 1.5ml tubes to shear DNA and were then 

centrifuged at 13,000rpm for 20mins at 4oC. The lysates were then aspirated into a syringe 

through a 25G needle, taking care to leave precipitated material and the upper lipid layer, and 

transferred to a suitable container. Subsequent rounds of spinning down for 10 minutes under 

the same conditions were carried out until a sufficient amount of purified lysate was obtained. 

The lysates were kept on ice when not being used. 

 

2.2.7: Protein quantification 

4μl aliquots of lysate were added to 1ml of protein assay solution diluted 1 in 5 in deionised 

water. These were then assayed for protein concentration spectrophotometrically at 595nm 

against standard solutions of bovine serum albumin (BSA) containing 5, 10, 20 and 30μg 

protein. Lysate volumes equating to 50μg protein were calculated. 

 

2.2.8: Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Typically 12% (w/v) acrylamide gels were set to resolve the lysate proteins by SDS-PAGE. 

These gels were formed using 12% acrylamide, made up with deionised water, containing 

0.1M Tris, 0.1M bicine and 0.1% w/v SDS, to which 0.3% v/v TEMED and 0.06% w/v APS 

were added to instigate polymerisation. 

 

Gels were run at a constant current of between 8 and 30mA per gel depending on the duration 

for which they were to be running and the size of proteins of interest. 

 

Gel markers were made by the lab and included proteins or 77, 66 and 45kDa. Two smaller 

proteins were also present (18.5 and 14.5kDa), but these were usually allowed to run off the 

gel unless E4orf3 was being resolved for Western blotting. 

 

50μg protein, as calculated above, was added to 1.5ml tubes followed by 15μl loading buffer 

(stock contains 1 part 10% SDS, 2 parts urea buffer and sufficient bromophenol blue to give 

an intense blue colour, to which 5%v/v β-mercaptoethanol was added immediately prior to 

use). Tubes were then spun down for one minute at 13000rpm prior to heating for 10mins in a 

heating block set to 80oC. The liquid was then spun down for a further minute at 13000rpm 

and loaded onto a gel for resolution by SDS-PAGE. 
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2.2.9: Gel transfer 

Gels were transferred onto nitrocellulose membrane by assembling a transfer cassette as in 

Figure 2.2. The sponges, 3MM Whatman filter paper, gel and membrane were all pre-soaked in 

transfer buffer (0.05M Tris, 0.19M glycine and 20% v/v methanol) during assembly. A blunt 

metal roller was used to remove any air pockets between the gel and the membrane after the 

second piece of filter paper was applied. The cassette was finally fully submerged in a transfer 

tank containing transfer buffer. A constant current was passed through the tank depending on the 

length of time allocated for the transfer, typically 180mA overnight or 280mA for 6 hours. 

 

 

 

Figure 2.2: A schematic representation of the composition of a transfer cassette, as seen 

from above looking into the transfer tank. N.B. the diagram is not to scale and each layer was 

pressed firmly against its neighbours leaving no gaps. 
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2.2.10:   Confirmation that protein had transferred onto the membrane 

After the membrane was removed from the transfer cassette it was placed into a plastic tray 

protein end up and 1% (w/v) Ponceau S in 3% (w/v) trichloroacetic acid solution was poured 

onto it. After swirling for around a minute, excess solution was removed and the membrane 

was then washed in deionised water. Pink staining indicated the presence of protein and the 

staining process also indicated if air pockets had adversely affected the transfer procedure. 

When transfer had been shown to have occurred successfully, the membrane was then cut as 

required. The stain was washed off by covering the membrane with TBST (50 mM Tris [pH = 

7.6], 150 mM NaCl, 0.05% Tween 20) and placing on a rotating platform for 10mins. 

 

2.2.11:   Blocking 

The stained TBST solution was then poured off and replaced with a 5% w/v powdered milk 

solution (milk) that had been reconstituted in TBST. This was then placed back onto a 

rotating platform and left for at least 30mins. 

 

2.2.12:   Probing with antibodies for Western blotting 

Suitable primary and secondary antibodies were selected for each blot and dissolved to their 

respective working concentrations in milk. 

 

Sufficient primary antibody to cover individual blots was added within plastic pockets that 

were heat sealed to size. These were left on a rocking platform at room temperature for 

between 2 and 6 hours depending on the antibody, or overnight on a rocking platform at 4oC. 

 

After the designated time the pockets were opened and the primary antibody was removed. 

The blots were then washed in TBST for around 5mins after which the secondary antibody 

was added in the same way as the primary had been. The pockets were placed on a rocking 

platform at room temperature for between 2 and 4 hours. 

 

After that time the secondary antibody was removed and the blots were then subjected to a 

series of 5 separate washes in TBST over a period of at least 45mins. 

 

2.2.13:   Developing blots 

After sufficient washing, the blots were swirled for 1min in around 30ml of 0.1M Tris, 

pH=8.5 to which 125μl of 250mM luminol, 75μl of 150mM coumaric acid and 100μl of 

hydrogen peroxide had been added. The solution was then poured off and the blots were 

wrapped in Sarin wrap. These were placed protein side up inside a photographic cassette in a 



 28 

dark room and a photographic plate was placed on top and locked in the cassette for varying 

amounts of time before being removed and developed using an X-ograph developer imaging 

machine. 

 

2.2.14:   Immunoprecipitations 

Cells lysates were divided into two equal volumes for each IP, typically around 1.2ml for IP-

Westerns and around 8-10ml in IPs for mass spectrometry. An equal volume of HiLo buffer 

was placed into a third tube. 

 

Suitable antibodies were selected and added to one tube containing lysate and to the HiLo 

tube. Typically around 10μg of antibody were added per tube for IP-Westerns and 

proportionally more for IPs for mass spectrometry. All tubes were placed on a rotator 

overnight. 

 

The next day a 50% slurry of Protein G on agarose beads in HiLo buffer was added to all 

tubes. Around 40μl of slurry was added for IP-Westerns and proportionally more for IPs for 

mass spectrometry. The tubes were then replaced on the rotator for 2 hours. 

 

The tubes were then spun down at 4000rpm for 1 minute to sediment out the beads. The 

supernatant was removed with a needle and the beads were then resuspended in 500μl of 

HiLo buffer, and transferred to a 1.5ml tube in the case of IPs for mass spectrometry. The 

washing procedure was repeated 5 times after which the beads were either frozen down at -

80oC for later use or had 30μl of fresh loading buffer added prior to heating, as in section 

2.2.8. 

 

Care was taken to aspirate up as much liquid as possible, which was then loaded onto a gel for 

SDS-PAGE. A control lane, containing a volume of original lysate equating to 50μg protein 

processed with loading buffer, was also run to confirm the presence of the protein of interest 

in the original lysate. 

 

2.2.15:   Immunofluorescence 

A549 cells were split and seeded at around 3000 cells per well onto 12 well slides on 10cm 

dishes and incubated overnight. The cells were washed twice with PBS the next day and then 

infected with mock (serum-free DMEM), Ad5 or Ad12. After 2 hours the dishes were flooded 

with 15ml of serum-containing medium and incubated overnight. The next day the medium 

was removed and the slides were dried by placing on a paper towel. They were then washed 
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twice with PBS prior to being placed in pre-extraction buffer (10mM piperazine-N,N′-bis(2-

ethanesulfonic acid) [PIPES, pH=6.8], 20mM sodium chloride, 300mM sucrose, 3mM 

magnesium chloride, 0.5% Triton X-100) for 5mins. The cells were then fixed in 4%w/v 

paraformaldehyde for 10mins. After washing with PBS, the 10μl of blocking solution 

containing 10% (w/v) BSA in PBS was added to each well and the slides were left in a humid 

box for 1 hour. Following washing in PBS, selected combinations of primary antibodies made 

up in 0.1% (w/v) BSA in PBS were added per well. The slides were replaced in the humid 

box and placed in an incubator for 2 hours. Then, following three PBS washes, suitable 

secondary antibodies were added and left for 90mins (Table 2.4D). After a final set of washes 

in the dark, the slides were mounted with coverslips using Vectashield mounting medium. 

This contains the blue nuclear 4',6-diamidino-2-phenylindole (DAPI) stain. Slides were then 

wrapped in foil and frozen at -20oC until required. They were later observed using software 

associated with an LSM 510 Meta laser scanning microscope (Zeiss). 

 

2.2.16:   Mass spectrometry 

 

2.2.16.i Preparation of samples 

The steps in the preparation of samples for mass spectroscopy are laid out in Figure 2.3. There 

are four stages: 

1) Obtaining the gel as for IP-Westerns (v.s., green in Figure 2.3A) 

2) Selectively staining protein bands on the gel (yellow in Figure 2.3A) 

3) Preparing the proteins in the gel bands for trypsinisation (purple in Figure 2.3A) 

4) Trypsinising and preparing the peptides for analysis (Figure 2.3B) 

 

 

Table 2.5: Composition of solutions referred to in Figure 2.3 

 

Solution Composition 

Coomassie stain  

0.1% w/v Coomassie G-250 dye in 1.6%(v/v) phosphoric acid,  

8% (w/v)  ammonium sulphate and 20% (v/v) methanol 

Destain solution 1% (v/v) acetic acid  

50/50 solution 50% v/v acetonitrile and 50mM ammonium bicarbonate 

50/10/50 solution 

50mM dithiothreitol, 10% v/v acetonitrile, 

50mM ammonium bicarbonate 

200/10/50 solution 

200mM iodoacetamide, 10% v/v acetonitrile and 

50mM ammonium bicarbonate 

10/40 solution 10% v/v acetonitrile and 40mM ammonium bicarbonate 

Reconstituted trypsin 

1 part (20μg vial of sequencing grade trypsin in 200μl 

of resuspension buffer):7 parts 10/40 solution 
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A 

 

 

 

Stain gel with Coomassie stain* 

Destain gel with destain solution* 

Cut out bands in region of interest and 

place in labelled 1.5ml tubes 

Add 200μl of 50/50 solution* to each tube, place on 

orbital rocker at 37oC for 45mins, then remove liquid 

Obtain gel by SDS-PAGE 

x2 

Add 250μl of 50/10/50 solution* to each tube, place in 

water bath at 56oC for 60mins, then remove liquid 

Add 200/10/50 solution* to submerge bands, cover 

with foil, leave for 30mins, then remove liquid 

Add 500μl of 10/40 solution* to each tube, place on orbital 

rocker at room temperature for 15mins, then remove liquid 

x3 
Place tubes open topped into vacuum 

centrifuge to dry bands 
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B 

 

Figure 2.3: Flow diagram showing the steps involved in processing gels for analysis by 

mass spectrometry. Boxes in parenthesis are repeated as indicated. A) Preparation of proteins 

for trypsinisation, B) preparation of peptides for analysis by mass spectrometry. The 

composition of solutions marked with a red asterisk (*) are given in Table 2.5.

 Add 40μl of reconstituted trypsin* to each tube 

and leave overnight on orbital shaker at 37oC  

 Transfer supernatant to labelled microcentrifuge 

tubes with low binding pipette tips 

 
Add 40μl of 3% formic acid to each tube, leave for 

60mins on orbital shaker at room temperature, then 

transfer supernatant to microcentrifuge tubes  

x2 

 Peptides are now ready for analysis by 

mass spectrometry 
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2.2.16.ii Analysis of data 

Portions of the peptide solutions previously obtained by trypsinisation (Figure 2.3B) were 

initially separated by reversed phase high performance liquid chromatography (HPLC) using 

a Dionex 3000 system. 

 

1) peptides loaded onto a C18 Pepmap reverse phase trap 

2) peptides eluted at 350nl/min onto a 15cm Dionex Pepman reverse phase resolving 

column 

3) peptides directly infused into the mass spectrometer by electrospray ionisation 

 

The Bruker 4G maXis time of flight/time of flight tandem mass spectrometer initially selected 

the three most abundant ions from each sample and fragmented them by collision induced 

dissociation before subjecting the fragments to analysis. The mass/charge range for both the 

initial mass spectrometry (MS) of the proteins and the subsequent MS/MS analysis of 

peptides was 250-2900Da/electronic charge units. 

 

The ProteinScape software associated with the mass spectrometer was used to carry out a 

Mascot search of the SwissProt protein database to identify the peptides it had selected for 

fragmentation.  The mass tolerance was set at 0.05Da and a minimum Mascot score of 20 was 

set as a significance criterion. 
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Chapter 3: Results 

 

3.1 Effect of adenoviral infection on cellular protein levels 

Preliminary observations from the Turnell lab had indicated that TIF1γ levels fall during the 

course of viral infection with Ad5 or Ad12 (Forrester and Turnell, unpublished observations). 

Initially, therefore, it was decided to ascertain the magnitude of any change in the absolute 

levels of TIF1γ and other selected proteins post-infection with Ad5 or Ad12. 

 

To do this, dishes of A549s were infected with Ad5, Ad12, or mock (serum free DMEM) and 

harvested at 24, 48 and 72 hours. The resultant lysates were then subjected to protein 

quantification, SDS-PAGE and Western blotting (Figure 3.1A). 

 

Blots were carried out with suitable antibodies for the E1A and E1B-55kDa proteins from 

both serotypes in order to confirm that the infections had worked (Figure 3.1A, Panels 5-8). 

 

In keeping with expectations, p53 levels fell following infection with Ad5 or Ad12 (Figure 

3.1A, Panel 4). 

 

Confident that the data were reliable based on the above findings, it was encouraging to note 

that TIF1γ levels decline following Ad5 or Ad12 infection (Figure 3.1A, Panel 1). Owing to 

the fundamental importance of that finding to the further course of this investigation, these 

blots were repeated a number of times with the same result being obtained on each occasion. 

 

To compare the effects of infection between TIF1γ and other closely related proteins, blots 

were also carried out for TRIM28/TIF1β. Neither Ad5 nor Ad12 infection resulted in an 

appreciable change in absolute levels of this protein (Figure 3.1A, Panel 2), implying that 

TIF1γ was selectively targeted. 

 

Given that FAM had been shown to co-immunoprecipitate with both Ad5 and Ad12 E1B-

55kDa following infection with the respective serotype, it was also investigated. As with 

TIF1β, Western blotting failed to demonstrate a significant change in absolute levels 

following infection with either serotype (Figure 3.1A, Panel 3). 

 

Absolute levels of TOPBP1 were also investigated in a later experiment as it had previously 

been shown to be a substrate for the Ad12 Cul2-containing E3 ubiquitin ligase, but not for the 
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Ad5 Cul5-containing E3 ubiquitin ligase. In agreement with earlier findings absolute levels of 

TOPBP1 fell following Ad12 infection although they increased slightly within 24 hours post-

infection with Ad5 before reducing towards basal levels over the next 24 hours (Figure 3.2B, 

Panel 1). Other blots confirmed that the infections had been successful and that the virus was 

competent to reduce protein levels for known targets. Of these, one for Ad12 E1B-55kDa 

(Figure 3.2B, Panel 3) and one for p53 (Figure 3.1B, Panel 2) are shown. The actin blots 

provided (Figure 3.1A, Panel 9; Figure 3.1B, Panel 4) indicated that loading was equivalent in 

all samples tested. 

 

A          
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    B 

 

                24           48              24             48           24             48           hours post 
    infection 

                               Mock                          Ad5                        Ad12             serotype 
 

Figure 3.1A and B: Western blots showing the absolute levels of specified proteins over time 

following Ad5, Ad12, or mock (serum free DMEM) infection of A549 cells at time=zero. 

Cells were lysed in urea buffer and lysate volumes equivalent to 50μg total protein were 

resolved using SDS-PAGE. Proteins were transferred to nitrocellulose membrane and this was 

probed with suitable primary and secondary antibodies and finally developed as described in 

text. 

 

 

Previous findings by this lab showing the degradation of TIF1γ following infection of 

cultured cells with Ad5 or Ad12 were reproduced here. Whilst Western blotting allowed for 

gross changes in TIF1γ levels over time to be observed, it did not give any indication of what 

mechanisms underlay the change. 

 

3.2 Interaction of E1B-55kDa with TIF1γ and other cellular proteins 

E1B-55kDa interacts with a variety of cellular proteins and can cause their relocation within 

the cell. In some cases it has been shown to present specific proteins to the adenoviral E3 

ubiquitin ligase that can then mediate their degradation by the 26S proteasome. Having 

established that absolute TIF1γ levels fall following infection with Ad5 or Ad12, it was 

decided to investigate whether or not TIF1γ co-immunoprecipitated with the E1B-55kDa 

protein. 

 

In order to avoid the loss of protein that would occur following actual infection, the IPs were 

carried out using non-infected HEK293 (Figure 3.2A) and HER2 cells (Figure 3.2B), neither 

of which express E4orf3 or E4orf6. The resultant lysates were then subjected to protein 

quantification, resolved via SDS-PAGE, transferred to nitrocellulose membrane and finally 
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assayed using Western blotting. As it has previously been shown that Mre11 and p53 both 

interact with E1B-55kDa, blots were also carried out for these proteins as positive internal 

controls (Figure 3.2A, panels 2 and 3; Figure 3.2B, panels 2 and 3). 

 

Interactions were seen between TIF1γ and both Ad12 (Figure 3.2B, panel 1) and, although to 

a lesser extent, Ad5 (Figure 3.2A, panel 1) large E1B. 

 

 

Figure 3.2: co-immunoprecipitation of named proteins with; A) Ad5 large E1B in HEK293 

cells, or B) Ad12 large E1B in HER2 cells. Cells were harvested in HiLo buffer and volumes 

equating to 50μg total protein were run in each lysate alone lane. Control lanes contained 

anything pulled down by Protein G from either the respective anti-large E1B antibodies (α-

E1B) in HiLo, or the respective cell lysates containing control mouse IgG. 

 

 

TIF1γ showed a clear interaction with E1B-55kDa in adenovirus E1 region transformed cells 

in culture. The pulldown data however, said nothing about the subcellular location of the 

interaction. 
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3.3  Demonstration of TIF1γ and E1B-55kDa co-localisation using 

immunofluorescence microscopy 

It was known from the literature that E1B-55kDa localises mainly to cytoplasmic aggresome-

type structures when expressed in Ad5 or Ad12 transformed cells. It was also known to 

interact with p53 which co-localises with it in these structures. It was not, however, known 

whether or not TIF1γ localises to these structures. Owing to the interaction previously 

demonstrated between E1B-55kDa and TIF1γ, it seemed reasonable to investigate whether or 

not this was the case. 

 

Although E1B and TIF1γ were shown to interact in HEK293/HER2 cells (Figure 3.2), it was 

understood that no inferences could be drawn as to the function of the interaction in the 

context of adenoviral infection. At this point it was considered useful to obtain further 

evidence of the interaction in a whole cell setting. As the pulldowns in the previous section 

had been carried out using HEK293 and HER2 cells, initial immunofluorescence images were 

obtained using these cells. 

 

Confocal microscopy revealed, as expected, that E1B was mainly found localised in the 

discrete regions of the nucleus and neighbouring cytoplasm (Figure 3.3A). It exhibited 

remarkable consistency of co-localisation with p53 in discrete cytoplasmic flecks that were 

particularly pronounced in the HER2 images (Figure 3.3A, panels 1 and 2). 

 

Ad5 infection had been documented as causing the active re-localisation of a variety of 

tumour suppressor proteins, such as p53 and Mre11, to pericentrisomal E1B-55kDa 

containing cytoplasmic aggresomes. Ad12 infection had been shown to have similar effects. 

Although the cells used here were not virally infected and did not express a full complement 

of early region viral gene products, certain E1B-55kDa binding proteins were still found to 

reside in these structures. 

  

There appeared to be less E1B expressed in HER2s than in HEK293s, although it should be 

noted that different α-E1B antibodies were used. 

 

TIF1γ had a more diffuse distribution pattern in and around the nucleus (Figure 3.3A, panel 3; 

Figure 3.3B), contrary to earlier findings implying an exclusively nuclear localisation in 

Xenopus laevis cells that were not infected with adenovirus (Dupont et al., 2005). Although it 

also clearly demonstrated some co-localisation with E1B, a much smaller fraction did so than 

was the case with p53 and some E1B containing flecks did not contain any TIF1γ (Figure 

3.3B). This may have been due to differences in expression levels between p53 and TIF1γ, 
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differential regulation of discrete cellular pools of TIF1γ, or both. The higher magnification 

images (Figure 3.3B) clearly show large cytoplasmic aggregates to which E1B and TIF1γ co-

localise. 
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Figure 3.3: Immunofluorescence confocal microscopy images showing staining for either 

Ad5 or Ad12 E1B-55kDa (red) in conjunction with either p53 or TIF1γ (both green), as 

labelled. Nuclei are stained blue with the DNA-binding fluorescent stain DAPI. Images in 

3.3B are at higher magnification than those shown in 3.3A. White arrows with closed heads 

show E1B containing structures that also contain TIF1γ. White arrows with open heads show 

E1B containing structures that do not contain a detectable level of TIF1γ.  

 

 

TIF1γ was shown to co-localise with E1B-55kDa in structures that resemble cytoplasmic 

aggresomes. It is likely that the interaction observed in section 3.2 was occurring within these 

structures prior to cell lysis. 

 

 

3.4  Demonstration of TIF1γ and PML/E4orf3 co-localisation using  

immunofluorescence microscopy 

It was noted previously that TIF1γ co-localised with E1B-55kDa in some, but not all, E1B-

55kDa-containing cytoplasmic flecks. As both TIF1γ and E1B have been shown to possess 

pleiotropic functions, this observation could be explained if either or both proteins existed in 

discrete pools in which they possessed different binding partners. E1B-55kDa was also 

known to co-localise with E4orf3 in nuclear tracks formed following the E4orf3-dependent 

restructuring of PODs. Certain tumour suppressor proteins, such as Mre11, have been shown 

to be localised to these nuclear tracks prior to being exported from the nucleus with E1B-

55kDa – a process made more efficient by the presence of either E4orf3 or E4orf6. It seemed 

reasonable to explore whether or not TIF1γ was also to be found in these nuclear tracks. 
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To address the question of whether or not E4orf3 could be a player in the reduction of TIF1γ 

observed on adenoviral infection, further immunofluorescence images were obtained using 

HeLa cells that had been infected with Ad5 or Ad12 to provide them with a full complement 

of adenoviral proteins (Figure 3.4i; Figure 3.4iiA). 

 

Unfortunately, a lack of Ad12 E4orf3 antibody precluded direct attempts to co-stain for Ad12 

E4orf3 and TIF1γ in infected cells. Therefore two indirect methods were devised to compare 

E4orf3 and TIF1γ co-localisation on Ad5 and Ad12 infection. 

 

In the first, staining was carried out for TIF1γ and PML on the basis that E4orf3 is well 

documented as co-localising with PML in nuclear tracks (Figure 3.4i). 

 

In the second, direct co-staining for E4orf3 and TIF1γ during Ad5 infection was carried out 

(Figure 3.4iiA) and, for comparison, slides were made following tag staining for HA-tagged 

E4orf3 and FLAG-tagged TIF1γ in monoclonal HeLa cells that were formed by co-

transfection of the plasmid constructs containing the two genes (Figure 3.4iiB). 

 

PML exhibited some co-localisation with TIF1γ (Figure 3.4i, panels 1 and 2) but not as much 

as for direct E4orf3/TIF1γ co-localisation as seen in the Ad5 infection images (Figure 3.4iiA). 

 

The Ad12 transfection images (Figure 3.4iiB) were quite different to the Ad5 infection image 

(Figure 3.4iiA). This was mainly due to more intense and widespread staining for HA-E4orf3 

than for Ad5 E4orf3, presumably due to plasmid expression being under a strong promoter or 

differences due to comparing staining by different antibodies. Nevertheless, co-localisation of 

FLAG-TIF1γ and HA-E4orf3 was still apparent. 
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Figure 3.4i: Immunofluorescence confocal microscopy images of HeLa cells showing 

staining for PML (red) and TIF1γ (green), as labelled. Nuclei are stained blue with the DNA-

binding fluorescent stain DAPI. Images were taken from cells fixed and stained 18 hours post 

infection with 10pfu per cell of Ad5 (panel 1) or Ad12 (panel 2). 

 

 
Figure 3.4ii Immunofluorescence confocal microscopy images of HeLa cells showing 

staining for TIF1γ or FLAG (both red) and Ad5 E4orf3 or HA (both green), as labelled. 

Nuclei are stained blue with the DNA-binding fluorescent stain DAPI. Images in 3.4iiA were 
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taken from cells fixed and stained 18 hours post infection with 10pfu per cell of Ad5. Images 

in 3.4iiB were taken using a monoclonal cell line generated by co-transfection of plasmid 

constructs containing genes encoding the tagged proteins. 

 

  

These figures demonstrated a clear spatiotemporal connection between E4orf3 and TIF1γ in 

the nucleus during Ad5 infection, and supported the suggestion that E4orf3 may be involved 

in the reduction in TIF1γ levels seen during adenoviral infection. 

 

 

3.5  E4orf3 is necessary for the reduction in TIF1γ levels seen following Ad5 infection 

in A549 cells 

During the course of this investigation, an Ad5 mutant virus that does not express E4orf3 was 

generated by the Dobner group (University of Hamburg, Germany). In conjunction with an 

E4orf3/E4orf6 mutant that had previously been created, this allowed for direct examination of 

the effects of E4orf3 and E4orf6 on the reduction in TIF1γ levels seen on wild type Ad5 

infection of cultured cells. 

 

E1B-55kDa has been shown to interact with TIF1γ and is known to interact with both E4orf3 

and E4orf6. Both E4 proteins could potentially be involved in the Ad5-mediated reduction in 

TIF1γ levels. 

 

Evidence produced so far in this investigation has shown co-localisation between TIF1γ and 

E4orf3. It could be postulated that this interaction results in the translocation of TIF1γ to 

aggresomes to await ubiquitylation by the adenoviral E3 ligase. This has not been 

demonstrated however. Indeed, no evidence has been provided to suggest that E4orf3 need be 

necessary for the drop in TIF1γ levels. Mre11, for example, has been shown to migrate to 

aggresomes with E1B in the absence of E4orf3/E4orf6, albeit at a slower rate. In contrast, 

E4orf6 has been well documented as an integral part of the adenoviral E3 ubiquitin ligase that 

can directly reduce the cellular level of a protein by targeting it for degradation by the 26S 

proteasome. 

 

The availability of the new E4orf3 mutant Ad5 allowed for a series of Western blots to be 

designed in order to ascertain if E4orf3 is necessary for the reductions in TIF1γ following 

Ad5 infection. A549s were infected with wild type Ad5, a mutant Ad5 that lacks E4orf3 

expression, a mutant Ad5 that lacks E4orf3 and E4orf6 expression, or mock (serum free 

DMEM). Cells were then harvested after 24 and 48 hours. The resultant lysates were 

subjected to protein quantification, resolved via SDS-PAGE and used to generate blots for 

TIF1γ and a number of different controls (Figure 3.5). 
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In conjunction with the actin blot loading control (Figure 3.5, panel 6), the E4orf3 (Figure 3.5, 

panel 4) and E4orf6 (Figure 3.5, panel 5) blots demonstrated that the infections has worked 

and that the mutant viruses were expressing as expected. E1B-55kDa levels were fairly 

constant between infections (Figure 3.5, panel 3). This blot was important to show that it was 

present to act in concert with the E4orf6 containing E3 ligase and/or E4orf3 and that its levels 

were not significantly altered in the mutant Ad5 infections with respect to wild type infection. 

Finally a blot for p53 was performed to allow comparison between TIF1γ and a protein 

known to be ubiquitylated by the E4orf6 containing E3 ligase (Figure 3.5, panel 2). This blot 

clearly showed that E4orf3 was not involved in the degradation of p53. It even appeared to 

stabilise it a little as the E4orf3 null mutant virus degraded host p53 quicker than wild type. It 

also confirmed a major role for E4orf6 in p53 degradation following Ad5 infection. 

 

Most directly important for this investigation, E4orf3 was shown to be a major player in the 

degradation of TIF1γ during Ad5 infection (Figure 3.5, panel 1). This finding was a little 

challenging as the literature does not provide much information on E4orf3 acting alone to 

cause a drop in cellular protein levels on Ad5 infection. 

 

Two possibilities were considered as possible explanations for this and further avenues of 

investigation. Firstly, there was the possibility that E4orf3 and E4orf6 have a mutually 

dependent relationship. The data did not preclude the possibility that the Ad5 E3 ligase was 

necessary but not sufficient for the ubiquitylation and subsequent proteasomal degradation of 

TIF1γ. Should E4orf3 be absolutely required for the translocation of TIF1γ to the ligase, then 

it would also be necessary but not sufficient. The lack of an E4orf6- Ad5 mutant was 

unfortunate as it could have cleared up this issue. Lack of time precluded both the design and 

ordering of an siRNA to knockdown the protein and another experiment using a proteasome 

inhibitor. 

 

The other possibility considered was based on the recent finding by Soria et al (2010) that 

E4orf3 could transcriptionally repress p53 responsive genes by causing selective promoter 

methylation. Should E4orf3 be able to cause downregulation of TIF1γ, then that would clearly 

push the TIF1γ protein turnover equilibrium towards increased catabolism and could 

mechanistically explain how Ad5 reduces TIF1γ levels in infected cells. 
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Figure 3.5: Western blots showing the absolute levels of specified proteins over time 

following wild type Ad5, E4orf3- mutant Ad5, E4orf3-/E4orf6- mutant Ad5 or mock (serum 

free DMEM) infection of A549 cells at time=zero. Cells were lysed in urea buffer and lysate 

volumes equivalent to 50μg total protein were resolved using SDS-PAGE. Proteins were 

transferred to nitrocellulose membrane and this was probed with suitable primary and 

secondary antibodies and finally developed as described in text. 

 

 

E4orf3 was shown to be necessary for the fall in TIF1γ levels seen during viral infection with 

Ad5. The nuclear co-localisation between the two proteins may be important in this process, 

or it may be a red herring if downregulation due to E4orf3-dependent promoter methylation is 

responsible for the drop. 

 

3.6 Repression of p53-dependent transcription by Ad5 E4orf3 is not necessary to 

instigate the reduction in TIF1γ levels seen following infection 

 

TIF1γ levels are stable in non-infected cells (Figure 3.1A, Panel 1) and fall post-infection 

with various adenoviral serotypes, including Ad5 (Figure 3.1A, Panel 1). The fall does not 

occur in the absence of Ad5 E4orf3. Therefore E4orf3 must mediate TIF1γ degradation, 

expression or both. Given the necessary role for Ad5 E4orf3 in the attenuation of TIF1γ levels 

during infection, it was decided to investigate if prevention of p53 dependent transcription is 

required to allow this to occur in the context of infection. 
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The question being addressed is subtle. It is possible that p53 dependent transcription does 

indeed affect TIF1γ levels. It is even possible that the mechanism by which E4orf3 abates 

TIF1γ levels relies on its ability to downregulate p53-responsive genes (see section 4.5). The 

only point to be considered here, however, is whether E4orf3 repression of p53-dependent 

transcription is necessary to start a process that ultimately leads to the reduction in absolute 

TIF1γ levels seen during Ad5 infection. To be necessary, there has to be basal p53 

transcription present prior to infection. 

 

To explore this issue, the A549 data from section 3.1 was to be compared with equivalent data 

obtained using the p53-null H1299 cell line. If transcriptional repression is required for TIF1γ 

levels to fall on infection, then E4orf3 should not be able to attenuate TIF1γ levels in H1299. 

That is because there was assumed to be no basal p53 transcription to repress. The same 

procedures were employed as in section 3.1 except: 

 

1) H1299 cells were used, not A549 

2) Cells were harvested at 12 and 24 hours post-infection 

3) Only TIF1γ, actin and certain early region adenoviral proteins were blotted. 

 

Western blot analysis showed TIF1γ levels to fall post-infection with wild type Ad5 (Figure 

3.6). This categorically disproved a necessary role for the repression of p53-dependent 

transcription in the attenuation of TIF1γ levels seen within the context of wild type Ad5 

infection. 
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Figure 3.6: Western blots showing the absolute levels of specified proteins over time 

following Ad5, Ad12, or mock (serum free DMEM) infection of H1299 cells at time=zero. 

Cells were lysed in urea buffer and lysate volumes equivalent to 50μg total protein were 

resolved using SDS-PAGE. Proteins were transferred to nitrocellulose membrane and this was 

probed with suitable primary and secondary antibodies and finally developed as described in 

text. 

 

 

3.7 Mass spectrometry data suggests that Ad5 E4orf3 interacts with a ubiquitin 

E3/E4 ligase that could potentially mediate TIF1γ degradation 

 

In the absence of am E4orf6-null mutant Ad5 or the time to instigate a knock-down 

experiment, mass spectrometry was carried out on HA-tagged Ad5 or Ad12 E4orf3 

expressing clonal cell lines that had previously been generated during the course of this 

investigation (see section 2.2.2). This was done in the hope of finding novel E4orf3 

interactors that could possibly be involved in the attenuation of TIF1γ levels that occurs 

during the course of infection with Ad5 or Ad12. 

 

To validate that the clonal HA-E4orf3 HEK293 cell lines were maintaining the expression of 

E4orf3 prior to performing IPs for mass spectrometry, a second Western blot was undertaken 

(Figure 3.7A). 
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A 

 

Figure 3.7A: Western blot confirming the continued expression of HA-tagged E4orf3 in the 

clonal cell lines generated previously (see section 2.2.2; Figure 2.1). Cells were lysed in urea 

buffer and lysate volumes equivalent to 50μg total protein were resolved using SDS-PAGE. 

Proteins were transferred to nitrocellulose membrane and this was probed with an anti-HA-tag 

primary antibody and suitable secondary antibody and finally developed as described in text. 

 

 

Having established that the cell line was continuing to express the desired proteins (Figure 

3.7A), an immunoprecipitation experiment was devised using an anti-HA antibody. Twenty 

confluent dishes each of Ad5 and Ad12 HA-E4orf3 expressing HEK293 cells were harvested 

using HiLo buffer, processed and then run on a 12% acrylamide gel as shown (Figure 3.7B). 

The gel was then stained using Coomassie Brilliant Blue dye, destained and prepared for mass 

spectrometry. 

             Ad5                   Ad12 

 E4 orf3 
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 48 

B 

 

Figure 3.7B: Image of gel used in mass spectrometry experiment following destaining. Lane 

1 was a molecular weight marker lane, Lane 2 was α-HA antibody alone, Lane 3 was a 

Protein G (PrG) control with HA-tagged Ad5 E4orf3 lysate, Lane 4 was α-HA with HA-

tagged Ad5 E4orf3 lysate, Lane 5 was a PrG control with HA-tagged Ad12 E4orf3 lysate and 

Lane 6 was α-HA with HA-tagged Ad12 E4orf3 lysate. 

 

 

Following trypsinisation of the proteins, the peptides were separated using high performance 

liquid chromatography (HPLC) and eluted peptides were introduced to a time of flight/time of 

flight tandem mass spectrometer by an electrospray method. The data obtained were subjected 

to analysis against the SwissProt protein database using the manufacturer’s software. 

 

Across the four lanes, 245 peptides were identified as constituents of named proteins (data not 

shown). A search was also carried out against a decoy database which found 10 of the 245 to 

be significant hits, giving a false discovery rate of around 4% (data not shown). All false 

discoveries from the decoy database were single hits (data not shown), implying that proteins 

with more than 1 peptide hit were unlikely to be false positives. 

 

The proteins identified as possible E4orf3 interacting proteins are presented in Table 3.1. The 

protein Mascot scores, as calculated by the ProteinScape software, are the sum of the scores 

for its individual peptides. Only unique hits were counted.  Representative peptide mass 

spectra are shown in Figure 3.7C. Additional data pertaining to the database search, and 

 1    2    3    4        5         6 
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sequence coverage maps, are included in Appendix 1 (Ad5 E4orf3 pulldown data) and 

Appendix 2 (Ad12 E4orf3 pulldown data). 

 

Table 3.1A: Putative Ad5 E4orf3 interacting proteins suggested by mass spectrometry 

Protein RMM (kDa) Hits Mascot Score coverage (%) 

Prolow-density lipoprotein receptor-related protein 1 504.2 26 933.3 6.8 

Tyrosine-protein phosphatase non-receptor type 13 276.7 35 1266.9 18.4 

Kinase D-interacting substrate of 220 kDa  196.4 8 255.9 5.5 

Ubiquitin conjugation factor E4 A 122.5 11 392.3 11.3 

Exportin-7 123.8 3 81.8 2.9 

Conserved oligomeric Golgi complex subunit 5 92.7 9 317 12.5 

Conserved oligomeric Golgi complex subunit 7 86.3 8 258.1 13 

LETM1 and EF-hand domain-containing protein 1 83.3 20 877.1 30.9 

Eukaryotic translation initiation factor 3 subunit J 29 7 244.5 27.9 

 

 

Table 3.1B: Putative Ad12 E4orf3 interacting proteins suggested by mass spectrometry 

Protein RMM (kDa) Hits Mascot Score Coverage (%) 

Prolow-density lipoprotein receptor-related protein 1 504.2 25 858 6.7 

Tyrosine-protein phosphatase non-receptor type 13 276.7 36 1272.6 18.8 

Kinase D-interacting substrate of 220 kDa  196.4 7 218.4 4.7 

Ubiquitin conjugation factor E4 A 122.5 9 330.2 10.1 

Exportin-7 123.8 4 99.5 3.9 

Conserved oligomeric Golgi complex subunit 5 92.7 11 354.9 14.4 

Conserved oligomeric Golgi complex subunit 7 86.3 10 340.2 16.8 

LETM1 and EF-hand domain-containing protein 1 83.3 26 1315.5 36.8 

Eukaryotic translation initiation factor 3 subunit J 29 7 283.2 27.9 

  

These proteins will all be considered in the discussion, but the UBE4A protein is of 

considerable interest here. It belongs to a group of U-box containing proteins that are present 

across all metazoan species. These proteins have been shown to function as E3 ubiquitin 

ligases, E4 ubiquitin ligases and also to mediate proteasomal degradation. In such, it is 

undoubtedly the most likely candidate E4orf3 interactor to play a direct role in TIF1γ 

degradation. 
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Figure 3.7C:  MS/MS spectra generated following the fragmentation of a peptide of 

sequence IFLITLDNSDPSLK that had formed during the tryptic digest of proteins pulled 

down with either; i) Ad5 E4orf3 or, ii) Ad12 E4orf3. A Mascot search, using the SwissProt 

database, suggested that the peptide originated from the UBE4A protein. The location of the 

sequence within UBE4A is shown above each spectrum. In each figure, blue lines refer to 

positive y ions. Red lines refer to positive b ions. The horizontal lines above the peaks are 

divided by dashed vertical lines. The latter refer to projected singly charged fragment peaks if 

the amino acids named on the former are removed in a right to left direction.
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3.8: Summary of results 

These findings confirmed earlier observations that showed a fall in absolute cellular TIF1γ 

levels post-infection with Ad5 or Ad12 (Figure 3.1A, Panel 1). They imply that this drop is 

specific to TIF1γ, as levels of the closely related TIF1β protein did not show a similar drop 

(Figure 3.1A, Panel 2). TIF1γ was shown to interact with both Ad5 (Figure 3.2A, Panel 1) 

and Ad12 (Figure 3.2B, Panel 1) E1B-55kDa. Spatial insights into this interaction were 

provided showing that the two proteins co-localise to cytoplasmic structures located close to 

the nucleus in adenovirus-transformed cells in culture (Figure 3.3B). TIF1γ was also shown to 

co-localise with the related PML protein during both Ad5 and Ad12 infection (Figure 3.4i) 

and with E4orf3 following Ad5 infection (Figure 3.4iiA). This implied a link to E4orf3 

nuclear tracks, and subsequent investigation showed that E4orf3 was necessary for TIF1γ 

levels to fall following Ad5 or Ad12 infection (Figure 3.5, Panel 1). E4orf3-dependent 

downregulation of p53-specific genes was not implicated in its modulation of TIF1γ levels 

(Figure 3.5, Panels 1 and 2; Figure 3.6, Panel 1). Whilst it is a strong possibility that E4orf3 

interacts with other adenoviral proteins in mediating the degradation of TIF1γ, mass 

spectrometry data suggested that E4orf3 also interacts with UBE4A, a protein that can 

mediate the proteasomal degradation of cellular proteins by ubiquitin dependent and 

independent pathways. UBE4A is therefore a candidate for acting in concert with E4orf3 to 

result in TIF1γ degradation. No evidence is provided for it playing such a role, however, and 

further work will be needed to clarify this issue.  
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Chapter 4: Discussion 

 

4.1: Initial observations and considerations 

It was clear from the initial Western blot data that TIF1γ levels do fall following infection 

with Ad5 or Ad12 in adenovirus-transformed cell lines. This was in keeping with previous 

unpublished findings made by the Turnell group. 

 

TIF1 family members share several domains in common (Figure 1.6), but they also possess 

other motifs that confer specific functions to each member (Khetchoumian et al., 2004). There 

are also differences in expression patterns. TIF1δ, for example, is only expressed in the testes 

(Khetchoumian et al., 2004). As TIF1β levels did not fall during adenoviral infection as with 

TIF1γ, this implied that adenovirus has evolved to specifically target TIF1γ whilst leaving 

certain other closely related proteins unaffected. 

 

This raised a couple of interesting questions – why does adenovirus specifically target TIF1γ, 

and how does it do it? It was clear that TIF1γ had a function that made it more of a danger to 

adenovirus than the closely related TIF1β protein. As for how it does it, one theory that had 

initially been considered was that adenovirus could affect the fat facets in mammals (FAM) 

protein. Considering the evidence that pointed to TIF1γ being involved in signalling through 

SMAD4 (Dupont et al., 2005), it was decided to investigate the effects of infection on the 

deubiquitylase that antagonises TIF1γ-mediated ubiquitylation (Dupont et al., 2009). 

 

Absolute FAM levels were unaffected as a result of Ad5 or Ad12 infection (Figure 3.1A, 

Panel 3). Immunofluorescence work examined the cellular localisation of FAM to see if that 

changed on Ad5 or Ad12 infection. Unfortunately, no usable data was obtained. 

 

Making the rather bold and unsubstantiated assumption that adenovirus targets TIF1γ because 

of its role in TGF-β signalling, it is quite possible that FAM would also be subject to 

modulation by adenoviral proteins. FAM was shown to be epistatic to TIF1γ (Dupont et al., 

2009), being necessary to switch on signalling through SMAD4. Background FAM levels 

may be sufficient to instigate downstream signalling, especially in the context of reduced 

TIF1γ seen during adenoviral infection. It may also be deleterious for adenovirus to target 

FAM due to possible functions independent of signalling through SMAD4. Further 

investigation of this area could prove insightful. While it may not elucidate how adenovirus 

regulates TIF1γ, it may nevertheless give some functional insight into why adenovirus 

regulates TIF1γ. 
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4.2: Reflections on the TIF1γ-large E1B interaction 

The observation that TIF1γ interacts with E1B-55kDa was thought provoking. It was known, 

for example, that E1B-55kDa could deliver substrates such as p53 to the adenoviral E3 

ubiquitin ligase in infected cells. The possibility that the ligase does play a role in reducing 

TIF1γ levels was neither fully confirmed nor repudiated here, so the possibility must remain. 

 

An alternative mechanism of action that was considered at this point related to the finding that 

E1B-55kDa could function as an E3 SUMO ligase (Pennella et al., 2010). SUMOylation of 

TIF1γ could potentially result in a change in its function or localisation. 

 

The fact that the TIF1γ amino acid sequence (Venturini et al., 1999) contains several putative 

aKXE SUMOylation consensus sequences (where a is an aliphatic amino acid and K is the 

lysine to be SUMOylated) (Melchior, 2000) (Table 4.1), had been noticed in the lab (Turnell, 

unpublished observations). 

 

Table 4.1: Possible SUMOylation sites within the TIF1γ protein 

Sequence Location (based on sequence in Venturini et al., 1999) 

KKKE Type 2 B-box 

VKQE HP1 box 

GKSE around 25-30 residues N-terminal of the plant homeodomain 

SKPE and KKTE between plant homeodomain and bromo-domain 

RKCE, SKPE and IKLE Bromo-domain 

PKPE around 10-15 residues C-terminal of the bromo-domain 

 

Considering that adenovirus was known to target PODs, whose function is regulated by 

SUMOylation,  attempts were made to express FLAG-tagged SUMO1 or SUMO2 in U2OS 

cells and then infect them with Ad5, Ad12 or mock virus (serum free DMEM). Cells were 

harvested and immunoprecipitated with an anti-FLAG primary antibody followed by blotting 

for TIF1γ. Unfortunately no usable data was forthcoming. It would still be useful to learn if 

SUMOylation is involved in the regulation of TIF1γ levels by adenovirus, and future work 

could readdress the issue. 

 

It was noted incidentally that the rate of loss of TIF1γ increases with increasing E1B-55kDa 

levels (Figure 3.1A). E1B-55kDa is one of the first viral proteins to be expressed and it is not 

unexpected that viral protein expression in general would be temporally linked to the cellular 

symptoms of infection. 
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4.3: Considerations following immunofluorescence findings 

The finding that some TIF1γ co-localised with E1B-55kDa in cytoplasmic structures near the 

nucleus (Figure 3.3B) was interesting. As these findings were carried out in adenovirus-

transformed cells, the findings are perhaps not exactly as would be found in infection. For 

example, it is possible that E1B-55kDa causes TIF1γ to relocate to cytoplasmic structures to 

instigate a process leading to adenoviral E3 ubiquitin ligase-dependent degradation. 

 

TIF1γ possesses chromatin remodelling PHD and bromo-domains. E1B-55kDa is known to 

function to repress p53-dependent transcription. The possibility that they play antagonistic 

roles in transcription suggests a function for E1B-55kDa sequestering TIF1γ outside the 

nucleus, although that may be coincidental. In the natural context of infection, any TIF1γ 

functions potentially deleterious to adenovirus could be independent of E1B-55kDa. 

 

In infection, viral transcription and ultimate translation occur in a well choreographed manner. 

In these cells, E1A and E1B proteins are constitutively expressed. How these proteins 

function and interact with cellular proteins without the co-ordination of the rest of the viral 

genome is uncertain, and it is possible that these findings are a function of the experimental 

conditions as opposed to a function of the adenoviral proteins per se. 

 

Possibly more intriguing still was the finding that TIF1γ closely co-localises with E4orf3 in 

Ad5 infected cells (Figure 3.4iiA), and may well also do so in Ad12 infected cells based in 

particular on PML/TIF1γ co-localising on infection (Figure 3.4i, Panel 2). The lack of 

pronounced FLAG-TIF1γ/Ad12 HA-E4orf3 nuclear co-localisation in co-transfected HeLa 

cells was not taken to disprove a spatiotemporal relationship in the context of infection. 

 

The viral infection confocal images give a snapshot of TIF1γ prior to its E4orf3-dependent 

dissipation. It is intriguing that they co-localise in the nucleus 18 hours post-Ad5 infection 

when levels will have already started to fall.  

 

Combined, the E1B-55kDa/TIF1γ and E4orf3/TIF1γ data are reminiscent of how Ad5 targets 

Mre11 for degradation (Stracker et al., 2005). Firstly it is sequestered away from viral 

replication centres in nuclear tracks by interaction with E4orf3. Later it is exported from the 

nucleus to aggresomes/aggresome-like structures with E1B-55kDa in conjunction with E4orf3 

or E4orf6. The ultimate fate of Mre11 is proteasomal degradation secondary to ubiquitylation 

by the adenoviral E3 ligase. It could well be that TIF1γ is similarly regulated. 
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It would be interesting to examine E1B-55kDa and TIF1γ during infection in another cell type, 

such as A549, to see if E1B does indeed co-localise with TIF1γ to cytoplasmic structures on 

infection. 

 

Transfecting cells with an siRNA-resistant wild type TIF1γ-green fluorescent protein (GFP) 

construct whilst knocking down their endogenous TIF1γ with a suitably designed siRNA 

could be useful. The cells could then be infected and recorded by confocal microscopy for 48 

hours post infection. Any change in localisation or concentration could then be observed in 

real time using computer software to calculate changes in GFP signal intensity over time. 

 

4.4: Implications of mutant virus data 

E4orf3 was shown to be a necessary factor in the reduction in cellular TIF1γ levels seen post-

infection with Ad5, whereas that was not the case for p53 degradation (Figure 3.5), making it 

clear that Ad5 regulates the two proteins differently. 

 

It could be that Ad5 E4orf3 is directly involved in the reduction of cellular TIF1γ following 

infection to the exclusion of the adenoviral E3 ubiquitin ligase. The effective degradation of 

p53 during E4orf3- mutant Ad5 infection implied that the ligase remained functional whilst 

TIF1γ levels remained constant. Concluding that the ligase is not involved in TIF1γ 

degradation could be spurious, however, as it remains possible that E4orf3 has a necessary 

role in transporting mediating their interaction. 

 

It is unfortunate that a mutant Ad5 lacking E4orf6 alone was not available as this could have 

either proven that the Ad5 E3 ubiquitin ligase is not involved, or alternatively strongly imply 

that it does play a role. This is an area for future investigation. It would also be useful to 

develop similar mutant viruses representative of other species and repeat the experiment with 

them. Serotype-specific differences in the regulation of other proteins by adenovirus suggest 

that it would be unfair to induce that E4orf3 is necessary to reduce TIF1γ levels following 

infection with Ad12, for example. 

 

Whilst the underlying mechanism remained enigmatic, E4orf3 was clearly necessary for 

adenovirus to abate TIF1γ during Ad5 infection.  

 

Three possible explanations were considered of which the first has been discussed here and 

the second will be explored in the next section. 
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1) E4orf3 is necessary to mediate TIF1γ ubiquitylation by the adenoviral E3 ligase. 

2) E4orf3-mediated repression of p53-dependent genes is necessary to abate TIF1γ 

3) Some other E4orf3-mediated mechanism is involved 

 

4.5: E4orf3-dependent regulation of TIF1is p53-independent  

Ad5 E4orf3 had recently been shown to selectively cause promoter methylation of p53-

responsive genes (Soria et al., 2010). As the E4orf3- mutant Ad 5 had shown TIF1γ 

stabilisation, it was useful to examine whether that was due to E4orf3 no longer being present 

to repress p53-dependent transcription. 

 

It was clearly shown that p53-dependent transcription is not required for E4orf3 to be able to 

abate TIF1γ levels in wild type Ad5 infection (Figure 3.6, Panel 1; cf. Figure 3.1A, Panel 1 

and Figure 3.5, Panel 1). This by no means proves that p53-dependent transcription is not 

involved in the process, however. The issue arises when addressing the levels of p53 present 

in A549s during Ad5 infection. 

 

As a major difference between the wild type and E4orf3- mutant Ad5 infections (Figure 3.5, 

Panel 1) involved the relative abilities of the viruses to repress p53-dependent transcription, a 

hypothesis could be made stating that p53-transcription results in the stabilisation of TIF1γ in 

the absence of Ad5 E4orf3. This idea is explored in Figure 4.1. 

 

 
 

Figure 4.1:  Effects of different experiments on the hypothetical ability of p53 to stabilise 

TIF1γ levels in a transcription-dependent manner. p53 stabilises TIF1γ and Ad5 E4orf3 

antagonises that by transcriptional repression of p53-dependent promoters. A red cross 

denotes a step that is missing. 1) Wild type Ad5 infection of wild type p53 cells. p53 is unable 

to stabilise TIF1γ [Figure 3.1A, Panel 1]. 2) E4orf3- mutant Ad5 infection of wild type p53 

cells. p53 stabilises TIF1γ in the absence of E4orf3 [Figure 3.5, Panel 1]. 3) Wild type Ad5 

infection of p53-null cells. p53 is not present to stabilise TIF1γ [Figure 3.6, Panel 1]. 

Ad5 E4orf3 p53 TIF1γ stabilised 

Ad5 E4orf3 p53 TIF1γ stabilised 

Ad5 E4orf3 p53 TIF1γ stabilised 

1. 

2. 

3. 
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A further experiment using the E4orf3- mutant Ad5 to infect H1299 cells could be useful. It 

would address whether p53 transcription was involved in regulating TIF1γ. In TIF1γ levels 

were stabilised; as in Figure 4.1, Panel 2, then p53 cannot be regulate TIF1γ levels 

downstream of E4orf3. If TIF1γ fell, however, then that would imply that p53 was involved 

on some level as the major difference between that and Figure 4.1, Panel 2 would be p53 

status. Any role for p53 seems unlikely based on subsequent analysis in this section, but the 

experiment would give clarity to the situation in the same way an E4orf6- mutant Ad5 could 

disprove a role for the adenoviral E3 ligase in TIF1γ attenuation. 

 

Although the underlying mechanism of action of E4orf3 is interesting in itself, adenovirus 

should be considered as a gestalt. E4orf3 does not function alone in Ad5 infection and the 

finding that it is p53-dependent promoter methylation is not necessary for TIF1γ attenuation 

is a very important finding worth consideration. 

 

The literature presently points to two unique E4orf3 functions that can modulate of cellular 

protein levels. One is to mediate transport to the viral E3 ubiquitin ligase (as with Mre11) and 

the other involves selectively repressing p53-dependent transcription. By formally removing 

one of these as a sine qua non for TIF1γ levels to fall during Ad5 infection, only two options 

remain. Either the E4orf3 protein is absolutely necessary for allowing the Ad5 E3 ubiquitin 

ligase to mediate TIF1γ degradation or, more excitingly perhaps, there is a novel E4orf3-

dependent mechanism of selectively modulating protein levels.  

 

Whilst a non-necessary role for E4orf3 in the attenuation of TIF1γ through transcriptional 

repression of p53-dependent genes has not been disproven, the data suggest that the process is 

p53-independent. Even assuming that p53-dependent transcription continues when the p53 

levels are sub-detectable by Western blotting, comparison of Figures 3.5 and 3.6 shows that 

the reduction in TIF1γ is p53-independent. 

 

Table 4.2:    Effect of E4orf3/p53 status on TIF1γ levels 24 hours post-Ad5 infection 

Reference Ad5 
p53 
present? 

E4orf3 
expressed? TIF1γ present? Remarks 

Fig 3.5, wt Wild type + YES - 
p53 
degraded 

Fig 3.6, Ad5 Wild type - YES ++ p53 null 

Fig3.5 E4orf3- - NO ++++ 
p53 
degraded 

Fig3.5 
E4orf3-
/E4orf6- ++++++++ NO ++++ 

p53 
stabilised 

 Number of ‘+’ is relative to absolute cellular levels of p53 or TIF1 
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TIF1γ levels did not appear to vary with p53 levels when E4orf3 was absent. Whilst the 

deleterious, and possibly confounding, effects of the loss of both E4orf6 and E4orf3 can not 

be completely ignored, TIF1γ levels were the same 24 hours post-infection whether there was 

no detectable p53 present, or levels around 4 times base level. As E4orf3 was not present in 

either case it was not able to repress p53 responsive promoters. Levels of another known 

transcriptional repressor of p53-reponsive genes, E1B-55kDa, were similar in both cases. This 

should have led to a difference in p53-dependent expression levels, yet there was no resultant 

difference in TIF1γ levels (Table 4.2). This could be explained in terms of an extremely low 

level of p53 being sufficient for TIF1γ stability in Ad5-infected cells in the absence of E4orf3.  

 

However, when E4orf3 was present, a small amount of p53 corresponded to no detectable 

TIF1γ (Figure 3.5, Panels 2 and 1; Table 4.2) whereas zero detectable p53 corresponded to 

some TIF1γ remaining (Figure 3.6, Panel 1; Table 4.2). 

 

It could then be argued that p53 can lead to the degradation of TIF1γ in the presence of 

E4orf3 but that is unlikely and involves making more ad hoc assumptions. 

 

A more parsimonious explanation can be provided by looking at the data in terms of E4orf3 

expression against TIF1γ levels. When E4orf3 was expressed, TIF1γ levels were low or zero. 

When E4orf3 was not expressed, TIF1γ levels were stabilised. This seemed completely 

independent of p53. 

 

More exotic ideas could be postulated involving novel functions for E4orf3, but whilst a 

novel function is certainly a possibility, there is no evidence to suggest what that function 

might be. 
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4.6: Discussion of mass spectrometry results 

 

4.6.1: Validity of data 

A selection process was used that involved ignoring all keratins and other proteins present in 

the control lanes. According to the finding that 10 of the 245 peptides discovered were also 

flagged as significant in the decoy database search, and that each of those were single hits, it 

was further decided to ignore all suggested proteins for which there was only one peptide 

found. 

 

It is interesting, and not altogether irrelevant, to consider that the Mascot scores calculated for 

the peptides, thereafter used to define significance, are directly related to the size of the 

database. The score is calculated based on the formula: 

 

Mascot Score = -10log10(probability of peptide being a false positive) 

 

This leads to two related concerns, assuming that the algorithm used to calculate the 

probability is fair and unbiased; 

 

1) As the database increases in size, so does the likelihood of a given set of peptides 

sharing the same sequences with multiple proteins. This will increase the general 

probability of finding false positives and lower the output score. Extrapolating into the 

future, peptides presently considered significant hits may not be in the future and this 

may skew the search results when the software has to decide on the most probable 

identity of a protein when two or more have similar scores. This issue mainly concerns 

proteins with low overall scores, such as Exportin-7. 

 

2) Mass spectrometry is a powerful tool that often finds new proteins that have not yet 

entered into a given database. Should any proteins have been pulled down in the IPs 

that were not in the SwissProt database, then they would have been missed or come up 

as false positives. 

 

Concerns about validity of the results aside, all proteins that passed the selection process were 

similarly flagged up as interacting with Ad5 E4orf3 and Ad12 E4orf3 (Table 3.1A and B; 

Appendices 1 and 2). This is in some ways expected as the proteins are well conserved at the 

amino acid level (Weitzman, 2005). The complete lack of differences is also surprising, 

however, due to previously reported differences in their functions and binding partners 
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(Stracker et al., 2005; Greer et al., 2011). Three things should be noted when considering this 

issue; 

 

1)  The cells had been generated by transfection as opposed to infection. Therefore the 

natural interactions that occur in the presence of the full complement of adenoviral 

proteins may not be seen. 

 

2) It should be noted that the clonal lines were generated using HEK293 cells. These 

cells have neural characteristics and express a different complement of proteins to the 

epithelial cells that are normally targeted by adenovirus.  

 

3) As HEK293 expresses Ad5 E1A and E1B proteins, interactions between E1B and Ad5 

E4orf3 may be closer to those found in infection than E1B-Ad12 E4orf3 interactions. 

It should further be noted that Ad5 E1B-55kDa may have indirectly recruited Ad5-

only interacting proteins to Ad12 E4orf3. Attempts to transfect HA-tagged Ad12 

E4orf3 into HER2 and HER10 cells by electroporation were not successful (data not 

shown). In hindsight, attempts to transfect those cell lines with lipofectamine could 

have been undertaken. Alternatively, non-virally transformed cell lines could have 

been transfected with constructs encoding a variety of E4orf3/E1B-55kDa 

combinations. 

 

Other things were surprising. As an example, E1B-55kDa had been well documented as 

interacting with E4orf3, yet neither it nor E4orf3 itself were recorded as present in the results. 

Previous mass spectrometry experiments in the Turnell lab using adenoviral E4 transcription 

unit proteins had also failed to flag either the E4 proteins themselves or other adenoviral 

proteins as having been present (data not shown). This was in spite of the fact that the proteins 

are supposedly in the database. This could have to do with the sequence of the proteins or 

with the fact that, in the case of E4orf3, the protein is very small. 

 

Likewise proteins such as Mre11 or, interestingly, TIF1α did not show up in the data. These 

omissions give further cause for concern and any discussion of the data should be treated 

cautiously. Reciprocal IPs would have clarified the validity of any suggested interactions, but 

unfortunately there was not enough time to carry out these experiments. 
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4.6.2: Function of putative E4orf3 interacting proteins/protein complexes 

 (protein names as pulled from database) 

 

 

4.6.2.i:  Ubiquitin conjugation factor E4 A (UBE4A) 

Perhaps the most initially exciting putative E4orf3 interactor pulled down was the UBE4A 

gene product, Ubiquitin conjugation factor E4A. U-box containing ubiquitin E4 ligases such 

as this are extremely well conserved throughout the metazoa (Marín, 2010) and have been 

shown to function in a number of ways. They can mediate the polyubiquitylation of 

oligoubiquitylated proteins in the presence of E1, E2 and E3 enzymes (Koegl et al., 1999). 

They can also function as E3 ligases in conjunction with E1 and E2 enzymes (Hatakeyama et 

al., 2001). As well as targeting proteins for ubiquitin-dependent proteasomal degradation, 

they have also been shown to regulate the function of target proteins and even target them for 

proteasomal degradation in a ubiquitin-independent manner (Hosoda et al., 2005). Whereas 

p73 degradation was enhanced by UBE4A (Hosoda et al., 2005), a usually cisplatin-sensitive 

isoform of p63 was stabilised by it in the presence of the drug (Chatterjee et al., 2008). The 

same protein has been shown to be targeted during apoptosis (Mahony et al., 2002). Although 

many proteins are targeted during apoptosis, this has nevertheless led some to speculate that it 

is an important regulator of apoptosis (Chatterjee et al., 2008). That could explain why 

adenovirus would evolve to modulate its function in some way. It has also been suggested to 

be involved in growth and differentiation and to possess both nuclear and cytoplasmic 

functions (Contino et al., 2004). It is clear that UBE4A is a multifunctional protein. 

 

Given the links between this protein family and proteasomal degradation, it is probably the 

strongest contender for being involved in the adenoviral-induced reduction in TIF1γ level out 

of all the proteins pulled down with E4orf3. Unfortunately, time considerations prevented 

further work in that area being undertaken as part of this investigation. 

 

Given sufficient time, it would have been useful to confirm the interaction by performing 

reciprocal IPs. If the interaction was confirmed, then it would be useful to investigate the role 

of the U-box in TIF1γ regulation. A suggestion for how this could be done would be: 

 

1) Generate a siRNA resistant UBE4A gene, insert it into a plasmid and transfect that, or 

a non-expressing control plasmid, into a given cell line. 

2) Engineer an siRNA against the endogenous mRNA. Treat the cells with this to check 

for viability. 
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3) If cells tolerate that, then generate a series of U-box mutant genes and transfect those, 

or non-expressing control plasmids, into the same cell line and again knock down 

endogenous expression. 

 

That should tell if the U-box is important in mediating the reduction in TIF1γ levels. It is 

important to test a variety of mutants as E4 proteins are known to have a variety of functions 

and loss of the U-box, or specific residues from it, could theoretically affect other non-U-box 

related functions. Finally, if the U-box is deemed to be important, the following experiments 

could be carried out: 

 

1) Carry out a ubiquitylation assay on TIF1γ to ascertain if UBE4A can ubiquitylate it 

and on which lysine residues this can occur. 

2) Generate a siRNA resistant TIF1γ that, say, has target lysines exchanged for arginines. 

Then express this and knock down endogenous expression as before. 

 

From those experiments the following should be ascertained: 

 

a) If UBE4A interacts with E4orf3 

b) If the UBE4A U-box is involved in reducing TIF1γ levels 

c) If UBE4A can ubiquitylate TIF1γ 

d) If such ubiquitylation is involved in TIF1γ degradation  

 

4.6.2.ii: Conserved Oligomeric Golgi Complex 

This is involved in Golgi apparatus stabilisation, tethering vesicles to the Golgi, protein 

glycosylation within the Golgi and inter-Golgi transport (Smith and Lupashin, 2008). Whilst 

an interaction between this complex and E4orf3 could be involved in the post-translational 

modification of both viral and host proteins and is worth pursuing in that context, it is 

unlikely to be involved in the regulation of TIF1γ in infection. 

 

4.6.2.iii:  Eukaryotic translation initiation factor 3 (eIF3) 

eIF3 is involved in the initiation of translation (Pestova et al., 2001). In such, sequestering it 

away from sites of translation could potentially result in the reduction in TIF1γ observed 

during adenoviral infection. This is unlikely, however, as any effects would be likely to be 

global and not all cellular protein levels show the same reduction. It could potentially aid in 

the late stage host cell shutdown process, assuming that a mechanism existed to allow for 
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continued translation of late viral proteins and is possibly worth further investigation in that 

context. 

 

4.6.2.iv: Exportin 7 

Exportin 7 is involved in the Ran-GTPase dependent shuttling of certain proteins out of the 

nucleus through nuclear pore complexes. Importantly, these include 14-3-3 proteins (Mingot 

et al., 2004). 14-3-3 proteins are involved in regulating a plethora of cellular events from 

growth to apoptosis, and are known to be involved in several signalling pathways related to 

cancer (Morrison, 2009). There is no record in the literature of Exportin 7 acting as a cargo 

receptor for TIF1γ. Nevertheless, it is possible that E4orf3 can mediate the export of TIF1γ 

out of the nucleus in conjunction with Exportin 7. This would enable adenovirus to reduce the 

ability of TIF1γ to act as a transcriptional repressor and concentrate it in cytoplasmic 

structures for efficient ubiquitylation by the adenoviral E3 ligase. This possibility is worth 

investigating further. 

 

4.6.2.v: Tyrosine-protein phosphatase non-receptor type 13 (FAP-1) 

Tyrosine-protein phosphatase non-receptor type 13, also known as Fas-associated 

phosphatase 1 (FAP-1) and a variety of other names (Abaan and Toretsky, 2008), has been 

shown to reduce the expression of the apoptosis-inducing Fas receptor on the cell membrane 

(Ivanov et al., 2003). It has also been implicated in the development of cancer (Abaan and 

Toretsky, 2008). As adenoviral proteins often target tumour suppressor and apoptotic 

pathways, these findings make FAP-1 a likely target for adenovirus – especially when the 

large Mascot scores (Table 3.1A and B) are considered. No evidence currently exists proving 

a role for FAP-1 in the modulation of TIF1γ levels during adenoviral infection, however, and 

more work would be required before such a role could be considered. 

 

4.6.2.vi: Kinase D-interacting substrate of 220 kDa (Kidins220) 

Kidins220 is an integral transmembrane protein expressed in certain neural cells that is 

phosphorylated by protein kinase D (Inglesias et al., 2000). It is responsible for regulating 

dendritic spine branching (Wu et al., 2009). Given its selective expression in neural cells, 

adenoviruses that habitually infect epithelial cells are unlikely to have evolved to target this 

protein in nature and it seems unlikely to be involved in regulating TIF1γ levels. 

 

4.6.2.vii: Prolow-density lipoprotein receptor-related protein 1 (LRP1) 

This protein, also known as CD91 or low density lipoprotein receptor-related protein 1 has a 

wide variety of functions. These include cell signalling (Lutz et al., 2002), endocytosis 
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(Willnow et al., 1999), reducing matrix metalloproteinase activity (Hahn-Dantona et al., 

2001), transport across the blood-brain barrier (Pflanzner et al., in press) and mediating the 

internalisation of viral or tumour antigens by immune cells that subsequently co-present them 

with MHC Class I antigens (Stebbing et al., 2004). Overexpression has been noted as a 

negative prognostic factor linked to increased proliferation and invasiveness in at least one 

form of cancer (Catasus et al., in press). 

  

In that it can potentially mediate the instigation of an anti-viral immune response, it is a likely 

target for adenovirus. It could also benefit adenovirus to manipulate LRP1 into altering output 

through various signalling pathways. It is questionable as to whether any gain or loss of 

function of LRP1 could directly affect TIF1γ levels, however. 

 

4.6.2.viii: LETM1 and EF-hand domain-containing protein 1 (LETM1) 

The genome-encoded LETM1 and EF-hand domain-containing protein 1 (LETM1) protein is 

located exclusively in the inner mitochondrial membrane (IMM) and functions as an 

electrogenic Ca2+/H+ antiporter that can possibly work in either direction depending on the 

electrochemical gradients across the IMM (Jiang et al., 2009). It is only one of several 

calcium transporters in the IMM (Santo-Domingo and Demaurex, 2010). In terms of 

maintaining cytoplasmic calcium homeostasis, there are also several points at which this can 

occur (Carafoli, 1987; Várnai et al., 2009). On the other hand, there is much evidence that 

calcium signalling depends on localised pools (Parekh, 2008), so it is not inconceivable that 

modulation of LETM1 levels and localisation by adenovirus could have major effects on the 

cell. Indeed, deletion of one copy of the gene is associated with Wolf-Hirschhorn syndrome, a 

disease characterised by, among other things, microcephaly and mental retardation (Akhtar, 

2008). Its location in the mitochondrion raises the possibility that it could be involved in 

apoptosis by mediating the electrochemical gradient across the IMM and that affecting the 

likelihood of MOMP occurring. What effect, if any, a possible interaction between E4orf3 

and LETM1 could have on TIF1γ levels is unknown and further study is needed initially to 

verify the interaction, prior to further exploration of its function.  

 

4.6.3: Conclusions from mass spectrometry data 

Due to their very high Mascot scores, it would seem likely that FAP-1 and LETM1 and EF-

hand domain-containing protein 1 are genuine E4orf3 interacting proteins. Whilst they were 

unlikely to be relevant to this investigation, they may ultimately prove to be useful lines of 

investigation in terms of elucidating more about the adenoviral life cycle and its effects on 
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cellular tumour suppressor pathways. The relatively low scores for Exportin-7, coupled with 

the low number of unique peptides found for it, would make that finding more dubious. 

 

It must be reiterated that verification by molecular biology techniques, such as reciprocal 

immunoprecipitations, would be required before any of these putative interactions could be 

categorically accepted. 

 

4.7: Overall conclusions and suggestions for further work 

It is clear from this work that cellular TIF1γ levels fall following infection with Ad5 and 

Ad12 in a number of cultured cell lines. It is also clear that E4orf3 has a necessary role in this 

process in Ad5 infected cells. The precise mechanism by which E4orf3 mediates the loss of 

TIF1γ remains enigmatic. It is not clear whether it functions alone, in concert with the E4orf6-

containing E3 ubiquitin ligase or with some other, as yet unknown, proteins. Transcriptional 

repression of p53-dependent expression is not necessary for TIF1γ levels to fall during Ad5 

infection. As Ad5 E1B-55kDa is known to independently repress p53 transcriptional activity, 

the possibility arises that it could function together with E4orf3 in transcriptional modulation. 

This possibility, and any likely impact on TIF1γ expression levels, is worth investigation. As 

TIF1γ possesses chromatin interacting domains and was shown to closely co-localise with 

E4orf3 in nuclear tracks, it is even possible that they functionally interact modulate 

transcription in the early stages of infection. It is likely that any TIF1γ transcriptional activity 

is deleterious to adenovirus, however, given that E4orf3 mediates a reduction in its cellular 

concentration during infection and E1B-55kDa sequesters it outside the nucleus in 

adenovirus-transformed cells. It is of pressing concern to confirm or exclude a role for the 

adenoviral E3 ubiquitin ligase in that process. Confirmation would all but resolve the issue. 

Exclusion could be much more exciting; however, as it would imply that there is a novel and 

potentially important new E4orf3 function that has not yet been discovered. The possibility of 

E4orf3 interacting with and manipulating U-box containing E3/E4 proteins is intriguing. 

There could represent an entirely new mechanism by which adenovirus targets proteins for 

degradation. To put that in context, there could be a whole array of undiscovered tumour 

suppressor proteins that adenovirus inactivates in a similar way to TIF1γ, just waiting to be 

discovered by anyone pursuing this line of investigation. Even if the reality is more mundane 

and E4orf3 simply targets TIF1γ to the adenoviral E3 ubiquitin ligase, this investigation may 

still have contributed a little new knowledge to the field. The putative interactions suggested 

in the mass spectrometry data require validation by conventional protein biochemical and cell 

biological studies prior to further work exploring possible mechanisms of action. For example, 

if the probable interactions between E4orf3 and LETM1/FAP-1 are investigated and 

confirmed in the future, then initial findings from this investigation may still come to shed 
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some new light on novel cellular targets for adenovirus that may function as tumour 

suppressors. 
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Appendix 1 

 

 

Mass spectrometry protein data and sequence coverage maps (Ad5 E4orf3 pulldown) 

 

 

Prolow-density lipoprotein receptor-related protein 1 OS=Homo sapiens GN=LRP1 

PE=1 SV=1 

Accession: LRP1_HUMAN 

Score: 933.3 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 504.2 

Database Date: 2011-03-29 

pI: 5.0 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 6.8 

No. of unique Peptides: 26 

 

 

Tyrosine-protein phosphatase non-receptor type 13 OS=Homo sapiens GN=PTPN13 

PE=1 SV=2 

Accession: PTN13_HUMAN 

Score: 1266.9 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 276.7 

Database Date: 2011-03-29 

pI: 6.0 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 18.4 

No. of unique Peptides: 35 

 

 

Kinase D-interacting substrate of 220 kDa OS=Homo sapiens GN=KIDINS220 PE=1 

SV=3 

Accession: KDIS_HUMAN 

Score: 255.9 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 196.4 

Database Date: 2011-03-29 

pI: 6.2 

Sequence Coverage [%]: 5.5 

No. of unique Peptides: 8 
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Ubiquitin conjugation factor E4 A OS=Homo sapiens GN=UBE4A PE=1 SV=2 

Accession: UBE4A_HUMAN 

Score: 392.3 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 122.5 

Database Date: 2011-03-29 

pI: 5.0 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 11.3 

No. of unique Peptides: 11 

 

 

Exportin-7 OS=Homo sapiens GN=XPO7 PE=1 SV=3 

Accession: XPO7_HUMAN 

Score: 81.8 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 123.8 

Database Date: 2011-03-29 

pI: 5.9 

Sequence Coverage [%]: 2.9 

No. of unique Peptides: 3 

 

 

Conserved oligomeric Golgi complex subunit 5 OS=Homo sapiens GN=COG5 PE=1 

SV=2 

Accession: COG5_HUMAN 

Score: 317.0 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 92.7 

Database Date: 2011-03-29 

pI: 6.1 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 12.5 

No. of unique Peptides: 9 

 

 

Conserved oligomeric Golgi complex subunit 7 OS=Homo sapiens GN=COG7 PE=1 

SV=1 

Accession: COG7_HUMAN 

Score: 258.1 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 86.3 

Database Date: 2011-03-29 

pI: 5.2 

Modification(s): Carbamidomethyl 

Sequence Coverage [%]: 13.0 

No. of unique Peptides: 8 

 



 83 

LETM1 and EF-hand domain-containing protein 1, mitochondrial OS=Homo sapiens 

GN=LETM1 PE=1 SV=1 

Accession: LETM1_HUMAN Score: 877.1 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 83.3 

Database Date: 2011-03-29 

pI: 6.3 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 30.9 

No. of unique Peptides: 20 

 

 

Eukaryotic translation initiation factor 3 subunit J OS=Homo sapiens GN=EIF3J PE=1 

SV=2 

Accession: EIF3J_HUMAN 

Score: 244.5 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 29.0 

Database Date: 2011-03-29 

pI: 4.6 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 27.9 

No. of unique Peptides: 7 
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Coverage map for Prolow-density lipoprotein receptor-related protein 1 

 

 

 



 85 

Coverage for Tyrosine-protein phosphatase non-receptor type 13 
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Coverage map for D kinase-interacting substrate of 220kDa 
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Coverage map for Ubiquitin conjugation factor E4 A 
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Coverage map for Exportin-7 
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Coverage map for Conserved oligomeric Golgi complex subunit 5 
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Coverage map for Conserved oligomeric Golgi complex subunit 7 
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Coverage map for LETM1 and EF-hand domain-containing protein 1, mitochondrial 

 

 
 

 

 

 

 

Coverage map for Eukaryotic translation initiation factor 3, subunit J 
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Appendix 2 

 

 

Mass spectrometry protein data and sequence coverage maps (Ad12 E4orf3 pulldown) 

 

 

Prolow-density lipoprotein receptor-related protein 1 OS=Homo sapiens GN=LRP1 

PE=1 SV=1 

Accession: LRP1_HUMAN 

Score: 858.0 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 504.2 

Database Date: 2011-03-29 

pI: 5.0 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 6.7 

No. of unique Peptides: 25 

 

 

Tyrosine-protein phosphatase non-receptor type 13 OS=Homo sapiens GN=PTPN13 

PE=1 SV=2 

Accession: PTN13_HUMAN 

Score: 1272.6 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 276.7 

Database Date: 2011-03-29 

pI: 6.0 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 18.8 

No. of unique Peptides: 36 

 

 

Kinase D-interacting substrate of 220 kDa OS=Homo sapiens GN=KIDINS220 PE=1 

SV=3 

Accession: KDIS_HUMAN 

Score: 218.4 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 196.4 

Database Date: 2011-03-29 

pI: 6.2 

Sequence Coverage [%]: 4.7 

No. of unique Peptides: 7 

 

 

Ubiquitin conjugation factor E4 A OS=Homo sapiens GN=UBE4A PE=1 SV=2 

Accession: UBE4A_HUMAN 

Score: 330.2 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 122.5 

Database Date: 2011-03-29 

pI: 5.0 

Modification(s): Oxidation 

Sequence Coverage [%]: 10.1 

No. of unique Peptides: 9 
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Exportin-7 OS=Homo sapiens GN=XPO7 PE=1 SV=3 

Accession: XPO7_HUMAN 

Score: 99.5 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 123.8 

Database Date: 2011-03-29 

pI: 5.9 

Sequence Coverage [%]: 3.9 

No. of unique Peptides: 4 

 

 

Conserved oligomeric Golgi complex subunit 5 OS=Homo sapiens GN=COG5 PE=1 SV 

=2 

Accession: COG5_HUMAN 

Score: 354.9 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 92.7 

Database Date: 2011-03-29 

pI: 6.1 

Modification(s): Oxidation 

Sequence Coverage [%]: 14.4 

No. of unique Peptides: 11 

 

 

Conserved oligomeric Golgi complex subunit 7 OS=Homo sapiens GN=COG7 PE=1 SV 

=1 

Accession: COG7_HUMAN 

Score: 340.2 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 86.3 

Database Date: 2011-03-29 

pI: 5.2 

Modification(s): Carbamidomethyl 

Sequence Coverage [%]: 16.8 

No. of unique Peptides: 10 

 

 

LETM1 and EF-hand domain-containing protein 1, mitochondrial OS=Homo sapiens 

GN=LETM1 PE=1 SV=1 

Accession: LETM1_HUMAN 

Score: 1315.5 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 83.3 

Database Date: 2011-03-29 

pI: 6.3 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 36.8 

No. of unique Peptides: 26 
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Eukaryotic translation initiation factor 3 subunit J OS=Homo sapiens GN=EIF3J PE=1 

SV=2 

Accession: EIF3J_HUMAN 

Score: 283.2 

Database: SwissProtDecoy(SwissProt_Decoy.fasta) 

MW [kDa]: 29.0 

Database Date: 2011-03-29 

pI: 4.6 

Modification(s): Carbamidomethyl, Oxidation 

Sequence Coverage [%]: 27.9 

No. of unique Peptides: 7 
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Coverage diagrams for proteins pulled down with Ad12 E4orf3 

 

 

 

Coverage map for Prolow-density lipoprotein receptor-related protein 1 
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Coverage map for Tyrosine-protein phosphatase non-receptor type 13 
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Coverage map for D kinase-interacting substrate of 220kDa 
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Coverage map for Ubiquitin conjugation factor E4 A 
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Coverage map for Exportin-7 
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Coverage map for Conserved oligomeric Golgi complex subunit 5 
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Coverage map for Conserved oligomeric Golgi complex subunit 7 

 

 
 

 

 

 

Coverage map for LETM1 and EF-hand domain-containing protein 1, mitochondrial 

 

 
 

 

 

 

 

Coverage map for Eukaryotic translation initiation factor 3, subunit J 

 

 
 

 


