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Abstract 

The two closely related eukaryotic AAA+ proteins, TIP48 and TIP49, are essential 

components of large multi-protein complexes that are involved in diverse cellular 

processes. Specific mechanisms for their activity in transcriptional regulation, chromatin 

remodelling, DNA repair and apoptosis have not yet been characterised; however, 

different oligomeric forms, sub-cellular localisation and post translational modification of 

TIP48 and TIP49 may be important in co-ordinating these functions.  

The assembly of the human TIP48 and TIP49 into different oligomers was studied. Both 

proteins were mainly monomeric in the absence of nucleotide cofactors. Incubation with 

ATP or ADP in the presence of Mg2+ modified the distribution of TIP48 oligomers to 

favour hexamers, but this did not occur with TIP49. The double hexameric complex of 

TIP48/TIP49 was also analysed and indicated a heterodisperse population of species, 

which provided clues about assembly pathways.  

TIP48 and TIP49 are structurally homologous to the bacterial branch migration motor 

RuvB. TIP48 and TIP49 do not incorporate the DNA binding domain present in RuvB, 

and instead have acquired a novel domain (Domain II) inserted between the Walker A 

and B ATPase motifs. Using mutants, we demonstrated that TIP48 Domain II is critical 

for regulating nucleotide dependent hexamerisation of TIP48. Furthermore, TIP48/TIP49 

complexes lacking Domain II indicated that hexamer-hexamer interactions are not 

exclusively mediated by Domain II; this domain may regulate the assembly of different 

forms of the heteromeric complex.  

Interactions between TIP48 and TIP49 and several putative binding partners were tested 

in vitro.  The ATPase activity and oligomerisation of TIP48 and TIP49 were assayed in 

the presence of Hint1, which was reported to disrupt the homotypic and heterotypic 

interactions within the TIP48/TIP49 complex. 

Finally, the sub-cellular localisation and post translational modification of TIP48 and 

TIP49 were analysed. Using immunofluorescence and GFP-tagged TIP49, we confirmed 

that TIP48 and TIP49 associate with the mitotic spindle; however, TIP48 accumulates at 

the midbody during cytokinesis, while TIP49 does not. Furthermore, we investigated 

potential modifications of TIP48 and TIP49 by 2-D polyacrylamide gel electrophoresis, 

which may account for the regulation of these distinct functions. 
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WCE  whole cell extract(s) 
w   nematode worm 
w/v  weight to volume 
x   Xenopus laevis 
X-gal   5-brom-4-chloro-3-indolyl-beta-D-galactopyranoside 
y   yeast 
YY1  Yin Yang 1 
z   Zebrafish  
γ   gamma (i.e. phosphorylated) 
∆   Domain II deletion mutant 
μ    Micro (10-6) 
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1.1 AAA+ Proteins 

1.1.1 Structure and Function of AAA+ 

An important and diverse family of proteins present in all forms of life are the 

AAA+ (ATPases associated with various cellular activities) proteins. The range of 

functions of different AAA+ proteins varies considerably; some examples include 

DNA replication and repair (e.g. MCM (Minichromosome maintenance) proteins, 

RuvB), proteolysis and protein turnover (e.g. Clp proteases) and cell structure 

and motility (dynein motor proteins). For reviews of AAA+ proteins and their 

varied functions, see (Hanson and Whiteheart, 2005; Lupas and Martin, 2002; 

White and Lauring, 2007). The mechanism of action of AAA+ proteins can 

generally be attributed to ATP binding and hydrolysis and the subsequent 

changes in protein structure. The interplay between different conformations of the 

proteins translates into actions on nucleic acids, proteins or other cellular 

components. Typical examples include protein unfolding by ClpA and ClpX 

before proteolysis (Ishikawa et al., 2001); disassembly of large protein 

aggregates by Hsp104 (Glover and Lindquist, 1998); unwinding of membrane 

bound SNARE complexes by NSF (Lenzen et al., 1998); unidirectional motion 

along microtubules by dynein (Burgess et al., 2003); helicase activity by MCM 

proteins (Chong et al., 2000) and Holliday junction branch migration by RuvB 

(Yamada et al., 2002), which is discussed below. Taken together, AAA+ proteins 

seem to have a propensity for modulating protein folding, protein-protein or 

protein-substrate interactions and do this using a highly conserved ATPase 

domain to harness energy and carry out their various functions. 

One common structural theme of AAA+ proteins is organisation into single or 

double hexameric ring structures with a central pore; this event is often 

dependent on ATP or substrates. Thus, hexamerisation seems to coincide with 

assembly into the ‘functional form’ of the AAA+ protein. This is probably due to 

the complex conformational changes needed to convert chemical energy to 
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Figure 1.1. A typical protein fold of AAA+ proteins. A schematic representation of 
conserved domains of AAA+ proteins is shown above. Conserved residues are 
depicted in coloured boxes, which represent the five conserved motifs typically found 
within AAA+ family members. The colour scheme for conserved motifs is also 
employed below.  The cartoon represents the crystal structure of a Cricetulus griseus 
NSF monomer (PDB number 1NSF), demonstrating the positions of conserved 
Walker A, Walker B, sensor 1, sensor 2 and arginine finger motifs. ATP is 
represented as purple and brown space fill, magnesium is shown in yellow. 
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mechanical functions, and the ability (in some cases) to have different 

conformations of the individual monomers within the oligomeric rings (Hishida et 

al., 2004; Putnam et al., 2001). 

AAA+ proteins are characterised by a specific structural organisation with two 

conserved sub-domains: an N-terminal α/β Rossman fold and an α-helical C-

terminal domain (Figure 1.1). The N-terminal domain adopts a wedge-shaped 

configuration and contains important Walker-A and Walker-B motifs, which are 

crucial for ATP binding and hydrolysis; the C-terminal domain forms a partial lid 

over the wide end of the N-terminal wedge-shaped nucleotide binding site. Within 

the two domains are several remarkably conserved sequences. The Walker A 

and Walker B motifs are essential for nucleotide binding and hydrolysis 

respectively. The sensor 1 and sensor 2 regions are involved in nucleotide 

recognition, positioning and hydrolysis. Additionally, an arginine finger is 

important in nucleotide hydrolysis, and is a key player in transducing 

conformational changes through the protein, subunit interaction and 

oligomerisation. 

1.1.2 The bacterial AAA+ RuvB protein 

Recombination is a crucial process in all organisms. Recombination gives rise to 

genetic diversity, and in addition, provides a means of faithfully repairing DNA 

after damage. Late intermediates of recombination are cruciform structures 

known as Holliday junctions. In order to complete recombination, the Holliday 

junction must be cleaved to form two double stranded daughter duplexes. 

Holliday junction branch migration and resolution is carried out by the RuvABC 

complex in bacteria (Figure 2.1); for a review, see (West, 1997). Within this 

RuvABC system, the AAA+ ATPase protein RuvB - a DNA helicase - serves as a 

motor, coupling the hydrolysis of ATP to DNA translocation, resulting in efficient 

branch migration (Tsaneva et al., 1992). RuvB forms hexameric rings which 

assemble on two diametrically opposite arms of the Holliday junction. These rings 

are recruited and stabilised onto the junction via interactions with 
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Figure 1.2. Schematic representation of Holliday junction branch migration by 
RuvAB. A simplified representation of homologous recombination between two 
homologous DNA sequences is depicted on the left. After branch migration, cleavage 
of the junction results in either a patch or splice product, depending on the orientation 
of cleavage. RuvAB bound to a Holliday junction is schematically represented on the 
right. One or two RuvA tetramers bind the cruciform DNA structure and load RuvB 
hexamers on opposite arms of the DNA. RuvB can then couple ATP hydrolysis to 
efficient uni-directional branch migration.  
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RuvA: a DNA binding protein with an affinity for Holliday junctions (Hiom and 

West, 1995). RuvA binds the Holliday junction as a tetramer; whether one or two 

RuvA tetramers bind the junction is still unknown, although recent evidence 

suggests stable double tetramers are required for branch migration (Baharoglu et 

al., 2008; Bradley, 2009).  

Crystal structures of RuvAB demonstrated the molecular mechanism of branch 

migration (Figure 1.2). The RuvA tetramer acts as a stator and keeps the position 

of the RuvB hexamers static, causing DNA rotation and translocation through the 

RuvAB complex (Yamada et al., 2002). RuvA has positively charged surface 

residues that bind DNA and negatively charged ‘pins’, which separate duplex 

DNA and allow it to move freely (Rafferty et al., 1996). RuvB hydrolyses ATP, 

causing specific changes in protein structure and pumps duplex DNA through the 

centre of the hexameric ring towards RuvA. The monomers in the RuvB 

hexameric ring are non-equivalent, both in their ATP bound state and subsequent 

configuration (Hishida et al., 2004; Putnam et al., 2001). This allows efficient 

unidirectional helicase activity. Branch migration is terminated when a dimer of 

RuvC cleaves the junction, leaving two DNA duplex strands (Connolly et al., 

1991). RuvC can cleave the junction resulting in a ‘patch’ or ‘splice’ product (see 

Figure 1.2). RuvC binds the opposite side of the junction to the RuvA tetramer via 

interactions with RuvA. Whether RuvC is bound to the junction during RuvAB 

mediated branch migration, or replaces one RuvA tetramer before scission is an 

ongoing un-answered question. This elegant RuvABC system has no known 

functional equivalent in eukaryotes, although a number of RuvB ‘like’ proteins 

have been identified. TIP48 and TIP49 are two such homologues of RuvB and 

will be the focus of this project 

1.2 Initial discovery of TIP48 and TIP49 

A homologue of the AAA+ bacterial DNA helicase RuvB was identified in animal 

cells and characterised by several different groups (Bauer et al., 1998; Holzmann 
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et al., 1998; Kanemaki et al., 1997; Kikuchi et al., 1999; Qiu et al., 1998). Initially 

this protein was named TATA Binding Protein Interacting Protein 49 kDa - TIP49 

- due to its in vivo interaction with TATA binding protein (Kanemaki et al., 1997). 

Since then it has accumulated a multitude of names in the literature. During this 

report, this protein will be called TIP49 regardless of species; other groups have 

referred to it as p50, p55, NMP238, TIP49a, RuvBL1, Rvb1, ECP-54, Pontin52, 

TAP54α or TIH1p. Northern blot analysis demonstrated that TIP49 is ubiquitously 

expressed in all human tissues (Holzmann et al., 1998; Makino et al., 2000). As 

well as having conserved homologues in other mammals, in silico and in vivo 

analysis of TIP49 revealed closely related homologues in humans (hTIP49*), 

Drosophila melanogaster (dTIP49*), Caenorhabditis elegans (wTIP49*), yeast 

Saccharomyces cerevisiae and Schizosaccharomyces pombe (yTIP49*) and the 

Archaea Archaeoglobus fulgidus and Pyrococcus horikoshii (aTIP49*) (Holzmann 

et al., 1998; Kurokawa et al., 1999; Salzer et al., 1999). Early characterisation of 

the protein showed that TIP49 was essential for viability and growth in both lower 

and higher eukaryotes (Qiu et al., 1998).  

A protein that strongly interacted with TIP49 was isolated from mammalian cells 

(Gohshi et al., 1999; Kanemaki et al., 1999; Salzer et al., 1999). This protein, 

also a nuclear matrix protein, was identified as a RuvB homologue and highly 

similar to TIP49 in sequence. This protein will be referred to herein as TIP48 

irrespective of species; it goes by a plethora of names in the literature: p47, 

TIP49b, RuvBL2, Rvb2, ECP-51, Reptin52, TAP54β and TIH2p). Human TIP48 

(hTIP48) is ubiquitously expressed in all human tissues (Salzer et al., 1999). Like 

TIP49, TIP48 is also essential for growth and viability (Kanemaki et al., 1999). 

Further investigation demonstrated that TIP49 and TIP48 are distinct proteins 

and are both present in all eukaryotic species (Qiu et al., 1998). Crenarchaeota 

and some Euryarchaeota, however, do not have both TIP48 and TIP49; they 

possess a single homologue (Kurokawa et al., 1999). aTIP49 shares 45-49 % 

identity with hTIP48 and hTIP49. Moreover, in silico analysis demonstrated that 

the archaeal homologue is more related to TIP48 in sequence than TIP49 

*The names in parentheses will be used in this thesis. 
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(Kurokawa et al., 1999). For that reason, it is likely that a gene duplication event 

occurred in an early eukaryotic ancestor, which led to eukaryotic TIP48 and 

TIP49 and the divergence of their sequences.  

1.3 Structural studies of TIP48 and TIP49 

1.3.1 TIP48 and TIP49 primary sequence and comparison to 

RuvB 

Both hTIP48 and hTIP49, as well as being related themselves, have highly 

conserved homologous proteins throughout the eukaryotic domain (Kurokawa et 

al., 1999). Archaeal TIP49 also shows striking similarity to both proteins (Salzer 

et al., 1999). Several groups have catalogued the sequence identity between 

human TIP48, TIP49 and their eukaryotic and archaeal counterparts 

(summarised in Figure 1.3A). 

hTIP49 differs from its homologue in rat (rTIP49) by a single amino acid: IIe291 in 

hTIP49, Val291 in rTIP49. This exemplifies the remarkable conservation of this 

protein between mammals. yTIP49 (yeast) and dTIP49 (Drosophila) both display 

~ 70 % identity with hTIP49, while wTIP49 displays 60 % identity. TIP48, like 

TIP49, is highly conserved between eukaryotic species (Figure 1.3a). Primary 

sequence comparison shows that hTIP48 shares 99 % identity with rat and 

mouse TIP48. hTIP48 exhibits ~ 70 % identity to yTIP48, 78 % identity to dTIP48 

and 58 % identity to wTIP48. 

Calculation of molecular masses from amino acid sequences predicts ~ 52 kDa 

and 51 kDa for hTIP48 and hTIP49 respectively. Further study of the primary 

sequences provided key insights into their homology and functions. TIP48 and 

TIP49 bear significant sequence similarity to the bacterial RuvB protein. TIP48 

and TIP49 in all species share the specific motifs characteristic of AAA+ ATPases, 

which align well with the respective motifs on RuvB (Figure 1.3B). Primary 

sequence alignment with RuvB shows high conservation in the Walker A and B 
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Figure 1.3. Homology between TIP48, TIP49 and RuvB. (a) A summary of the 
sequence identity between TIP48 and TIP49 across different species. The 
percentage sequence identity between human (h), yeast (y), Drosophila (d) and 
nematode worm (w) TIP48 and TIP49, and archaeal (a) TIP49 is shown. (b) 
Alignment of the AAA+ motifs of Thermotoga maritima RuvB and human TIP48 and 
TIP49. The colour scheme from Figure 1.1 is used for the five conserved motifs. 
Identical residues between the three proteins are shown in red. 
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motifs as well as the sensor 1, sensor 2 and arginine finger regions. This 

information suggested that TIP48 and TIP49 are putative AAA+ ATPases. Due to 

sequence homology with RuvB, some groups also proposed that TIP48 and 

TIP49 are DNA helicases (see section 1.4.4). However, TIP48 and TIP49 lack 

the C-terminal DNA binding domain of RuvB. This C-terminal domain in RuvB 

includes a winged helix motif common in non-specific DNA binding proteins, and 

is essential for efficient branch migration by RuvB (Putnam et al., 2001). Finally, 

TIP48 and TIP49 have a unique and conserved ~ 200 amino acid insertion 

between the Walker A and Walker B motifs of Domain I (Matias et al., 2006). This 

‘insertion’ constitutes a novel domain: Domain II. The function of this unique 

domain is still unclear, although it was proposed that it is a substitute for the 

missing C-terminal DNA binding domain present in RuvB (Matias et al., 2006); 

however, the loss of the DNA binding domain in RuvB and acquisition of a unique 

domain in TIP48 and TIP49 may indicate the acquisition of a novel function.  

The sequence identity between TIP48 and TIP49 within the same species is 

approximately 40 % (Figure 1.3a). This again implies that both TIP48 and TIP49 

are functionally important due to their conservation. The conservation of identical 

residues between hTIP48 and hTIP49 is 195 out of 463 (42%) throughout the 

sequence, with Domain I (equivalent to RuvB Domain I) showing 54% identity, 

Domain II (the novel insertion domain) showing 36% identity and Domain III 

(equivalent to RuvB Domain II) showing 27% identity. Of the thirteen extra 

residues in TIP49 compared to TIP48, twelve are at three sites in Domain II. 

Almost all the secondary structure of TIP49 coincided well with regions that were 

well conserved between the two proteins (Matias et al., 2006; Putnam et al., 

2001). This shows that TIP48 and TIP49 are expected to have similar protein 

folding and solution structures, and that many structural differences between the 

two proteins occur in the novel ‘insertion’ Domain II. 
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1.3.2 Oligomerisation of TIP48 and TIP49 

One important feature of TIP48 and TIP49 is their homo-typic and hetero-typic 

interactions. Early characterisation involved studying the oligomeric properties of 

mammalian TIP48 and TIP49. TIP48 and TIP49 were isolated from rat nuclei in 

high salt and analysed in the absence of MgCl2; both TIP48 and TIP49 were 

monomers with molecular masses of ~50 kDa (Gohshi et al., 1999; Kikuchi et al., 

1999). Sedimentation coefficients for monomeric TIP48 and TIP49 were both 

calculated to be ~3.2 S from these data.  

Several groups have also analysed recombinant proteins by size exclusion 

chromatography. hTIP49 eluted as a monomer under all conditions in each 

independent study (Ikura et al., 2000; Puri et al., 2007; Puri, 2006). However, 

hTIP48 eluted as an oligomer consistent with a dimer or trimer (Ikura et al., 2000), 

or as a ~70 kDa species, which was interpreted as a monomer-dimer equilibrium 

or an elongated monomer (Puri et al., 2007). Significantly, hTIP48 formed 

oligomers of around 400 kDa when incubated with ATP and ADP; MgCl2 

enhanced this nucleotide dependent oligomerisation; however, MgCl2 alone was 

not capable of regulating the oligomerisation of hTIP48 (Puri et al., 2007). It was 

therefore proposed that hTIP48 forms hexameric rings when incubated with 

nucleotide cofactors, whereas hTIP49 does not in vitro. This implied a clear 

difference in the structural properties of the two proteins. These data are in 

contrast to the yeast proteins, where yTIP48 and yTIP49 are individually 

monomeric at low concentrations and form oligomers consistent with hexamers 

at high concentrations (Gribun et al., 2008). Furthermore, nucleotides did not 

modulate the oligomerisation of TIP48 and TIP49 in yeast. This implies a 

difference between the regulation of TIP48 and TIP49 oligomers between yeast 

and mammals. 

TIP48 and TIP49 interact in vivo and in vitro. Interestingly, when TIP48 and 

TIP49 from rat nuclear extracts were analysed in the presence of MgCl2, they 
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were associated with complexes of ~700 kDa, with TIP48 and TIP49 being the 

predominant components within this complex (Gohshi et al., 1999; Kanemaki et 

al., 1999; Kikuchi et al., 1999). The most likely explanation for this was a double 

hexameric configuration of TIP48 and TIP49, which is consistent with the 

molecular shapes of canonical AAA+ proteins. As with the rat nuclear extracts, 

analysis of TIP48 and TIP49 from other species demonstrated that they exist in 

several large protein complexes where they are both major components (Gohshi 

et al., 1999; Ikura et al., 2000; Shen et al., 2000). Significantly, TIP48 and TIP49 

were present in a 6:1 ratio with other components of yeast INO80 complex; this 

argues that TIP48 and TIP49 form hexamers in vivo (Shen et al., 2000). In most 

studies, the proportion of TIP48 and TIP49 monomers was above that of the 

other components of multi-subunit complexes (Ikura et al., 2000; Ruhl et al., 

2006). However, to date, only the stoichiometries of TIP48 and TIP49 in the 

INO80 complex have been accurately calculated, highlighting the possibility of 

different TIP48/TIP49 oligomers working in different multi-subunit complexes. 

Nevertheless, these multisubunit complexes are likely to be the functional forms 

of TIP48 and TIP49. Furthermore, mixing of recombinant TIP48 and TIP49 in 

vitro then further purification by size exclusion chromatography yielded a complex 

of ~500 kDa with equal proportions of TIP48 and TIP49 (Ikura et al., 2000). 

Interestingly, when HeLa cell extracts were fractionated by size exclusion 

chromatography, the majority of hTIP48 and hTIP49 eluted in a 1:1 stoichiometry 

in fractions corresponding from 500 to 2000 kDa (Gstaiger et al., 2003). 

Furthermore, a 1:1 ratio of hTIP48 and hTIP49 was seen in the fraction 

corresponding to 300 kDa, which could signify individual homo-hexameric rings, 

hetero-hexameric (single) rings, or a mixture of both. Interestingly, only hTIP48 

was detected in the lower fractions which corresponded to monomers or dimers, 

although the significance of this was not explored (Gstaiger et al., 2003). 

Further insights into their structural properties were gained from electron 

microscopy studies of the human TIP48/TIP49 complex (Puri et al., 2007), and 

later, the yeast complex (Gribun et al., 2008; Torreira et al., 2008). The X-ray 
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crystal structure of hexameric hTIP49 was also solved (Matias et al., 2006); 

however, no structures of full length TIP48 have been published to date.  

1.3.3 High resolution structures of TIP48 and TIP49 

An X-ray crystal structure of hTIP49 was published (PDB number 2C90), showing 

TIP49 hexamers with ADP bound (Matias et al., 2006). The hexameric 

configuration of TIP49 is consistent with other AAA+ proteins that have hexameric 

rings as their active forms (Gorynia et al., 2006; Matias et al., 2006). The TIP49 

monomer comprises of three distinct domains. Domain I (residues 1-120 & 296-

365) is a mixed -helical and -sheet domain, which contains the conserved 

Walker A and B, sensor 1 and arginine finger ATP binding and hydrolysis motifs. 

Between the Walker A and Walker B motifs is Domain II: the novel domain not 

present in RuvB. Domain II (residues 121-295) consists mainly of β-sheets and is 

linked to Domain I by two anti-parallel β-strands. Domain II was found to be 

unique to TIP49 (and TIP48) when screened against a primary structure 

database. However, screening against a structural library showed Domain II to be 

related to the DNA binding domains of DNA processing enzymes, including the 

highly conserved protein, RPA (Replication protein A) (Matias et al., 2006). 

Domain III (residues 366-456) is an α-helical domain, which includes the 

conserved sensor 2 motif. ADP is bound to a monomer of TIP49 at the interface 

between Domains I and III. Comparison with the crystal structure of RuvB shows 

remarkable similarity, both in the overall fold of the proteins, and the ADP binding 

site (Figure 1.4). 

The hTIP49 crystals showed two different tessellating hexameric arrangements, 

giving rise to three independent monomers (A, B and C) in the asymmetric 

subunit. Monomer A was repeated six times giving rise to a hexameric ring with 

C6 symmetry (Hexamer 1); the other two monomers (B and C) were repeated 

three times to give an asymmetric hexameric ring (Hexamer 2) (Figure 1.4), see 

(Gorynia et al., 2006). Hexamer 1 was proposed to be the biologically relevant 

structure (Matias et al., 2006). hTIP49 Hexamer 1 contained six ADP molecules, 
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with one ADP bound between the TIP49 subunit-subunit interaction surfaces 

(Matias et al., 2006). Consequently, ADP is restrained in this binding pocket in 

the hexameric configuration of hTIP49. This may be one reason for the low ATP 

turnover of TIP49 observed in vitro (see section 1.4.2) - conversely nucleotide 

binding may be important for hexamerisation, as has been shown for TIP48 (Puri 

et al., 2007). The hexameric ring of TIP49 also forms a central pore of around 

18 Å, which could accommodate ssDNA but not dsDNA.  

In addition to the crystal structure of hTIP49, a NMR solution structure of K132 to 

R213 of Domain II of hTIP48 has been deposited in the PDB (accession number 

2CQA). This structure shows a predominant β-sheet arrangement for Domain II 

with a single α-helix. Comparison with the X-ray structure of TIP49 indicated high 

conservation between the structures of Domain II of hTIP49 and hTIP48 (Figure 

1.4b). As Domain II is less conserved than Domain I between TIP48 and TIP49, 

this suggests that the proteins have a highly conserved structure overall.  

1.3.4 Electron Microscopy of TIP48 and TIP49 

Although TIP48 and TIP49 may have functions independent of each other in vivo, 

they have been found together in several complexes. To further investigate this, 

hTIP48 and hTIP49 in the absence of co-factors, were assembled into a complex 

consisting of stoichiometrically equal proportions of TIP48 and TIP49; this 

complex was then examined by EM (electron microscopy). The TIP48/TIP49 

complex was analysed by negatively staining, followed by a 3-D (three 

dimensional) reconstruction at 20 Å resolution. Consistent with other AAA+ 

proteins, the 3-D reconstruction of the TIP48/TIP49 complex displayed two 

stacked rings with six-fold rotational (C6) symmetry, and a 26 Å central pore (Puri 

et al., 2007). The dimensions of the particle, C6 symmetry and stoichiometrically 

equal proportions of TIP48 and TIP49 firmly pointed to a double hexameric 

configuration of the TIP48/TIP49 complex (Puri et al., 2007).  
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Figure 1.4. High resolution structures of hTIP48 and hTIP49. (a) Top down and 
side views of the two different hexamers derived from the hTIP49 crystal structure 
(PDB number 2C9O) (Matias et. al., 2006). Monomers are shown in different colours, 
while ADP is shown as green spheres. (b) Crystal structures of monomers of T. 
maritima RuvB (PDB number 1IN4) (Putnam et. al., 2001), hTIP49, and the NMR 
structure of residues 132-213 of hTIP48 (2CQA). Equivalent domains are shown in 
the same colours, ADP is shown as spheres. 
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The resolution of the final reconstruction was not high enough to confirm whether 

the TIP48/TIP49 complex comprised of a TIP48 homo-hexamer stacked on a 

TIP49 homo-hexamer, or whether the two rings were composed of TIP48/TIP49 

hetero-hexamers. Notably, the top and bottom rings of the reconstructed 

TIP48/TIP49 complex were non-equivalent (Figure 1.5). The substantial 

structural differences between the top and bottom rings may favour TIP48 and 

TIP49 homo-hexamers within the double hexamer; alternatively, if the rings are 

heteromeric, the top and bottom rings seem to be in different conformational 

states. One important observation was that the crystal structure of TIP49 could 

not be easily incorporated into the top or bottom ring of the EM reconstruction, 

suggesting that some conformational change had occurred due to protein-protein 

interactions, or the absence of nucleotide co-factors (Puri et al., 2007). 

Furthermore, the authors also suggested a head-to-tail or tail-to-tail (head - 

Domains I and III; tail - Domain II) arrangement of hexameric rings within this 

structure, as these orientations agreed best with the EM reconstruction (Puri et 

al., 2007). 

As work was being carried out for the production of this thesis, two further studies 

were published which utilised EM to analyse the architecture of yeast 

TIP48/TIP49 complexes. Analysis of yeast TIP48 and TIP49 using equilibrium 

analytical ultracentrifugation and size exclusion chromatography suggested that 

the yeast proteins form a single hetero-hexamer, with three yTIP48 and three 

yTIP49 monomers (Gribun et al., 2008). However, the analytical centrifugation 

studies of the yeast complex were performed in the presence of ADP; as the 

observed intensities above 1.5 may be saturated, the molecular mass may have 

been underestimated (Cole et al., 2008).  

More recently, a high resolution reconstruction of the yeast TIP48 and TIP49 

complex was generated using cryo-electron microscopy, and clearly showed a 

double hexameric configuration of yTIP48/TIP49 (Torreira et al., 2008). This 

structure showed a more elongated organisation of the double hexamer 

compared with the more spherical human TIP48/TIP49 complex (Figure 1.5). The 
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top and bottom rings were also more symmetrical than in the human complex, 

although the rings still seemed to be in an unequivalent conformation. After 

alteration of Domain II relative to the other domains of TIP49, the crystal structure 

could be accommodated into the top and bottom rings. This gave an orientation 

of the complex with the rings stacked head-to-head: Domain II of the rings were 

facing inwards, making up the equatorial region, with Domains I and III making up 

hexamers on the top and bottom (Torreira et al., 2008). This suggested that 

interactions between the top and bottom rings were exclusively mediated by 

Domain II. Although the structure was not of sufficient resolution to determine the 

composition of the rings, antibodies used to visualise Myc tagged TIP49 within 

the complex suggested that the rings were made of homo-hexamers of TIP48 

stacked on TIP49 (Torreira et al., 2008). In agreement with the human 

TIP48/TIP49 EM study, the central pore of the complex was determined to be 25 

Å wide (Torreira et al., 2008). 

There are clear differences between the two electron microscopy studies on the 

yeast TIP48 and TIP49 complex, including the globular shape, orientation of the 

rings and symmetry. For this reason, it has been proposed that TIP48 and TIP49 

may form several distinct complexes, each with a specialised function (Torreira et 

al., 2008). Furthermore, the differences between reconstructions of yeast and 

human TIP48/TIP49 complexes may point to differences between the 

organisation of TIP48/TIP49 complexes in lower eukaryotes and mammals; this 

is supported by the observation that TIP48 in yeast cannot be substituted by 

mammalian TIP48 (Lim et al., 2000). 
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Figure 1.5. Electron Microscopy (EM) reconstructions of TIP48/TIP49 
complexes. (a) S. cerevisiae TIP48/TIP49 double hexamer cryo-EM structure at 13 
Å resolution in different orientations (Torreira et al., 2008). (b) Several orientations of 
the reconstructed human TIP48/TIP49 double hexamer at 20 Å resolution (Puri et. al, 
2007). The reconstruction was derived from negative staining followed by EM. 
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1.4 Biochemical Studies of TIP48 and TIP49 

1.4.1 Gene locus, tissue distribution & sub-cellular localisation 

Investigations into the in vivo expression of TIP48 and TIP49 gave insights into 

their respective functions. After discovery, TIP49 was mapped to 3q21 and TIP48 

to 19q13.2 in the human genome (Makino et al., 2000). The human Altsplice 

database (http://www.ebi.ac.uk/asd/altsplice/) shows hTIP49 consists of 11 exons 

and 10 introns, whereas the TIP48 gene contains 14 exons and 13 introns. 

Several groups have studied the tissue distribution of TIP48 and TIP49 in 

mammals; both proteins show ubiquitous expression in all cells with increased 

expression in testes tissue (Bauer et al., 1998; Etard et al., 2000; Holzmann et al., 

1998; Kanemaki et al., 1999; Makino et al., 2000; Salzer et al., 1999). These 

findings indicate essential functions for TIP48 and TIP49, and increased 

expression in testes tissue suggests involvement in DNA recombination and 

repair. Studies in yeast showed that TIP48 and TIP49 genes are self-regulated, 

as endogenous expression of either gene was reduced by over 80% when the 

respective protein was episomally overexpressed (Radovic et al., 2007). 

Knockout mutations of TIP48 and TIP49 showed they are individually essential 

for growth in S. cerevisiae (Kanemaki et al., 1999; King et al., 2001; Lim et al., 

2000; Qiu et al., 1998). These data imply that TIP48 and TIP49 have a more 

fundamental role than simply in DNA repair pathways, which are normally non-

essential. Indeed, TIP48 and TIP49 are involved in the regulation of transcription 

and chromatin remodelling, as well as several other essential pathways in yeast 

(Jonsson et al., 2001; Lim et al., 2000). These data are consistent with evidence 

that TIP48 and TIP49 are individually essential for the viability of all eukaryotes, 

including yeast, nematode worms, insects and mammals (Bellosta et al., 2005; 

Etard et al., 2005; Rottbauer et al., 2002). 

TIP48 or TIP49 were shown to be consistently expressed throughout the cell 

cycle (Qiu et al., 1998; Sigala et al., 2005). TIP48 and TIP49 both have putative 
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nuclear localisation signals: 229HKKK and 264KPKK for TIP49 (both in Domain II) 

and 413RKRK in TIP48 (in Domain III). This is consistent with in vivo data, as 

hTIP48 was shown to be a mainly nuclear matrix protein during interphase 

(Sigala et al., 2005). hTIP48 dissociated from condensing chromatin during 

mitosis, and could then be seen localised in the midbody during cytokinesis, 

indicating a role in late mitosis (Sigala et al., 2005). hTIP48 was also observed at 

the mitotic spindle (Sigala et al., 2005).  

As with hTIP48, hTIP49 was observed mainly in the nuclear matrix during 

interphase and dissociated from chromatin during mitosis, and co-localised with 

the mitotic spindle (Gartner et al., 2003). Interactions with the mitotic spindle 

were corroborated by pulldown assays showing interaction of hTIP49 with α-

tubulin and γ-tubulin. In contrast with hTIP48, hTIP49 did not localise at the 

midzone or midbody during cytokinesis (Gartner et al., 2003). These data 

indicate distinct roles of TIP48 and TIP49 during mitosis, but further investigation 

will conclude if the proteins are acting alone, or as part of TIP48 and TIP49 

containing complexes.  

The signals for nuclear localisation of TIP48 and TIP49 were later studied in 

more detail. TIP48 and TIP49 co-purified with enzymes responsible for 

conjugating and cleaving SUMO (small ubiquitin like modifier) groups (Kim et al., 

2006; Kim et al., 2007). Significantly, it was demonstrated that N-terminally 

SUMO conjugated TIP48 and TIP49 localised exclusively in the nucleus, while 

proteins which could not be SUMOylated (TIP48K456R or TIP49K225R) were 

exclusively cytoplasmic (Kim et al., 2006; Kim et al., 2007). Interestingly, it was 

noted that only 5 % of the endogenous pool of TIP48 or TIP49 are SUMOylated, 

while over a third of the respective proteins localise in the nucleoplasm (Gallant, 

2007). This discrepancy could be explained by a highly dynamic balance 

between SUMOylation and SUMO cleavage; alternatively, other post-

translational modifications or mechanisms could contribute to the sub-cellular 

localisation of TIP48 and TIP49. 
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Characterisation of TIP48 and TIP49 as part of snoRNP complexes (see section 

1.5.7) indicated that they both localised in the nucleoplasm, but not in the 

nucleolus (Watkins et al., 2004). However, later studies identified TIP48 and 

TIP49 as nucleolar components in a proteomic analysis (Leung et al., 2006). 

Subsequently, it was confirmed by confocal microscopy that TIP49 localises in 

the nucleolus (Cvackova et al., 2008). Furthermore, electron microscopy was 

used to show that TIP49 associated with the fibrillar centres, which are sites of 

rRNA transcription by RNA Polymerase I, and this accumulation was enhanced in 

S phase (Cvackova et al., 2008).  

In summary, it is evident that the sub-cellular localisation of both TIP48 and 

TIP49 is rather complicated. It would be important to further delineate the 

molecular cues and stimuli resulting in the movement and distribution of TIP48 

and TIP49. 

1.4.2 ATPase activity of TIP48 and TIP49  

Several groups have shown in vitro ATPase activity for both hTIP48 and hTIP49, 

consistent with them being members of the AAA+ ATPase family. The individual 

rates of ATPase activity were observed to be less than 0.1 mole of ATP 

hydrolysed / mole of monomer / minute (Ikura et al., 2000; Puri et al., 2007). 

Interestingly, the individual ATPase activities of hTIP48 and hTIP49 were 

significantly higher in the first minute, with little or no activity thereafter. This low 

rate of ATP turnover is consistent with observations in the TIP49 crystal structure 

that ADP release is blocked by hexamer formation (Matias et al., 2006). More 

significantly, the TIP48/TIP49 double hexamer shows a synergistic increase in 

ATPase activity in vitro, suggesting this is the catalytically active form of the 

proteins in vivo. The activity of the complex was up to 1 mole of ATP hydrolysed / 

monomer of protein / minute - around ten fold that of the individual proteins (Ikura 

et al., 2000; Puri et al., 2007). Both TIP48 and TIP49 have been shown to bind 

and hydrolyse ATP as part of this complex, and the formation of this complex 

may be necessary for ADP release and subsequent rounds of ATP hydrolysis 
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(Puri et al., 2007). It is likely that either post-translational modifications of TIP48 

and TIP49 or interactions with other proteins or substrates may increase ATPase 

activities of the individual proteins or the TIP48/TIP49 complex.  

1.4.3 Catalytic activity of TIP48 and TIP49 in vivo 

In addition to the in vitro nucleotide hydrolysis activity of TIP48 and TIP49, in vivo 

studies of mutants have shed light on how their enzymatic activity and functions 

are linked. Several groups have generated TIP48 and TIP49 mutants which have 

mutations in the Walker A or Walker B motifs, where analogous mutations in 

RuvB result in defective ATP binding and hydrolysis respectively (Mezard et al., 

1997). 

In yeast, mutations in the Walker A motif (yTIP48G75A, yTIP48K81D, yTIP48K81R 

and yTIP49K85D) caused a lethal phenotype (Jonsson et al., 2001; King et al., 

2001; Lim et al., 2000). Similarly, Walker B mutations (yTIP48D296N and 

yTIP49D302N) also resulted in lethality in yeast (Jonsson et al., 2001; King et al., 

2001; Wood et al., 2000). These data indicate the individual requirement of ATP 

binding and hydrolysis by yTIP48 and yTIP49 for vegetative growth. Interestingly, 

a Walker B mutant yTIP48E297G, which was defective in ATP hydrolysis but not 

binding, could promote the correct assembly of the yINO80 complex (Jonsson et 

al., 2004) (see section 1.5.3). This indicates that ATP binding, but not hydrolysis, 

is required for this particular activity of yTIP48, in concert with wild type yTIP49, 

while ATP hydrolysis may be required to dissociate TIP48 and TIP49 from the 

fully formed yINO80 complex. 

In metazoans, several catalytically compromised TIP48 and TIP49 proteins have 

been studied. Interestingly, a Walker B mutant of hTIP48D296N is able to interact 

with ATF2 (activating transcription factor 2) (Cho et al., 2001) (see section 1.7.6). 

Over-expression of TIP48D295N Walker B mutant in Drosophila caused a lethal 

phenotype in developing larvae, while the equivalent mutation, dTIP49D302N, 

resulted in viable larvae with developmental defects (Diop et al., 2008). Likewise, 

over-expression of hTIP49D302N in human cells conferred a dominant negative 



Chapter I – General Introduction 

37 

phenotype for several TIP49 activities, including c-Myc dependent gene 

regulation and apoptosis, and TIP60 dependent histone H4 acetylation (Dugan et 

al., 2002; Feng et al., 2003; Wood et al., 2000) (see sections 1.5.5) Surprisingly, 

over-expression of TIP49D302N did not affect cell viability. Significantly, replacing 

endogenous hTIP49 with hTIP49D302N in human cells reduced telomerase activity 

(Venteicher et al., 2008) (see section 1.7.6), confirming that the catalytic activity 

of TIP49 is required for this process.  

One striking study into mutations of TIP48 was carried out in Zebrafish. A fish 

exhibiting a heart hyperplasia phenotype after 72 hours of development, was due 

to a mutation within zTIP48: a three amino acid insertion (FCR after G191) within 

‘ATPase insertion’ Domain II (Rottbauer et al., 2002). The mutation in TIP48 was 

called liebeskummer (‘lover’s grief’ in German), abbreviated to likTIP48. As the 

mutated region in TIP48 is well conserved between species, the lik mutation was 

introduced into yeast TIP48 to assess the effect on the TIP48 protein. Yeast 

chromosomal TIP48 was deleted and likTIP48 was ectopically expressed; 

however, ectopic expression of likTIP48 did not support viability, suggesting that 

the mutation affected an essential function of TIP48 (Rottbauer et al., 2002). 

Recombinant Zebrafish likTIP48 was purified from an insect cell expression 

system, and formed aggregates and displayed abnormally high ATPase activity. 

Significantly, the increased activity could have been due to contaminants, as it 

did not peak with the eluted likTIP48, and the authors could purify the activity 

away from the recombinant protein (Rottbauer et al., 2002). 

In summary, ATP binding and hydrolysis by TIP48 and TIP49 are critical for their 

activities in vivo. The data discussed above have also provided clues about how 

the activities of TIP48 and TIP49 are linked to their functions; however, a more 

conclusive mechanism has not yet been described, but would greatly increase 

our understanding of TIP48 and TIP49.  

1.4.4 DNA processing activity of TIP48 and TIP49 
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Yeast TIP48 and TIP49 as a complex have been shown to have ssDNA 

stimulated ATPase activity and helicase activity in vitro (Gribun et al., 2008), 

although the 5’-3’ directionality of the complex was opposite to the TIP60 and 

INO80 complexes (of which they are components), and several other groups 

have disputed TIP48 and TIP49 as active helicases (Jonsson et al., 2004). 

Furthermore, in several studies, human TIP48 and TIP49 have not been found to 

have DNA dependent helicase activity in vitro (Matias et al., 2006; Puri et al., 

2007; Puri, 2006; Qiu et al., 1998). In contrast, rTIP48 and rTIP49 were 

individually demonstrated to have ssDNA stimulated ATPase activity and 

helicase activity of opposite polarities in vitro (Kanemaki et al., 1999; Makino et 

al., 1999). It has been suggested that contaminants, which were carried over 

during protein purifications, may have been responsible for some observations of 

DNA stimulated ATPase activity and helicase activity (Puri et al., 2007; Puri, 

2006; Qiu et al., 1998).  

The ATPase activity of TIP48 and TIP49 in all species is not in dispute; however, 

the helicase activity is still controversial. The different results by different groups 

(particularly the assorted directionalities of helicase activity that have been 

reported) make it difficult to form conclusions about the in vivo activities of TIP48 

and TIP49. 

1.5 TIP48 and TIP49 in multi-subunit complexes 

1.5.1 Chromatin and the need for remodelling 

Generally, eukaryotic genomes are more complex than their bacterial 

counterparts, in terms of total open reading frames, gene complexity and DNA 

length. In eukaryotes, this poses a problem: these enormous molecules of DNA 

(over 1 meter in length for each human cell) must be tightly packaged into a 

nucleus which is ~100,000 fold shorter in length. This problem is solved in the 

form of chromatin: ~147 bp of DNA is wound around a core octamer of histones 

H2A, H2B, H3 and H4 (Arents and Moudrianakis, 1993). These core histone-
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DNA units are then compacted further into tight chromatin structures and 

eventually, with the help of other scaffold proteins, condenses into individual 

chromosomes. Unfortunately, this elegant packaging system poses a further 

problem: the transcription machinery must access DNA promoters in order to 

transcribe genes; however, the DNA is now packaged into unyielding 

chromosome structures. This is also the case for any other process which 

requires ready access to DNA, including DNA replication and repair. Nature has 

solved this problem in the form of chromatin remodelling, whereby specialised 

proteins alter the position, structure and composition of core histones to allow 

orchestrated access to DNA processing enzymes. The link between TIP48, 

TIP49 and chromatin remodelling will be discussed in the following sections. 

1.5.2 TIP48 and TIP49 containing complexes 

Many functions of TIP48 and TIP49 are linked with their inclusion in several large 

multi-protein complexes, predominantly in the nucleus. Many of these complexes 

function in transcriptional regulation, with an emphasis on chromatin remodelling. 

To date TIP48 and TIP49 have both been found in complex with the INO80 

complex; the mammalian TIP60 complex; the yeast Swr1 complex and its 

mammalian counterpart SRCAP; the URI complex; and snoRNP complexes; as 

well as interacting with the RNAP II holoenzyme. Interestingly, a number of 

transcriptional regulation complexes have been reportedly purified with either, but 

not both, TIP48 or TIP49; polycomb group (PcG) and trithorax group (TrxG) 

complexes are noted examples. A proteomics based analysis of probabilistic 

multi-protein complex modules demonstrated at least four discrete complexes in 

which hTIP48 and hTIP49 are core components: hINO80, hSWR, hTIP60 and 

hURI (Figure 1.6) (Sardiu et al., 2008). Interestingly, the number of TIP49 

proteins in yeast is too small for them to be permanently associated with each 

complex they are components of, indicating a transient function (possibly by 

modulating protein-protein interactions) in these complexes, rather than direct 

catalytic activity (Gallant, 2007; Ghaemmaghami et al., 2003). These complexes 

and the roles of TIP48 and TIP49 within them will be discussed below. 
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Figure 1.6. Interaction map of TIP48 and TIP49. Using a proteomics approach, the 
interactions between four TIP48/TIP49 containing complexes were depicted in this 
Venn diagram (Sardiu et al., 2008). Underlined proteins were used as bait in the 
analysis. Proteins with asterisks are novel complex components. Components shared 
between the complexes are coloured in orange. Proteins depicted in circles with 
dashed lines interacted with components of the respective complexes, but were not 
considered core components. Figure adapted from (Sardiu et al., 2008) 
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1.5.3 The yeast and mammalian INO80 chromatin remodelling 

complexes 

The INO80 complex was first identified in yeast cells, and consisted of ~ 12 

proteins built around the SWI2/SNF2 family ATPase INO80 (inositol auxotroph 80 

kDa) (Ebbert et al., 1999; Shen et al., 2000). Subsequently, the INO80 complex 

was shown to unwind DNA in a 3’ to 5’ direction, and to remodel chromatin in 

vitro (Shen et al., 2000). This chromatin remodelling activity was linked to 

transcriptional regulation and DNA damage repair in vivo (Shen et al., 2000). A 

complex built around a catalytically deficient mutant of INO80 (K737A) had 

minimal ATPase activity and no helicase activity, implying that INO80 was the 

bona fide catalytic subunit within the complex (Shen et al., 2000). The INO80 

complex also displayed ATP dependent nucleosome mobilization in vitro (Shen 

et al., 2003), exemplifying its expected activity in vivo. 

A more direct link between DNA damage and INO80 has been established in the 

model organisms S. cerevisiae and A. thaliana. In yeast, the INO80 complex was 

shown to bind to phosphorylated histone H2A (known as γH2A) (Morrison et al., 

2004). γH2A is a marker for DNA double-strand breaks (DSBs) in yeast and 

recruits repair proteins to sites of DNA damage (Downs et al., 2000). Yeast γH2A 

is equivalent to γH2AX in higher eukaryotes: a phosphorylated histone variant 

which marks DSBs. The recruitment of the INO80 complex to DSBs correlates 

with chromatin remodelling, allowing the damaged DNA to be processed by the 

non-homologous end joining (NHEJ) repair pathway (van Attikum et al., 2004). 

Moreover, INO80 was shown to regulate the transcription of some genes 

involved in NHEJ, providing a further link between INO80 and DNA repair (van 

Attikum et al., 2004). In A. thaliana, the INO80 complex was required for 

homologous recombination (HR) mediated DNA repair of DSBs (Fritsch et al., 

2004); the yeast INO80 complex was also implicated in HR (van Attikum et al., 

2004). Importantly, the human INO80 complex was shown to be necessary for 

transcription (Cai et al., 2007) and HR dependent DNA repair (Wu et al., 2007) in 

conjunction with the YY1 ubiquitous transcription factor. Interestingly, YY1 
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showed similarity to the bacterial branch migration co-factor RuvA (see section 

1.1.2) by binding to synthetic Holliday junctions in vitro and, like RuvA, was 

tetrameric in solution; however, the significance of these findings remains to be 

elucidated.  

More recently it was shown that the different roles of the yINO80 (yeast INO80) 

complex in transcription and DNA damage repair may be regulated by post 

translational modifications. Ies4, a component of the INO80 complex, was 

phosphorylated in response to DNA damage, and phosphorylation was required 

for correct DNA damage checkpoint responses (Morrison et al., 2007). Together, 

these data provided a direct link between chromatin remodelling, DNA repair and 

the INO80 complex. It is likely that the involvement of INO80 in HR and NHEJ 

DNA repair is conserved throughout eukaryotes.  

Further characterisation of the yINO80 complex showed that actin, as well as 

actin related proteins yArp4 (homologous to human BAF53), yArp5 and yArp8 

were essential components of the INO80 complex (Shen et al., 2003). Actin and 

actin related proteins (Arps) are common to several chromatin remodelling 

complexes, including TIP60 and SWR (see sections 1.5.3 to 1.5.5). Nucleotide 

binding of Arps does not seem to affect their in vivo functions; however, yeast 

mutants lacking Arps are either non-viable or have severe transcriptional or 

chromatin remodelling defects (Galarneau et al., 2000; Shen et al., 2003). 

Consistent with this, Arp4 was shown to bind core histones in vitro (Galarneau et 

al., 2000; Harata et al., 1999), Arp8 was required for histone binding by INO80 in 

vitro, and for recruiting actin and Arp4 to the INO80 complex (Shen et al., 2003). 

Arp5 and Arp8 were also shown to be recruited to the INO80 complex by 

interactions with the N terminal region of yINO80. These data indicate that Arps 

and actin assemble in a hierarchal fashion and provide a histone binding or 

chaperone function in the INO80 complex. 

TIP48 and TIP49 were both identified as components of yeast and human INO80 

complexes. Moreover, they are both present in a 6:1 stoichiometry with the other 
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components, indicating they function as a double hexamer within the INO80 

complex (Shen et al., 2000). Yeast strains expressing degron tagged TIP48 or 

TIP49 (resulting in proteins which are rapidly degraded following galactose-

induction and temperature shift to 38 ºC), coupled with micro-array analyses, 

were used to demonstrate that yTIP48 and yTIP49 regulate the transcription of 

around 5 % of yeast genes (Jonsson et al., 2001). Interestingly there was a 

strong correlation between transcription of genes by TIP48 and TIP49, indicating 

that they co-operate. The expression of these genes also significantly, but not 

completely, correlated with yINO80 regulated transcription; however, chromatin 

immunoprecipitation showed the localisation of INO80, but not TIP48 or TIP49, at 

the promoters of these genes (Jonsson et al., 2004). Yeast strains with degron-

tagged TIP48 or TIP49 were further used to probe interactions within the INO80 

complex. Significantly, reduction in yTIP48 or yTIP49 levels resulted in INO80 

complexes being inactive and reduced the association of Arp5 with INO80 

(Jonsson et al., 2004). Thus, yTIP48 and yTIP49 may function to recruit the actin 

related protein yArp5 into the INO80 complex (Jonsson et al., 2004). Interestingly, 

a Walker B mutant TIP48E297G still facilitated in the recruitment of Arp5 (Jonsson 

et al., 2004). This indicates that ATP hydrolysis by TIP48 is not required for this 

process, at least when functional TIP49 is present. This provided the first 

indication of a molecular function of TIP48 and TIP49 within the nucleus: yTIP48 

and yTIP49 may recruit proteins for the correct assembly of multi-subunit 

complexes. Significantly, when yTIP48 was immunoprecipitated, the other 

components of the yINO80 complex co-immunoprecipitated, as well as various 

other proteins (Shen et al., 2000). This was a strong indication that TIP48 and 

TIP49 are components of several distinct nuclear complexes in yeast, and 

explains why TIP48 and TIP49 deletion mutants in yeast are individually lethal 

(Kanemaki et al., 1999; Qiu et al., 1998), but INO80 deletion mutants are not 

always lethal (Shen et al., 2000). 
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1.5.4 H2A variant H2A.Z and the SWR complex 

Histone variant H2A.Z (a.k.a. Htz1 in yeast) is a highly conserved protein with ~ 

90 % sequence identity between species (Iouzalen et al., 1996). H2A.Z has 

conserved functions between species that are distinct to those of H2A (Jackson 

and Gorovsky, 2000), and is essential for correct embryonic development in 

metazoans (Faast et al., 2001). To date, the functions of H2A.Z have not been 

fully elucidated, and seem to be contradictory, although H2A.Z has now been 

established as an important marker in processes such as chromatin remodelling 

around promoters, DNA repair, chromosome segregation, heterochromatin 

regulation and cell cycle progression; reviewed in (Zlatanova and Thakar, 2008). 

More recently, it was demonstrated that H2A.Z marks the -1 nucleosome position 

of promoters, and these H2A.Z containing nucleosomes are removed when 

promoters are activated, presumably to allow the transcription machinery to bind 

(Schones et al., 2008). Histone H2A is exchanged for H2A.Z by the chromatin 

remodelling complex TIP60 (discussed below) in mammals; the related SWR 

complex also carries out this function, in an ATP dependent manner, in yeast 

(Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004) and in metazoans 

(Cai et al., 2005; Ruhl et al., 2006). Yeast SWR complexes consist of ~ 12 

proteins and are built around the Swr1 (Swi2/Snf2-related 1) protein. In 

metazoans, the SWR complex is built around SRCAP (Snf2-related CBP 

activator protein).  

In addition to its other putative functions, it was shown that H2A.Z is required for 

maintaining the correct regulation of transcription of a subset of genes by limiting 

the spread of ‘transcriptionally silent’ heterochromatin, particularly around 

telomeres (Meneghini et al., 2003). ySwr1 deletion mutants displayed a similar 

gene transcription profile to mutants lacking H2A.Z, implicating the ySwr1 

complex in the deposition of H2A.Z into histones as a transcription marker (Kobor 

et al., 2004). The ySWR complex was subsequently shown to catalyse H2A.Z 

exchange in vitro in an ATP dependent manner, while a complex built around a 

catalytically dead mutant of ySwr1 (K727G) did not (Mizuguchi et al., 2004). 
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Interestingly, the H2A.Z yeast mutants were also sensitive to UV damage, 

indicating H2A.Z, and thus the ySWR complex, is required during DNA damage 

repair processes (Mizuguchi et al., 2004). Consistent with this, the ySWR 

complex was shown to localise to DNA double-strand breaks (DSBs) and was 

required for recruitment of yKu80, a key protein in facilitating NHEJ (Non-

homologous end joining) repair proteins to DNA double strand ends (van Attikum 

et al., 2007).  

The functions of H2A.Z between yeast and metazoans are thought to be 

conserved (Jackson and Gorovsky, 2000), although reports suggest different 

roles for yeast and metazoan H2A.Z in transcriptional regulation (Bruce et al., 

2005). The human SWR complex was purified from HeLa cells, and was mostly 

comprised of close homologues of the yeast SWR complex (Cai et al., 2005), and 

demonstrated ATP dependent in vitro H2A.Z exchange (Ruhl et al., 2006). 

Further analysis of the hSWR complex showed it was responsible for H2A.Z 

exchange in vivo and localised at active promoters (Wong et al., 2007), 

highlighting a conserved role in transcriptional regulation across species. 

Yeast TIP48 and yTIP49 were identified as genuine components of the SWR 

complex, which was also true for metazoan SWR complexes. Yeast Swr1 also 

co-purified with Arp4 and Actin, which are common components of yINO80 and 

yTIP60 complexes (Krogan et al., 2003); the same was also true for the human 

SWR complex, as BAF53 (homologue of Arp4) and Actin were also detected (Cai 

et al., 2005). This TIP48/TIP49/BAF53/Actin complex is common to many 

chromatin remodelling complexes, and may form an important core sub-complex.  

Clearly, the presence of TIP48 and TIP49 in nuclear chromatin remodelling 

complexes with links to transcription and DNA repair is a common theme; 

however, the precise mechanisms of TIP48 and TIP49 within these complexes 

remains an intriguing question. 
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1.5.5 The metazoan TIP60 Histone acetyltransferase complex 

Histone acetyltransferases (or HATs) catalyse the addition of acetyl groups to 

conserved lysine residues on histones. A subset of chromatin remodelling 

complexes modify chromatin by HAT (histone acetyl transferase) activity, 

resulting in reduced stability of histone-DNA interactions, allowing the access of 

DNA processing enzymes to DNA. The metazoan TIP60 complex, which is built 

around the catalytic subunit TIP60 (HIV-Tat interacting protein, 60 kDa), displays 

HAT activity. The homologous yeast TIP60 complex (a.k.a. the yNuA4 complex) 

is built around Esa1 - Esa1 will be termed yTIP60 hereafter for clarity. The TIP60 

complex also incorporates the p400 and TRRAP subunits. p400 is a homologue 

of SWR1, and may allow TIP60 complexes to incorporate nucleosome switching 

functions (Auger et al., 2008). TRRAP (Transformation–transactivation domain-

associated protein) is a catalytically inactive member of the phosphatidylinositol 

3-kinase-related protein kinase family, and seems to act as a protein scaffold 

within the TIP60 complex (McMahon et al., 1998). yTIP60 complexes do not 

purify with TIP48 and TIP49 as components (Cai et al., 2003; Doyon et al., 2004); 

however, in metazoan TIP60 complexes, TIP48 and TIP49 are bona fide 

components (Doyon et al., 2004; Ikura et al., 2000). Furthermore, metazoan 

TIP60 complexes seem to be well conserved between species (Kusch et al., 

2004).  

Although TIP48 and TIP49 are not components of the yeast TIP60 complex, to 

aid understanding of the mammalian TIP60 complex, the isolation and 

characterisation of yTIP60 will be summarised. yTIP60 was identified as essential 

for cell cycle progression (Clarke et al., 1999) and transcriptional regulation (Reid 

et al., 2000). yTIP60 was identified as a HAT which catalysed the acetylation of 

histone H2A and H4 tails (Kimura and Horikoshi, 1998; Yamamoto and Horikoshi, 

1997). yTIP60 was then identified as part of a large nuclear complex of ~ 13 

subunits (Allard et al., 1999), which was also implicated in direct response to 

DNA DSBs by remodelling chromatin (Bird et al., 2002; Downs et al., 2004). 

Interestingly, the catalytic activity of yTIP60 can be demonstrated in vitro using 
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only three core subunits (yTIP60, Epl1 and Yng2), and this complex was shown 

to exist in vivo (Boudreault et al., 2003). This led to the conclusion that the core 

complex (named the piccolo yTIP60 complex) is responsible for global histone 

acetylation, whereas the full yTIP60 complex is targeted to specific promoters 

and sites of DNA damage by the other subunits of the complex (Boudreault et al., 

2003). It is also thought that these sub-complexes are conserved in metazoans. 

Significantly, 12 of the subunits of the yeast TIP60 complex were also present in 

the human TIP60 complex, including the eponymous catalytic subunit TIP60 

(Doyon et al., 2004). This demonstrated good conservation between the yeast 

and human complexes. The hTIP60 subunit was responsible for the HAT activity 

directed at histones H2A and H4, again showing correlation with yeast (Doyon et 

al., 2004). Notably, the hTIP60 complex was made up of ~ 16 subunits, and 

included hTIP48 and hTIP49 (Doyon et al., 2004; Ikura et al., 2000). The 

additional subunits present in the human complex were homologous to 

components of the yeast and human SWR complexes which display chromatin 

remodelling in the form of nucleosome switching of histone H2A for H2A.Z 

(discussed above). This observation was used to hypothesise that the 

mammalian TIP60 complex is a fusion of the yeast TIP60 and SWR complexes 

(Auger et al., 2008; Doyon and Cote, 2004). Indeed, the TIP60 and SWR mutants 

were synthetically lethal in yeast, indicating that their activities are coordinated 

(Auger et al., 2008). Moreover, p400 (which is not a component of the yeast 

TIP60 complex) is homologous to ySwr1: which catalyses histone switching 

(Doyon et al., 2004). Indeed, it is feasible that the p400 subunit evolved as a 

fusion of yeast Swr1 and yeast Eaf1 (the putative scaffolding subunit of yTIP60 

complex), bringing together the TIP60 HAT and SWR histone switching activities 

(Figure 1.7) (Auger et al., 2008). In support of this, the human TIP60 complex 

displays both histone acetylation and nucleosome switching activities (Martinato 

et al., 2008). This ‘nuclear complex evolution’ is made more convincing, as 

hTIP48 and hTIP49 are recruited to the hTIP60 complex by interaction with p400 

(Fuchs et al., 2001): the putative bridge between TIP60 and SWR complexes in 

metazoans. 
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Figure 1.7. Hypothetical evolution of human TIP60 and SRCAP complexes. 
Adapted from (Auger et al., 2008). Human TIP60 complexes may have evolved from 
a physical merge of TIP60 and SWR as depicted above. The human SWR complex is 
equivalent to that of yeast. TIP48/TIP49 are called RuvBL1/2 in this Figure. 
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The mammalian TIP60 complex has been shown to regulate the expression of 

specific genes. This activity is likely to be via the histone or protein 

acetyltransferase activity of the complex, activating transcription factors and 

remodelling chromatin around promoters. Furthermore, TIP60 and some of the 

subunits within its complex interact with transcription factors such as NFκB, p53, 

c-Myc and E2F (see below and sections 1.7.2 to 1.7.4) to activate target genes. 

As well as being an important regulator of gene expression, the mammalian 

TIP60 complex has been linked to DNA repair and apoptosis (Bird et al., 2002; 

Cheng et al., 2008; Gorrini et al., 2007; Ikura et al., 2000; Ikura et al., 2007). Both 

yeast and human TIP60 complexes have numerous shared subunits, including 

actin and actin related proteins (Arps). Actin and Arps frequently appear in 

nuclear chromatin remodelling complexes, including INO80 and SWR complexes 

(discussed in 1.5.3 and 1.5.5 above). The hBAF53 homologue yArp4 was shown 

to recruit the yTIP60 complex to γH2A: a marker for DSBs (Downs et al., 2004). 

This provides a direct mechanism by which TIP60 is recruited to sites of DSBs to 

remodel chromatin and facilitate repair. γH2A in yeast is equivalent to γH2AX in 

higher eukaryotes, and it is thought that hBAF53 targets the TIP60 complex to 

sites of DNA damage; however, this has yet to be formally demonstrated.  

hTIP60 has also been shown to modulate the activities of ATM (Ataxia 

telangiectasia mutated) and p53. In response to DSBs, ATM phosphorylates 

target proteins (including p53 and histone H2AX), resulting in expression and 

activation of genes involved in the DNA damage repair pathways, check point 

activation or apoptosis; for a review of DNA double-strand break cellular 

responses see (Cann and Hicks, 2007). Similarly, p53 is a transcription factor 

which regulates the expression of genes that govern cell cycle arrest and 

apoptosis (Okorokov et al., 2006). p53 switches gene transcription to favour 

either cell cycle arrest or apoptosis depending on the type and extent of damage 

caused, although the molecular mechanisms of this regulation by p53 are still 

poorly understood. It has been reported that the hTIP60 acetylation of ATM 

activates ATM dependent phosphorylation of targets in response to DNA damage 
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(Sun et al., 2005; Sun et al., 2007). It was also demonstrated that TIP60 is a co-

activator of p53 and is required for p53 dependent transcription and cell cycle 

arrest (Legube et al., 2004). Interestingly, p400 and TIP60 were shown to 

antagonistically regulate p53 pathways: p400 induced cell cycle arrest while 

TIP60 was required for apoptosis (Tyteca et al., 2006). The authors concluded 

that p400 was a regulatory subunit of the TIP60 complex, or that specific sub-

complexes of the TIP60 complex exist to channel p53 gene expression towards 

different cell fates. More recently, it was demonstrated that TIP60 acetylates p53 

after DNA damage, resulting in p53 dependent transcription of pro-apoptotic 

genes (Sykes et al., 2006; Tang et al., 2006). Indeed, UV irradiation dependent 

SUMOylation of TIP60 was recently shown to regulate its nuclear localisation and 

ability to activate p53 (Cheng et al., 2008). These data suggest an important 

mechanism by which TIP60 regulates the cellular response to DNA damage, and 

highlights the intricacy of TIP60 regulated transcription. 

The activity of TIP48 and TIP49 within the human TIP60 complex has been 

investigated. The hTIP60 complex displayed DNA dependent ATPase activity 

and 5’-3’ helicase activity in vitro (Ikura et al., 2000). In the same study, 

recombinant TIP48 and TIP49 individually showed little ATPase activity, and a 

complex of recombinant human TIP48 and TIP49 displayed ATPase activity 

roughly half that of the purified TIP60 complex. However, the TIP48/TIP49 

complex did not bind DNA or display any helicase activity, making it unlikely that 

they were responsible for the TIP60 complex helicase activity (Ikura et al., 2000).  

Together, these data provide clues about the roles of TIP48 and TIP49 within the 

TIP60 complex. TIP48 and TIP49 do not seem to be essential for the HAT activity 

of TIP60, as they are not present in the analogous yeast complex, and the 

piccolo hTIP60 complex displays HAT activity in vitro (Doyon et al., 2004). They 

may, however, be important for targeting the TIP60 complex to regions of DNA 

under different cellular conditions. Alternatively, TIP48 and TIP49 could be critical 

for the putative H2A.Z switching ability of the hTIP60 complex, as in the 

homologous SWR complexes in yeast and mammals. The mechanisms by which 
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TIP48 and TIP49 act within these complexes is unclear; however, TIP48 and 

TIP49 facilitated the correct assembly of INO80 complex (see section 1.5.3), and 

this may also be the case for SWR related complexes. Indeed, recently it was 

shown that TIP49 is required for DNA damage response mediated by hTIP60 

(Gospodinov et al., 2009; Jha et al., 2008), strengthening this hypothesis.  

1.5.6 The yeast and mammalian URI nutrient sensing complex 

Prefoldins are a conserved small molecular mass family of proteins which 

assemble into molecular chaperone complexes; including chaperones that assist 

the folding of cyto-skeletal proteins, actin and tubulin (Vainberg et al., 1998). 

Prefoldins are characterised by their N- and C-terminal α-helical coiled coil 

regions which are connected by one or two β-hairpins (Siegert et al., 2000). A 

novel prefoldin was isolated from yeast and human cells and named URI 

(Unconventional prefoldin RBP5 Interactor) due to its large molecular mass and 

its reported interaction with RBP5 (Gstaiger et al., 2003); interestingly, RBP5 is a 

subunit of all three eukaryotic RNA Polymerase holoenzymes (Woychik et al., 

1990), which implies URI has a transcriptional role. URI was found to be a 

component of a large mega-Dalton complex (around 2 MDa) which comprised of 

several proteins, including TIP48 and TIP49 (Gstaiger et al., 2003). 

Characterisation of the URI complex demonstrated a conserved function between 

yeast and metazoans: the URI complex is involved in transcriptional regulation of 

nutrient metabolising proteins in response to nutrient sensing and signalling by 

the mTOR pathway (Gstaiger et al., 2003). Further characterisation of URI 

complexes in metazoans revealed that URI is required in C. elegans for 

maintaining endogenous genomic integrity and correct cell cycle progression 

(Parusel et al., 2006). URI in D. melanogaster was shown to bind specifically to 

protein phosphatase Iα (PPIα) and was required for genome stability and efficient 

transcription (Kirchner et al., 2008). The significance of TIP48 and TIP49 within 

the URI complex has not yet been elucidated; it is, however, another example of 

a highly conserved eukaryotic complex that regulates transcription with TIP48 

and TIP49 proteins as components. 
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1.5.7 Small nucleolar ribonucleoprotein (snoRNP) facilitate 

ribosomal RNA biogenesis 

Before the incorporation of ribosomal RNA (rRNA) into ribosomes, rRNA must 

undergo a series of specific modifications, including cleavage, methylation and 

pseudouridylation. The modification of rRNA is guided by small nucleolar RNAs 

(snoRNAs), which combine with proteins in complexes called snoRNPs, or small 

nucleolar ribonucleoproteins. Two major classes of snoRNPs have been 

demonstrated: box C/D snoRNPs and box H/ACA snoRNPs; for a review, see 

(Granneman and Baserga, 2004). This process is conserved between yeast and 

mammals, and a number of archaeal species also have both C/D and H/ACA 

class snoRNPs (Omer et al., 2000). The core complex of mammalian box C/D 

snoRNPs contains snoRNA in addition to at least four conserved proteins: 15.5K, 

NOP46, NOP58 and Fibrillarin. However, the factors regulating biogenesis of 

snoRNPs are not limited to these core proteins, and it has been shown that a 

number of proteins guide maturation and sub-nuclear localisation of snoRNPs, 

probably as part of a large nuclear complex. One such maturation step is the 

localisation of core box C/D snoRNPs from the nucleoplasm to the nucleolus. It 

was discovered that a complex of several proteins associates with immature 

nucleoplasmic snoRNPs, but is not associated with mature nucleolar snoRNPs 

(King et al., 2001; Newman et al., 2000; Watkins et al., 1998). Moreover, the 

stability of the core complex was much greater in the nucleolus than in the 

nucleoplasm. This led to the hypotheis that a large multi-protein nuclear complex 

guides the core snoRNP to the nucleolus. During or after this localisation, a 

restructuring event may occur, resulting in maturation of the snoRNP. TIP48 and 

TIP49 were identified as proteins essential for this maturation step (King et al., 

2001). The fact that TIP48 and TIP49 are the only components of this complex 

with ATPase activity and are members of the AAA+ family suggested that TIP48 

and TIP49 take an active role in restructuring core Box C/D snoRNPs (Watkins et 

al., 2002; Watkins et al., 2004). This model was strengthened by the observation 

that a catalytically dead mutant of TIP48 reduced both Box C/D and Box H/ACA 
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snoRNP maturation in yeast (King et al., 2001). Moreover, nucleotide binding, 

particularly TIP48 bound to ATP, increased the binding affinity of TIP48 and 

TIP49 to other components of the snoRNP maturation complex (McKeegan et al., 

2007). It is evident from analysis of snoRNA containing complexes that the 

maturation of snoRNPs involves a number of dynamic complexes before 

nucleolar localisation and restructuring. Taken together, it was concluded that 

TIP48 and TIP49 are important in modulating protein-protein or protein-RNA 

interactions during the maturation of snoRNPs. Moreover, it has recently been 

shown that TIP48 and TIP49 are required for the correct assembly of the 

telomerase complex, which also contains an H/ACA motif RNA component: 

TERC (Venteicher et al., 2008) (see section 1.7.6). Accordingly, restructuring 

RNA containing complexes is a common function of TIP48 and TIP49. 

1.5.8 Interactions with the RNA polymerase II holoenzyme and 

other transcription machinery 

TIP49 was originally identified as an interacting protein of TBP in rat cells 

(Kanemaki et al., 1997). TBP binds to conserved ‘TATA Box’ regions of DNA at 

gene promoters and recruits the transcription machinery in a stepwise fashion. 

Both TIP48 and TIP49 were subsequently shown to interact with TBP in yeast in 

vitro and in vivo (Ohdate et al., 2003), the same was also demonstrated for 

metazoan TIP48 and TIP49 (Bauer et al., 2000; Bauer et al., 1998). Furthermore, 

hTIP49 was identified as an interacting partner of RPA3 in yeast two-hybrid 

assays (Qiu et al., 1998) and hTIP48 was shown to interact with RPAP3 

(Jeronimo et al., 2007; Ni et al., 2009). Both RPA3 and RPAP3 are components 

of the RNAP II holoenzyme complex, responsible for the transcription of genes. 

Interestingly, RPAP3 is tightly associated with RNAP II, was reported to mediate 

interactions between the RNAP II holoenzyme and regulators of protein complex 

formation, during active transcription (Jeronimo et al., 2007). This interaction with 

TBP and components of the RNA Polymerase II holoenzyme led to the 

hypothesis that TIP48 and TIP49 worked in conjunction with the transcription 

machinery. Indeed, in yeast, TIP48 and TIP49 were shown to regulate the 
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transcription of over 5 % of genes (Jonsson et al., 2001); however, this regulation 

is likely to be as part of the chromatin remodelling complexes they are essential 

components of (see relevant sub-sections in section 1.5). Supporting this 

observation, only 1 % of yTBP was associated with yTIP48 as judged by pull 

down assays, indicating a transient or promoter specific interaction of TIP48 with 

TBP (Ohdate et al., 2003). TIP48 and TIP49 may function to target TBP to 

specific promoters, or TIP48/TIP49 containing chromatin remodelling complexes 

may modify histones to allow TBP to bind the unmasked TATA Box and allow 

transcription. 

A further link with transcription machinery was provided by observations that 

TIP49 interacted with RNAP I, which is responsible for the transcription of rRNA 

(ribosomal RNA). TIP49 and RNAP I co-localised in fibrillar centres of the 

nucleolus; however, in this case, TIP49 was suggested to reduce RNAP I 

dependent rRNA production in conjunction with the transcription factor c-Myc 

(Cvackova et al., 2008). TIP48 and TIP49 are progressively being linked to the 

basal transcription machinery, and their mechanism of action within this system is 

rapidly developing into an important area of research.  

1.5.9 Antagonistic regulation of transcription by TIP48 or TIP49 

complexes with β–catenin  

The Wnt signalling pathway plays a major role in development by regulating gene 

expression.  β–catenin is normally present at the cell surface bound to cadherin, 

and is involved in the regulation of cell-cell contacts. In the presence of a Wnt 

signal, β–catenin is transported to the nucleus and associates with transcription 

factors (such as TCF4 or LEF1) to regulate the transcription of Wnt target genes; 

for reviews on β–catenin dependent Wnt signalling see (Brembeck et al., 2006; 

Huang and He, 2008). The molecular details of β–catenin dependent 

transcription are still poorly understood. However, in humans and Drosophila, 

TIP48 and TIP49 antagonistically regulate expression of genes in response to a 

Wnt signal, via β–catenin dependent transcription. In this system, TIP48 is a co-
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repressor, while TIP49 is a co-activator (Bauer et al., 2000). In Zebrafish, TIP48 

mutants were found to deregulate the transcription of β–catenin dependent 

genes, causing heart hyperplasia during development (Rottbauer et al., 2002). It 

was suggested that TIP48 and TIP49 antagonistically regulate β–catenin 

dependent genes during heart development, although this was not conclusively 

demonstrated (see 1.4.3) (Rottbauer et al., 2002). Interestingly, hTIP49 was 

shown to co-activate genes with β–catenin by recruiting subunits of the TIP60 

HAT complex (Feng et al., 2003). Indeed, over-expression of hTIP49D302N (a 

dominant negative Walker B mutant) resulted in reduced Histone H4 acetylation 

at the promoter of ITF1: a target of β–catenin (Feng et al., 2003). This was later 

corroborated by elucidating the regulation of the KAI1 metastasis suppressor 

gene.  

KAI1 is a tetraspannin protein, and repression of KAI1 is an important step in the 

metastatic progression of tumours (Baek et al., 2002; Kim et al., 2005). The KAI1 

promoter is normally repressed by HDAC (histone deacetylase) complex of  N-

CoR/TAB2/HDAC3 (Baek et al., 2002). Interleukin-1β stimulation of cells causes 

nuclear export of this N-CoR complex and subsequent activation of the KAI1 

gene by TIP60 (Baek et al., 2002). When the promoter of KAI1 was analysed in 

metastatic cells, in response to interleukin-1β, a repressive complex of β–

catenin/TIP48/HDAC1 was recruited, while in non-metastatic cells, the TIP60 co-

activator complex was recruited. Both β–catenin and the TIP60 complex were 

directly recruited to the promoter by interactions with the p50 NFκB transcription 

factor, thus the recruitment of both complexes was mutually exclusive (Kim et al., 

2005). The authors concluded that relative levels of TIP60 and β–catenin 

complexes modified the acetylation state of chromatin at the KAI1 promoter, 

regulating the transcription of the gene, and influencing metastasis (Kim et al., 

2005). Surprisingly, only TIP49 was detected within the TIP60 complex in these 

experiments (Kim et al., 2005): TIP48 and TIP49 are normally found in equal 

stoichiometry within the TIP60 complex (see section 1.5.5). These observations 

could be explained by a limitation of the detection technique, meaning only TIP49 

was observed, or by reduced protein expression within the cell lines. Furthermore, 
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reducing TIP49 levels did not affect the expression KAI1, while reducing TIP60 

did; however, these issues were not addressed by the authors.  

In a more recent study, it was shown that KAI1 transcription can be induced by 

PMA (phorbol 12-myristate 13-acetate) in a metastatic cell line, and that this was 

mediated by classical Protein Kinase C signalling via MEK/ERK (Rowe et al., 

2008). These authors also found that TIP48/β–catenin complexes were recruited 

to repress the promoter, but again, did not rule out that TIP48 was also in the 

TIP60 complex. Surprisingly, they also saw that TIP48 and TIP60, but not β–

catenin or TIP49, left the promoter after 6 hours of PMA activation, which 

corresponded with maximal expression of KAI1 (Rowe et al., 2008); however, the 

authors did not comment on this discrepancy. The KAI1 gene serves as a marker 

for the progression of tumours. TIP48 and TIP49 are clearly important co-factors 

in the regulation of KAI1 expression, and further work defining their roles within 

this system would be of great interest. 

1.5.10 Antagonistic HOX gene regulation by Drosophila TIP48-

Polycomb Group and TIP49-Trithorax Group complexes 

Gene regulation at the level of transcription can be carried out by chromatin 

remodelling (discussed in section 1.5.1). Two antagonistic mediators of HOX 

gene expression via remodelling chromatin are Polycomb group (PcG) and 

Trithorax group (TrxG) complexes in Drosophila melanogaster; for reviews see 

(Ringrose and Paro, 2004; Simon and Tamkun, 2002). PcG complexes silence 

HOX gene expression by preventing chromatin remodelling by SWI/SNF; the 

mechanism of this silencing is currently unknown, although it could be due to 

PcG complexes physically preventing remodelling factors and transcription 

machinery having access to nucleosomes. TrxG complexes (SWI/SNF 

homologues) decompact the chromatin, using an ATP dependent chromatin 

remodelling activity, allowing transcription of HOX genes. One major Drosophila 

PcG complex, the PRC1 complex, was purified and the components identified by 

mass spectroscopic analysis. dTIP48 but not dTIP49 was identified as part of this 
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complex (Saurin et al., 2001). Oddly, the stoichiometry of dTIP48 in this complex 

was ~ 0.7:1 with other components, which would mean dTIP48 does not act as a 

hexamer within this complex (Saurin et al., 2001), although this could signify that 

hexameric TIP48 only associates with a subset of complexes. 

The identification of dTIP48 with the PRC1 PcG complex is supported by genetic 

interactions between TIP48 and several PcG complexes in Drosophila, not 

limited to just PRC1 (Qi et al., 2006). However, in the same study, it was 

suggested that TIP48 mediates its repression of HOX genes via the TIP60 HAT 

complex, as TIP60 components Domino (the homologue of Swr1), and E(Pc) 

(Enhancer of Polycomb) also demonstrated genetic interaction with PcG 

complexes (Qi et al., 2006). The authors also noted that the biochemical activity 

of chromatin silencing of genes can be carried out by the core components of 

PRC1, which does not include dTIP48, arguing that dTIP48 is not necessary for 

PRC1 dependent HOX gene silencing. This was later contradicted by another 

group, who demonstrated that dTIP48 was indeed necessary for PRC1 PcG 

complex dependent silencing of HOX genes (Diop et al., 2008). Significantly, they 

identified dTIP49 as a co-activator of these genes with TrxG complexes, 

indicating that dTIP48 and dTIP49 form distinct complexes which antagonistically 

regulate HOX gene transcription (Diop et al., 2008). Furthermore, they showed 

that dTIP48 but not dTIP49 co-purified with the core proteins of PRC1 PcG 

complex. Strikingly, the group also identified dTIP49, but not dTIP48, as a 

component in Brahma (Drosophila SWI2/SNF2 homologue) TrxG chromatin 

remodelling complexes, and dTIP49 in this complex ran as a 170 kDa species on 

denaturing gels (Diop et al., 2008). The authors suggested that TIP49 in this 

complex was a denaturation resistant oligomer, although heavily post-

translationally modified forms of TIP49 could also account for this size on SDS 

PAGE. Indeed, modifications may be a mechanism by which TIP48 and TIP49 

are assembled into distinct complexes for antagonistic transcriptional regulation. 
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1.6 TIP48 and TIP49 interact with cytoskeletal 

components 

1.6.1 TIP48 and TIP49 are implicated in mitotic spindle assembly 

Both hTIP48 and hTIP49 have been individually shown to associate with the 

centrosomes and mitotic spindle, using immunofluorescence microscopy 

(Gartner et al., 2003; Sigala et al., 2005). TIP49 co-immunoprecipitated with α- 

and γ-tubulin in U937 cells, indicating an interaction of TIP49 and microtubules 

(Gartner et al., 2003). An RNAi screen in S2 Drosophila cells identified dTIP49 as 

essential in the regulation of mitotic spindles and centrosomes (Ducat et al., 

2008). Further analysis using knockdown of dTIP49 and visualisation of the 

mitotic spindle apparatus showed defects in spindle formation, including 

abnormal spindles and splayed spindle poles. Centrosomal defects were also 

observed, including low centrosome numbers and centrosome position defects 

(Ducat et al., 2008). Similar experiments in human derived cell lines indicated 

that hTIP49 was also essential for mitotic spindle and centrosome organisation. 

in vitro Xenopus egg extracts were used to demonstrate that both TIP48 and 

TIP49 interacted with the γ-tubulin ring complex, which facilitates the correct 

orientation and nucleation of microtubules. Furthermore, immunodepletion of 

endogenous TIP49 (which also depleted TIP48) from the extracts caused 

abnormal spindle assembly, which was rescued by addition of γ-tubulin ring 

complex together with recombinant hTIP48/hTIP49 complex (Ducat et al., 2008). 

These data indicated that TIP48 and TIP49 may modulate protein-protein 

interactions involving tubulin and the γ-tubulin ring complex. 

Further insights into the mitotic functions of TIP48 and TIP49 came from studies 

characterising interacting partners of ILK (Integrin Linked Kinase). ILK is a 

scaffold protein and a serine/threonine kinase (Qian et al., 2005). TIP48 and 

TIP49 were identified in a screen for functional interactions with ILK in HEK293 

cells (Dobreva et al., 2008; Fielding et al., 2008). TIP49 seemed to be included in 
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a sub-complex with α-tubulin and ILK (Dobreva et al., 2008), and this complex 

localised at centrosomes during interphase and mitosis (Fielding et al., 2008). 

Even though TIP48 also associated with ILK, the co-localisation and presence of 

TIP48 in this complex was not investigated. As ILK has also been shown to 

induce stabilisation and nuclear localisation of β-catenin, the authors noted that 

TIP49 with β-catenin may be shuttled to the nucleus by ILK, which may in turn 

affect the transcription of specific genes (Dobreva et al., 2008). 

1.6.2 Links to cilium formation 

Evidence for the involvement of TIP48 and TIP49 in cilium formation came from 

studies that identified interactions between TIP48, TIP49 and OFD1 (Giorgio et 

al., 2007). OFD1 (named after Orofaciodigital syndrome type 1) localises at the 

base of the primary cilium and is required for primary cilium formation and correct 

left-right axis specification. Interestingly, OFD1 was also shown to be nuclear and 

associated with subunits of the TIP60 HAT complex. How TIP48, TIP49 and 

OFD1 are linked during cilium formation, as well as their mutual presence in the 

TIP60 complex is still open to investigation; however, evidence suggests that 

TIP49 is essential for cilium formation. A proteomics study linked TIP49, as well 

as TIP48, with the photoreceptor sensory cilium complex in mice (Liu et al., 2007). 

Furthermore, a microarray analysis demonstrated that both TIP48 and TIP49 

mRNA levels were up-regulated during flagellar regeneration in the algal species 

Chlamydomonas reinhardtii (Stolc et al., 2005). Mutations in TIP49 also cause 

cystic kidneys in Zebrafish (Sun et al., 2004); cystic kidneys have been linked 

with ciliary dysfunction (Pazour and Witman, 2003). The most likely explanation 

for these data is that TIP48 and TIP49 co-regulate transcription in response to 

cilium based signaling events (Stolc et al., 2005; Sun et al., 2004), possibly via β-

catenin related transcriptional regulation (see sections 1.5.9 & 1.7.2). 

Alternatively, as cilia contain tubulin, TIP48 and TIP49 may directly act on the 

tubulin components of cilia emulating their activities during mitotic spindle 

formation. 
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1.7 TIP48 and TIP49 have been implicated in cancer 

1.7.1 Expression and incidence in cancers 

The TIP49 gene locus is in 3q21 and TIP48 is in 19q13.2 in the human genome 

(Makino et al., 2000). 3q21 is a gene rich region which is frequently rearranged in 

leukaemias (Rynditch et al., 1997). Moreover, this region was found to be 

duplicated in human non small cell lung cancer samples, and TIP49 mRNA levels 

were around 4 fold higher than in wild type samples (Dehan et al., 2007). 

19q13.2 is a region where rearrangements are associated with breast cancer 

(Parfait et al., 2000). However, when mRNA levels of TIP48 in breast cancer 

tissues were tested, no up-regulation of TIP48 was detected (Parfait et al., 2000), 

suggesting TIP48 levels were not critical for cancer progression in those cases. 

Expression of TIP48 and TIP49 was shown to be deregulated in several clinical 

cases of cancer. When hepatocarcinoma cells from a patient were compared with 

wild type liver cells from the same patient, expression of TIP48 and TIP49 was 

shown to be elevated (Blanc et al., 2005; Huber et al., 2008; Rousseau et al., 

2007). Moreover, an increase in TIP49 expression correlated with a poorer 

prognosis in hepatocarcinoma patients (Rousseau et al., 2007). Interestingly, 

increased expression of TIP49 in a hepatocarcinoma cell line correlated with a 

more aggressive phenotype, while knockdown of TIP49 correlated with less cell 

growth and more apoptosis, indicating that TIP49 was necessary for the viability 

and metastasis of these cells (Rousseau et al., 2007). The oncomine database 

(www.oncomine.org), which contains extensive microarray analysis of protein 

expression in clinical cases of cancer, also indicated up-regulation of TIP48 and 

TIP49 in several cases of cancer, including bladder tumours and melanomas 

(Huber et al., 2008). Consistent with this, TIP49 was found to be up-regulated in 

some colon cancers (Carlson et al., 2003); the authors linked the increase in 

TIP49 to an increase of the colon cancer marker COX-2, via the Wnt/β-catenin 

signalling pathway. Finally, the sub-cellular localisation of TIP49 also seemed to 



Chapter I – General Introduction 

61 

be modulated in cancer cells, as TIP49 seemed to have greater nuclear 

localisation in hepatocarcinoma cells (Lauscher et al., 2007).  

As well as their involvement in clinical cases of cancer, TIP48 and TIP49 are key 

players in signalling pathways and transcription mechanisms which are frequently 

involved in oncogenic transformation. This makes them good candidates for 

cancer therapy targets, particularly as they have an enzymatic ATPase activity 

that could be specifically targeted. The involvement of TIP48 and TIP49 in these 

processes will be summarised below. 

1.7.2 The Wnt pathway: β–catenin and Hint1 

The Wnt signalling pathway is instrumental for the regulation of gene 

transcription in response to developmental and proliferation signals (discussed in 

section 1.5.9). Crucially, Wnt signalling is often de-regulated during the 

development of human cancers (Polakis, 2007). β–catenin is a pivotal factor 

which regulates the transcription of Wnt target genes in response to signalling 

cues. TIP48 and TIP49 have already been linked with cancer metastasis by 

modulating β–catenin dependent regulation of the KAI1 metastasis suppressor 

gene (see section 1.5.9). Further studies into the role of TIP48 and TIP49 in 

regulating β–catenin dependent transcription will be detailed below. 

Hint1 (Histidine triad nucleotide binding protein 1, a.k.a. Protein Kinase C 

interacting protein) is a haplo-insufficient mammalian tumour suppressor (Li et al., 

2006; Zhang et al., 2009). A crystal structure demonstrated that Hint1 binds Zinc 

via a conserved histidine triad motif (His-X-His-X-His-X-X, where X is a 

hydrophobic residue) (Lima et al., 1996). Although this analysis provided much 

information on the structure of Hint1, the impact and mechanism of Hint1 during 

cancer progression is still poorly understood. Several lines of investigation have 

implicated Hint1 in cell cycle control, transcriptional regulation and apoptotic 

induction. Overexpression of Hint1 was shown to induce p53 dependent 

apoptosis (Weiske and Huber, 2006), although the molecular mechanisms of this 

effect remain to be tested. Recent evidence also points to the role of Hint1 in 
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regulating Cyclin dependent kinase inhibitor 1B (a.k.a p27KIP1) protein levels and 

thus blocking progression into S phase (Cen et al., 2009). These effects of Hint1 

were attributed to transcriptional regulation of Src, and transcription independent 

inhibition of SCFSKP2 (Cen et al., 2009), as Src and SCFSKP2 are negative 

inhibitors of p27KIP1. Hint1 was also required for efficient ATM and γH2AX 

acetylation (presumably by TIP60) in response to DNA damage (Li et al., 2008). 

Taken together, these data provide a strong link between Hint1 and the 

involvement of the TIP60 complex in DNA damage responses (see sections 

1.5.5). 

Hint1 was shown to bind TIP48 and TIP49 in vitro and in vivo, while no 

interaction between Hint1 and β–catenin and LEF1 was detected in vitro (Weiske 

and Huber, 2005). Pull down assays using truncated forms of TIP48, TIP49 and 

Hint1 demonstrated that TIP48 and TIP49 interact with the N-terminal domain of 

Hint1. Furthermore, Hint1 interacted with residues 214-295 and 218-289 of TIP48 

and TIP49 respectively (Weiske and Huber, 2005). It should, however, be noted 

that removing these regions of the proteins could have affected their structural 

integrity, as judged by analysis of the crystal structure of TIP49 and our work 

carried out in Chapter 4.2. Hint1 over-expression repressed β–catenin mediated 

transcription in reporter assays, and repression was also seen when cells were 

co-transfected with TIP48 or TIP49 (Wang et al., 2009; Weiske and Huber, 2005). 

The authors speculated that Hint1 disrupts interactions between TIP48 and 

TIP49 oligomers to exert this effect, although this was not demonstrated (Weiske 

and Huber, 2005).  

Hint1 is clearly important in regulating the DNA damage response and 

transcription, possibly by modulating TIP60. The finding that Hint1 interacts with 

TIP48 and TIP49 is one of interest, and elucidating the significance of this 

interaction in vivo will provide clues into the tumour suppressor properties of 

Hint1. 
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1.7.3 Role of TIP48 and TIP49 in c-Myc transformation 

c-Myc is a focal transcription factor and responsible for the regulation of over 

10 % of genes in metazoans (Fernandez et al., 2003). c-Myc is one of the most 

frequently mutated proteins in human cancers, and many of its transcription 

targets are required for cellular transformation; for appropriate reviews, see 

(Henriksson and Luscher, 1996) and (Amati et al., 2001). In this context, 

transcriptional regulation by c-Myc impacts on cell growth, proliferation, and 

apoptosis, although the molecular signals which direct c-Myc dependent 

transcription into specific pathways are still being characterised. In addition, c-

Myc was recently identified as one of the four critical genes that, when co-

expressed, can reprogram somatic cells to become pluripotent stem cells in mice 

and man (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). 

Several components of the TIP60 complex have been identified as interacting 

partners of c-Myc. hTRRAP, was immunoprecipitated from HeLa cells ectopically  

expressing an epitope-tagged N-terminal domain of c-Myc (McMahon et al., 

1998); subsequently, it was shown that TRRAP was required for c-Myc 

dependent transcriptional regulation by recruiting the hGCN5/PCAF HAT 

complex (Frank et al., 2001; McMahon et al., 2000; Park et al., 2001). As well as 

being a component of the hGCN5 complex, TRRAP is also in the TIP60 HAT 

complex (see section 1.5.5). Significantly, BAF53, p400, TIP48 and TIP49 – all 

components of the TIP60 complex – were also shown to interact with c-Myc and 

be required for c-Myc dependent oncogenic transformation (Park et al., 2002; 

Wood et al., 2000). Indeed, it has been shown that the entire TIP60 complex is 

recruited to promoters by c-Myc, in order to regulate a subset of genes by histone 

acetylation and histone switching (Frank et al., 2003; Martinato et al., 2008). 

TIP48 and TIP49 were revealed as essential cofactors for c-Myc dependent 

transformation in human cell lines (Wood et al., 2000). Although it is now evident 

that the entire TIP60 complex is recruited to promoters by c-Myc, this early report 

elucidated interactions between hTIP48, hTIP49 and c-Myc. TIP48 and TIP49 
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were shown to interact with the N-terminal domain of c-Myc; this interaction (at 

least for TIP49) was mediated by Domain II: the novel ATPase insert domain 

(Wood et al., 2000). Interestingly, cells ectopically expressing a hTIP49D302N 

Walker B mutant protein were unaffected for growth and apoptosis, but displayed 

a dominant negative phenotype for c-Myc dependent transformation. The same 

mutation was lethal when it replaced wild type TIP49 in yeast, supporting the idea 

that the mutation compromised the catalytic activity of TIP49 (Wood et al., 2000). 

In another study using hTIP49D302N, TIP49 was shown to be required for c-Myc 

dependent apoptosis, under serum starved conditions (Dugan et al., 2002). Thus, 

TIP49 promotes c-Myc dependent transformation or suppresses c-Myc 

dependent apoptosis under different cellular conditions. These data supported 

the argument that the activity of TIP49 is critical for transformation, is under tight 

control, and could therefore be important for developing cancer therapies. 

Studies in metazoan model organisms revealed further insights into the 

relationship between TIP48, TIP49 and c-Myc. In early development of X. laevis, 

c-Myc and Miz-1 form a transcription repressor complex, which in turn, increases 

cell proliferation (Staller et al., 2001). Individual over-expression of xTIP48 and 

xTIP49 caused a hyperproliferation phenotype in developing embryos, an effect 

which was dependent on c-Myc and Miz-1 (Etard et al., 2005). Significantly, 

these effects were independent of the Wnt signalling pathway. Moreover, N-

terminal truncation mutants of xTIP48 and xTIP49, which could not bind c-Myc 

but did bind β–catenin (and themselves), resulted in a proliferation phenotype 

similar to reducing endogenous xTIP48 and xTIP49 levels (Etard et al., 2005). 

Taken together, these data indicate that, with c-Myc and Miz-1, xTIP48 and 

xTIP49 are co-repressors of proliferation-inhibiting genes. 

Studies in D. melanogaster revealed that dTIP48, dTIP49 and c-Myc interacted 

genetically (Bellosta et al., 2005). Like in X. laevis, Drosophila TIP48, TIP49 and 

c-Myc were required for proliferation. Interestingly, dTIP49 showed stronger 

interaction with c-Myc than dTIP48 with c-Myc, although it was unclear whether 

this was biologically significant. Moreover, c-Myc mutants with heterozygous 
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TIP48 mutants showed no phenotype, while TIP49 heterozygous mutants did, 

indicating that the relative levels of TIP48 and TIP49 are important for regulating 

c-Myc dependent proliferation (Bellosta et al., 2005). Indeed, the authors 

interpreted that TIP48 exists in complexes both with and without TIP49 (e.g. 

INO80 complexes contain TIP48 and TIP49, while PcG complexes only contain 

TIP48 (see relevant sub-sections in section 1.5); ergo, altering the levels of 

TIP49 alters the balance of TIP48 complexes, resulting in different transcriptional 

regulation. RNAi screens were used to conclude that gene regulation correlated 

well between dTIP48 and dTIP49, although regulation of only 11 genes was 

shared between dTIP48/dTIP49 and c-Myc; the mfas promoter was bound by 

TIP49 and c-Myc to regulate transcription in this system (Bellosta et al., 2005). 

It is evident that the cellular roles of c-Myc, TIP48 and TIP49 are tightly linked. 

However, the effects described above may all be attributed to the recruitment of 

the TIP60 complex to promoters by c-Myc and its interacting partners. 

Nevertheless, it is important to delineate the necessity of TIP48 and TIP49 for the 

correct functioning of c-Myc dependent pathways, and their roles within the 

TIP60 complex, as elucidating these details could have implications for clinical 

research. 

1.7.4 TIP48 and TIP49 are required for E2F transcriptional 

activity 

Adenovirus protein E1A is an oncogene that operates by de-regulating 

proliferation and apoptosis (Moran, 1993). E1A drives proliferation or apoptosis 

by modulating the transcriptional activity of its target proteins, which include the 

E2F transcription activators: E2F1, E2F2 and E2F3. There is a large overlap 

between the effects of c-Myc (see above) and E1A oncoproteins. Significantly, 

E2F1 mRNA transcription is also regulated by c-Myc, which further implies that 

the oncogenic activities of c-Myc and E1A are linked (Leone et al., 2001). 

Transcription of E2F target genes is a requirement for progression through the 

G1/S checkpoint, and thus, proliferation (Wu et al., 2001). The tumour 
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suppressor protein, Rb (retinoblastoma protein), regulates the transcription of 

E2F1 dependent genes by binding and suppressing E2F1; E1A deregulates this 

repression by sequestering Rb (Moran, 1993). Importantly, E1A can also induce 

apoptosis via E2F1, p53 and other pathways (Moran, 1993). 

Human TIP49 was shown to associate with E2F1 in vivo (Dugan et al., 2002). As 

with c-Myc (see above), over-expression of a dominant negative mutant, 

hTIP49D302N, reduced oncogenic potential of E1A and, under serum starvation 

conditions, increased E2F1 dependent apoptosis (Dugan et al., 2002). More 

recently, it was shown that E2F transcription activators recruit the TIP60 HAT 

complex (including TIP48 and TIP49) to promoters, and that this recruitment is 

necessary for acetylation of Histone H4 (and partially for H3). This recruitment of 

HAT complexes to promoters led to an increase in transcription of E2F target 

genes and was necessary for E2F dependent cell cycle progression (Taubert et 

al., 2004). Interestingly, TIP48 and TIP49 were also detected at E2F target 

promoters independent of the TIP60 complex (Taubert et al., 2004), implying that 

they regulate E2F target genes as part of various distinct chromatin remodelling 

complexes. It would be interesting to investigate the composition of these TIP48 

and TIP49 containing complexes, and the interactions required to target distinct 

chromatin remodelling complexes to E2F target promoters under specific cellular 

stimuli. 

1.7.5 Interactions of TIP48 with ATF2 

Activating transcription factor 2 (ATF2) is a transcription factor and HAT which 

regulates the cellular response to stress (Kawasaki et al., 2000). ATF2 forms 

homodimers and heterodimers (predominantly with c-Jun), which regulate genes 

involved in transformation and DNA damage dependent apoptosis (Kawasaki et 

al., 2000). The C-terminal domain of hTIP48 was shown to interact with hATF2 in 

a yeast two hybrid screen (Cho et al., 2001). Consequently, TIP48 was shown to 

repress the transcriptional activity of ATF2 in a c-Myc and β-catenin independent 

manner, presumably by direct association with ATF2. ATF2 phosphorylation 
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regulates its transcriptional activation, and phosphorylated ATF2 bound TIP48 

more strongly, which correlated with TIP48 mediated repression of ATF2 activity 

(Cho et al., 2001). The authors proposed a mechanism where TIP48 either alters 

the HAT activity of ATF2, or blocks interactions between ATF2 and co-activators 

of ATF transcription. This interaction of TIP48 with ATF2 would therefore function 

as an extra level of control of ATF2 dependent transcription, and could potentially 

channel the cell stress response towards different pathways. Strikingly, TIP49 did 

not bind to ATF2, nor did it elicit any regulation of ATF2 dependent transcription 

in vivo (Cho et al., 2001). Thus, the relative levels of ATF2 and TIP48, but not 

TIP49, serve to control the response of cells to stress. This mechanism may 

define an important step in the progression of cancer, although further 

investigation into the molecular role of TIP48, in this system, needs to be 

elucidated. 

1.7.6 TIP48 and TIP49 are necessary for Telomerase activity 

An unexpected recent insight into how TIP48 and TIP49 may be important for 

cancer progression and metastasis was revealed when TIP48 and TIP49 were 

shown to be essential for telomerase activity. Mature telomerase is essential for 

the extension of telomeres in vivo, which are synthesised to protect the ends of 

chromosomes and are critical in cell senescence, longevity, and cancer 

progression. Telomerase complexes comprise of TERT, the reverse transcriptase 

component; TERC, the RNA component; and Dyskerin, which specifically binds 

the H/ACA motif found in TERC. Recently, hTIP48 and hTIP49 were shown to 

directly interact with TERT and Dyskerin, but not TERC (Venteicher et al., 2008). 

Interestingly, TIP48 and TIP49 were shown to be essential for mature telomerase 

accumulation and associated with TERC during S phase (Venteicher et al., 2008). 

Moreover, the ATPase activity of TIP49 was required for telomerase activity. 

Most significantly, TIP48 and TIP49 were also shown to associate with a pool of 

telomerase complexes which did not display high activity in vitro; this led the 

authors to conclude that TIP48 and TIP49 are required for restructuring a pre-

telomerase complex into a mature telomerase complex by recruiting TERT or 
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other factors to Dyskerin/TERC or by remodelling the complex (Baek, 2008; 

Venteicher et al., 2008). Alternatively, TIP48 and TIP49 could be associated with 

mature telomerase which does not display activity in vitro. Another alternative 

explanation is that TIP48 and TIP49 synergistically repress the activity of the 

telomerase complex, until it is in its mature configuration. These findings suggest 

TIP48 and TIP49 could be targets for cancer therapy as they are necessary for 

the activity of the telomerase complex. 

1.7.7 Post Translational Modification of TIP48 and TIP49 

Post translational modification (PTM) of proteins is a major method of regulating 

their activity, sub-cellular localisation and interactions with other cellular factors. 

Modifications of TIP48 and TIP49 have been demonstrated in vivo and the 

significance of these will be outlined below (also see Figure 1.8). 

TIP48 and TIP49 are SUMOylated by Ubc9 in vivo (see section 1.4.1). TIP48 is 

SUMOylated on lysine K456 (Kim et al., 2006), while SUMO is conjugated to 

K225 of TIP49 (Kim et al., 2007). It is interesting that the SUMO modification is at 

the periphery of Domain III in TIP48, but in a random coil region of Domain II for 

TIP49. This suggests that the SUMO modification has separate functions in 

TIP48 and TIP49. For both TIP48 and TIP49, SUMO modification resulted in 

nuclear localisation. Interestingly, the N-terminally SUMO tagged TIP48 or TIP49 

was sufficient for nuclear localisation, indicating that localisation was due to the 

presence of the modification, and not its location of it on the protein. Intriguingly 

only 5 % of endogenous TIP48 and TIP49 are SUMOylated in vivo, while over a 

third of the proteins localise in the nucleus (discussed in section 1.4.1). The 

SUMOylation of TIP48 may increase its interactions with HDAC1, and result in 

transcriptional repression (as seen with KAI1). SUMOylation of TIP49 did not 

affect interactions with TIP48, but may increase interactions with β-catenin. In 

either case, ablating the SUMOylation of TIP48 or TIP49 greatly reduced the 

metastatic potential of cancer cell lines, which are likely due to modulated 

transcriptional regulation (Kim et al., 2006; Kim et al., 2007). 
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Figure 1.8. Post translational modification (PTM) of hTIP48 and hTIP49. A 
schematic depicting the domain structure of human TIP48 and TIP49 is shown. Sites 
which are reportedly modified are annotated. Modifications include phosphorylation 
(P), acetylation (Ac) and SUMOylation (SUMO). 
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In a global analysis of proteins phosphorylated by ATM and ATR, TIP48, but not 

TIP49, was identified as a substrate. TIP48 is phosphorylated on serine S219 (in 

Domain II) in response to DNA damage (Matsuoka et al., 2007). It would be 

interesting to investigate the significance of this modification, how it relates to the 

function of TIP48 and the connotations of detecting phosphorylated TIP48, but 

not TIP49. The Phosphosite PTM database (www.phosphosite.org), in which 

data on global PTM studies is deposited, contains information on further 

modifications of TIP48 and TIP49. TIP48 was reportedly acetylated on lysine 

K416, and phosphorylated on tyrosine Y214 .TIP49 was reportedly acetylated on 

lysines K2, K232 & K453. Of particular interest is that acetylation sites K416 of 

TIP48 and K232 of TIP49 correspond with putative nuclear localisation signals: 
413RKRK and 229HKKK respectively. In addition to the previously described 

SUMOylation of TIP48 and TIP49, acetylation at these sites may provide a 

further mechanism by which sub-cellular localisation is modulated by PTM. 

Evidently, the modification of TIP48 and TIP49 is a complex and temporal 

process. It would be interesting to study the management of different 

modifications and how they impact on the structure and function of TIP48 and 

TIP49. 

1.7.8 Links with DNA damage repair 

The onset of cancer is tightly linked with DNA damage and its subsequent repair, 

or channelling cells into apoptotic pathways. Various lines of evidence have 

converged to implicate TIP48 and TIP49 as important co-factors in the DNA 

damage response.  

Direct evidence for the involvement of TIP48 and TIP49 in the DNA damage 

response is their inclusion in several chromatin remodelling complexes (see the 

relevant sections in Chapter 1.5 for more details). INO80 and TIP60 protein 

complexes have both been implicated in non-homologous end joining (NHEJ) 

and homologous recombination (HR) dependent repair of DNA double strand 
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breaks (DSBs). In addition, transcriptional regulation by these protein complexes 

is also likely to impact on the DNA damage response.  

The role of TIP48 and TIP49 in DSB repair was further studied in PC-3 human 

prostate cancer cells. TIP49 levels were depleted using RNAi and the 

accumulation of Rad51 was monitored at DSB loci (Gospodinov et al., 2009). 

Rad51 is involved in HR by facilitating strand invasion, and accumulates in DNA 

repair loci after IR (Ionising Radiation) or MMS (methyl methanesulfonate) 

treatment of cells. Depletion of TIP49 reduced the number of Rad51 foci 50 % 

compared with control experiments (Gospodinov et al., 2009); this was also the 

case when TIP48 was depleted. HDAC inhibitors rescued this phenotype, 

suggesting that TIP48 and TIP49 are critical for the correct functioning of HATs 

(presumably TIP60) in the DNA damage repair (Gospodinov et al., 2009). This is 

supported by evidence that siRNA against either TIP48, TIP49 or TIP60 resulted 

in the abnormal accumulation of γH2AX in human cancer derived cell lined (Jha 

et al., 2008; Ni et al., 2009). This was attributed to a defect in histone H4 

acetylation at sites of DNA damage, resulting in reduced de-phosphorylation of 

γH2AX, rather than a transcriptional or DNA damage signalling defect (Jha et al., 

2008). It was also suggested that RPAP3 negatively regulates TIP48 in this 

pathway, although this has yet to be demonstrated (Ni et al., 2009). 

Interestingly, TIP48 but not TIP49, was phosphorylated by the ATM/ATR kinases 

in response to DNA damage (Matsuoka et al., 2007). This implies that some 

property of TIP48 is regulated in response to DSBs. Discerning what particular 

attribute of TIP48 is modulated by phosphorylation could give important insights 

into its molecular functions and cellular roles. 

1.8 Proposed functions for TIP48 and TIP49 in vivo 

There is conflicting evidence about the biological roles of TIP48 and TIP49 in the 

literature; both in the nature of how TIP48 and TIP49 are involved in disparate 

fundamental processes (transcriptional regulation, chromatin remodelling, 
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telomere extension, rRNA biogenesis and cyto-skeletal dynamics) and whether 

they carry out different functions in different eukaryotic species. TIP48 and TIP49 

also work either synergistically or antagonistically depending on the molecular 

process. Taking together all of the evidence and observations from primary 

research, one can deduce several possibilities for the molecular mechanisms of 

TIP48 and TIP49 in vivo, which are not necessarily mutually exclusive: 

 TIP48 and TIP49 are bona fide DNA or RNA helicases, and function during 

processes such as transcription, rRNA biogenesis and telomerase activity 

 TIP48 and TIP49 modulate protein-DNA or protein-RNA interactions, 

potentially during the assembly of chromatin remodelling complexes, 

snoRNPs and the telomerase complex 

 TIP48 and TIP49 may recruit protein complexes to DNA, RNA or 

nucleosomes in a concerted fashion. Protein complexes may include the 

transcription machinery, chromatin remodelling complexes, snoRNPs and 

the telomerase complex 

 TIP48 and TIP49 could remodel protein-protein interactions within 

complexes or recruit specific proteins to their respective complexes under 

the correct conditions. Candidate complexes are all of those already 

mentioned above, as well as components of the mitotic spindle and primary 

cilium  

 TIP48 and TIP49 could synergistically repress the activities of certain 

protein complexes until they are correctly assembled. These observations 

are supported by work carried out with INO80, the telomerase complex and 

snoRNPs. 
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1.9 Project Outline 

After consideration of all of the research on the various homologues of TIP48 and 

TIP49, the aims of this thesis were to investigate the aspects of hTIP48 and 

hTIP49 as follows: 

I. To purify recombinant TIP48, TIP49 and their complex for in vitro 

characterisation of their biophysical properties and ATPase activity 

II. To study the oligomerisation of TIP48, TIP49 and their complex and how the 

oligomers are regulated, including formation of sub-complexes 

III. To generate mutants of TIP48 and TIP49 in order to address how the novel 

Walker A – Walker B insertion Domain II affects the ATPase activity and 

oligomerisation of the individual proteins and heteromeric complexes 

IV. To study the ATPase activity of TIP48 and TIP49 in the presence of some of 

their core interacting partners, to better understand the molecular 

mechanisms of their activity 

V. To study the in vivo sub-cellular localisation of TIP48 and TIP49, and 

establish whether they work together or have separate roles at different 

stages of the cell cycle 

VI. To study the possibility of post-translational modification of TIP48 or TIP49 

as means of regulating their activity or oligomerisation 
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2.1 Chemicals, Materials & Reagents 

All chemicals and reagents were supplied by BD Biosciences, Bio-Rad, Fisher 

Scientific, Sigma-Aldrich or VWR International unless stated otherwise. 

2.2 Enzymes 

Restriction and other DNA modifying enzymes were provided by New England 

Biolaboratories. Enzymes for polymerase chain reactions were supplied along 

with kits: Phusion SDM Kit (Finnzymes), pGEM T-Easy Easy Kit (Promega), or 

ExTaq (TaKaRa Bio). 

2.3 Tools for Protein Purification 

Resins and pre-packed columns used for protein chromatography were as 

follows:  

Hi-Trap DEAE Heparin columns (GE Healthcare),  

Hi-Trap Heparin columns (GE Healthcare),  

Hi-Trap Protein A columns (GE Healthcare),  

Hi-Trap Q Sepharose Heparin columns (GE Healthcare),  

Hi-Trap SP Sepharose Heparin columns (GE Healthcare),  

Hydroxylapatite resin (Bio-Rad),  

Mono Q 1ml FPLC (GE Healthcare),  

NHS activated columns (GE Healthcare),  

ssDNA cellulose (Sigma-Aldrich),  

Superdex 200 HR FPLC (GE Healthcare),  

Superose 6 HR FPLC (GE Healthcare),  

Talon resin (Clontech). 
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2.4 Plasmid DNA techniques 

2.4.1 Isolation of Plasmid DNA from Bacteria 

Isolation of plasmid DNA was performed using QIAGen Plasmid Miniprep or 

Midiprep kits according to the manufacturer’s instructions. DNA was eluted with 

TE buffer (10 mM Tris pH 7.5, 1 mM EDTA) or water. 

2.4.2 Determination of DNA Concentration 

DNA concentration was measured on a Nanodrop ND-1000 (Thermo Scientific), 

TE Buffer was used as a blank measurement. 2 µl of blank or sample was loaded 

onto the pedestal; the absorbance at 260 nm was measured and used to 

calculate the DNA concentration. 

2.4.3 Restriction digest analysis of plasmid DNA 

Restriction digests were carried out with enzymes from NEB (New England 

Biolabs). Digestion reactions were performed as recommended by NEB, using 50 

– 100 μg of DNA in 10 μl reactions (10 enzyme units/reaction, 1 x NEBuffer, 0.1 

mg/ml BSA) with totals made to 10 μl with water. Reactions were incubated for 1 

hr at 37 ˚C then analysed by 1 % agarose gel electrophoresis to confirm the size 

of fragments. 

2.4.4 Agarose gel electrophoresis and gel extraction of plasmid 

DNA 

1 % agarose solutions were made in TAE Buffer (40 mM Tris, 20 mM glacial 

acetic acid, 1 mM EDTA) with 0.5 μg/ml ethidium bromide, heated in a 

microwave, then cast in horizontal tanks. Gels were placed in electrophoresis 

tanks, then submerged in TAE Buffer. Samples were loaded into wells after 

mixing 4:1 with DNA Loading buffer (50 mM EDTA, 45 % glycerol, 0.25 % 
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bromophenol blue; bromophenol blue was omitted when fluorescently labelled 

DNA was used). O-Gene 1000 bp markers (Helena Biosciences) were loaded 

into one or more lanes and the gel was run at 7 V/cm for 45 - 90 minutes. DNA in 

the gels was visualised in a Gene Genius imaging system using low wavelength 

UV light.  

DNA was electrophoresed in 1% agarose gels supplemented with 0.5 μg/ml 

ethidium bromide and the sizes of required bands were estimated using 

molecular standards. Low wavelength UV light was used to observe the DNA and 

a section containing DNA of the correct length was excised from the gel, using a 

clean scalpel. The DNA was purified from the gel and other contaminants using a 

gel purification kit (QIAGen mini spin columns), following the manufacturer’s 

instructions. 

2.4.5 CIP treatment and ligation of plasmid DNA 

CIP was added to reactions to a final concentration of 0.5 units per μg DNA and 

the reaction incubated for 30 mins at 37 °C.  

Ligations were performed with 10 – 50 μg of insert DNA. Vector DNA was added 

so that the insert:vector ratio was 3:1 in 10 μl reactions using T4 DNA ligase (2 

units/μl) in 1 x T4 DNA ligation buffer. Reactions were incubated overnight at 4 

˚C or for 1 hour at room temperature. 

2.5 Plasmid Construct Generation 

2.5.1 Standard plasmids 

The standard plasmids used for cloning and recombinant protein expression 

were pGEM T-Easy (Promega), pET15b+ and pET21b+ (Novagen). After 

amplification by polymerase chain reaction (PCR), coding sequences (CDSs), 

were cloned into pGEM T-Easy, then subcloned into pET15b or pET21b 

expression plasmids. The CDS was cloned into pET15b+ to produce 
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recombinant proteins with an N-terminal hexa-Histidine (His6-) tag in E. coli 

expression strains. The CDS was cloned into pET21b+ to express non-tagged 

(with a stop codon) or C-Terminal hexa-Histidine taged (-His6) protein in E. coli 

expression strains. 

2.5.2 Initial Expression Plasmids 

A list of plasmids provided by Dr. Tsaneva, which were used for recombinant 

protein expression or as templates to generate mutant protein expression 

plasmids, is shown in Table 2.1. 

2.5.3 Polymerase Chain Reaction 

PCR were performed in 50 μl volumes in 0.5 ml eppendorf tubes. Reactions 

consisted of template DNA (10 - 500 pg), forward and reverse primers (normally 

0.5 μM), deoxynucleotide triphosphates (dNTPs), DNA polymerase and the 

buffer conditions recommended by the manufacturers. Reactions were mixed 

then placed in a Techne Progene PCR machine and subjected to rounds of 

amplification, which generally include a detaturation stage, primer annealing 

stage and extension stage. Individual primers and PCR conditions are described 

in Table 2.2. 

2.5.4 Mutagenesis of TIP48 and TIP49 expression plasmids 

A list of mutations introduced into the amino acid sequences of TIP48 and TIP49 

is given in Table 2.3. Expression plasmids for mutants of TIP48 and TIP49 were 

obtained by using a Phusion SDM Kit (Finnzymes). PCR amplification was 

carried out according to the manufacturer’s instructions using primers with 5’ 

Phosphate modifications. Conditions and primers for individual PCR amplification 

are detailed in Table 2.2. Successful amplification by PCR was confirmed by 

analysis of products using 1 % agarose electrophoresis the product was then 

ligated into the plasmid vector and transformed into competent DH5α E. coli.   
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Protein Mutation 

∆1TIP48 Deleted I147 – I293 

∆2TIP48 Replaced E133 – V238 with AGA 

likTIP48 Inserted FCR after G193 

∆1TIP49 Deleted C141 – P296 

∆2TIP49 Replaced E126 – I234 with AGA 

∆3TIP49 Replaced E129 – I234 with AGA 

∆4TIP49 Replaced E126 – K231 with AGA 

∆5TIP49 Replaced E129 – K231 with AGA 

likTIP49 Inserted FCR after G191 

Table 2.3. A list of mutated recombinant proteins generated for this thesis. 
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For the likTIP48 mutation, PCR amplification using the Phusion SDM kit was 

attempted under various conditions, but was unsuccessful. Mutagenic primers 

(lik48F and lik48R – see Table 2.2) were used in conjunction with the full length 

primers (IT115 with likTIP48R and IT119 with likTIP48F – see below). These 

were designed to amplify two sections of the CDS in two separate PCR reactions, 

while introducing the lik mutation. The primers were designed to incorporate a 9 

bp insertion at the 5’ ends that corresponded to the lik mutation. Phusion DNA 

polymerase was used to amplify the two regions as outlined below: 

                       start 
IT115 -           5’ ATATCTCGAGCATATGGCAACCGTTACAGCC-3’ 

                    Xho I      Nde I     

IT119 - 5’ ATATGAATCTCGAGGGAGGTGTCCATGGTCTCGCC-3’ 

Anneal. Temp. 67 °C Extension Time 2 mins, 30 cycles 

The two products were ligated with T4 DNA ligase, then purified with a PCR 

purification kit (QIAGen mini spin columns). A final PCR step, using primers for 

full length TIP48 (IT115 and IT119), using ExTaq DNA polymerase (Takara) 

under the conditions above, resulted in a full length likTIP48 PCR product. This 

was electrophoresed on a 1 % agarose gel, the 1.5 kbp fragment was excised 

and gel purified, then ligated into a pGEM vector. DH5α E. coli were transformed 

with the ligation product and colonies selected using blue-white screening, 

(ampicillin) antibiotic selection and restriction analysis. After verifying the 

sequence of the likTIP48 CDS in pGEM, it was digested using Nde I and Sac I 

and ligated into pET21-TIP48-His6 (1) which had been digested with Nde I and 

Sac I and CIP treated prior to the ligation. This resulted in a pET21-likTIP48-His6 

(16) expression plasmid. 
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2.5.5 Generation of the dual pET21-TIP48/TIP49-His6 expression 

plasmid  

The pET21-TIP48/TIP49-His6 (18) plasmid was engineered so that expression of 

each of the two sequences was controlled by separate T7 promoters (Figure 2.1). 

To generate the construct, pET21-TIP48-His6 (1) was amplified using primers 

which would introduce a stop codon and a Bam HI site at the end of the CDS 

(Table 2.2). This resulted in a CDS where TIP48 would be expressed without a 

tag. The PCR product was then analysed by 1 % agarose electrophoresis, then 

cleaved in a double restriction digest with Mlu I and Bam HI, then further purified 

using a PCR purification kit (QIAGen). At the same time, pET21-TIP49-His6 (3) 

was double digested with Bgl II and Mlu I, then digested with CIP, and finally, 

purified using the PCR purification kit. The resulting DNA fragments were ligated 

and transformed into DH5α E. coli, then screened for the correct inserts using 

Kpn I and Nde I. DNA sequencing using internal primers (Table 2.4) was used to 

confirm the correct coding sequences were present.  

2.5.6 Generation of ∆2 mutants of dual pET21-TIP48/TIP49-His6 

expression plasmid 

The cloning strategy used for generating the pET21-TIP48/TIP49-His6 (18) 

expression plasmid was repeated with plasmids (1), (3), (7), and (15) (see Table 

2.5) in the correct combinations to obtain expression constructs pET21-

∆2TIP48/TIP49-His6 (19), pET21-TIP48/∆2TIP49-His6 (20) and pET21-

∆2TIP48/∆2TIP49-His6 (21). 
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Figure 2.1. A schematic representation of the cloning strategy used to 
generate the pET21-TIP48/TIP49-His6 dual expression plasmid, and related 
plasmids. 
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2.5.7 Generation of pET15-His6-Hint1 

The human Hint1 CDS was PCR amplified from a human testis cDNA library 

using a Failsafe PCR kit (Epicentre Biotechnologies) according to the 

manufacturer’s instructions (1 μM of each primer and 0.1 μl of testis cDNA were 

used per reaction). Primers were designed to introduce Nde I and Bam HI 

restriction sites into the 5’ and 3’ ends respectively. (For primers and PCR 

conditions, see Table 2.2). 5 μl of the Hint1 PCR product was electrophoresed on 

a 1 % agarose gel to assess the size (~ 380 bp). A PCR purification kit (QIAGen 

mini spin columns) was used to obtain purified PCR product from the reaction, 

which was ligated into a pGEM T-Easy vector using T4 DNA ligase. The ligation 

reaction was transformed into DH5α E. coli. Blue-white screening, (ampicillin) 

antibiotic selection and restriction analysis were used to select a pGEM plasmid 

with an insert of the correct size. The Hint1 sequence was confirmed by 

sequence analysis, then double restriction digested with Nde I and Bam HI and 

ligated into the pET21b+ and pET15b+ T7 expression vectors (double restriction 

digested with Nde I and Bam HI) using T4 DNA ligase. 

2.5.8 Sequencing 

All sequencing was performed by the sequencing service in Wolfson Institute for 

Biomedical Research (UCL, London) or EuroFins MWG Operon (in Germany, 

formerly MWG Biotech). DNA was sent in water or Tris-HCl pH8 at the required 

concentration. As well as standard T7, SP6 or T7 Terminator primers, internal 

primers were also used for sequencing (Table 2.4) 

2.5.9 List of Expression Plasmids used 

The final list of expression plasmids used for subsequent recombinant protein 

expression is given in Table 2.5. 
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Template Sequence from # (5’ – 3’) Primer Sequences 

TIP48 ~500 bp Forward IT275 CACAGAGATGGAGACCAT 

TIP48 ~100 bp Forward IT525 CTGGACGATGCCTTGGAG 

TIP48 ~800 bp Forward IT265A GGAGATCAAGTCAGAAGTCCG 

TIP48 ~900 bp Reverse IT277 GATGAACAGCACTCCAGG 

TIP48 ~1000 bp Reverse IT276 ACGGTTGGTGGCCATGAT 

TIP48 ~600 bp Reverse IT266 CCTTGTCGATGGTGATCA 

    

TIP49 ~400 bp Forward IT261A GGTGAAGTCACAGAGCTAACTC 

TIP49 ~800 bp Reverse IT262A CAAAGAAGACAGAAATCACAGAC 

TIP49 ~600 bp Reverse IT263 TCACATCTCCAGCTTCTA 

TIP49 ~250 bp Forward IT524 GTGGCGTCATAGTAGAATTAATC 

TIP49 ~1100 bp Reverse IT526 GTCCTCAGTGCCTCTGATG 

Table 2.4. A list of primers used for internal sequencing of TIP48 and TIP49. 
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2.6 Bacterial Techniques 

2.6.1 Overnight cultures 

Overnight cultures for protein induction or harvesting plasmid DNA were carried 

out in Luria Broth (LB) (1 % Bacto-Tryptone, 0.5 % Yeast Extract, 1 % NaCl) 

supplemented with the appropriate antibiotics and 1 % glucose where necessary. 

Inoculations were performed using sterile plastic culture loops. Cultures were 

then incubated at 37 °C for 16-20 hours in a shaking incubator.  

2.6.2 Generation of competent E. coli  

For generating competent E. coli, bacteria were grown overnight in LB with 

antibiotic selection where necessary. 1.6 ml of overnight culture was added to 

100 ml of fresh LB media and grown for 3 hrs at 37 ˚C to an optical density of 0.6 

at 600 nm. The procedure was carried out at 4 ˚C from this point on. Cells were 

pelleted for 15 mins at 2000 g, re-suspended in 34 ml of chilled Buffer CA (0.1 M 

MOPS pH 7, 0.1 M RbCl) and pelleted for 2 mins at 2000 g. The pellet was re-

suspended in 34 ml of Buffer CB (0.1 M MOPS pH 6.5, 0.1 M RbCl, 0.1 M CaCl2) 

and incubated for 90 mins, then pelleted for 2 mins at 2000 g. The cells were 

finally re-suspended in 10 ml of Buffer CB with 10 % glycerol, aliquoted, and 

stored at -80 ˚C until needed. 

2.6.3 Bacterial transformation with plasmid DNA 

To transform competent bacteria, 1-100 ng of plasmid DNA was added to 100 μl 

of competent bacterial cells and incubated on ice for 30 mins. Cells were heat 

shocked for 25 s at 42 ˚C and incubated on ice for 2 mins. 0.9 ml of warm LB 

media was added, and the cells were allowed to recover at 37 ˚C for 1 hr in a 

shaking incubator. 100 μl of cells were then spread onto LB agar plates (1 % 

Bacto-Tryptone, 0.5 % yeast extract, 0.5 % NaCl, 2 % agar) with appropriate 

antibiotic selection (and 1 % glucose for E. coli expression strains) and incubated 

at 37 ˚C overnight.  



Chapter II – Materials and Methods 

89 

2.6.4 Blue White Screening 

For blue-white colony screening, 0.5 mM IPTG was added to the LB agar plates 

and 100 μl of 10 mg/ml X-Gal was spread on top and air dried for 20 mins before 

the cells were plated. 

2.7 Expression and Purification of Recombinant Proteins 

2.7.1 Antibiotic Selection 

Ampr – Ampicillin resistant; used 100 μg/ml for selection.  

Tetr – Tetracycline resistant; used 20 μg/ml for selection.  

Camr – Chloramphenicol resistant; used 33 μg/ml for selection.  

Kanr – Kanamycin resistant; used 20 μg/ml for selection. 

2.7.2 E. Coli Strains 

E. coli strains used for storage of plasmids and expression of recombinant 

proteins are outlined in Table 2.6.  

 

 Function Plasmid Selection Company 

DH5α Storage none none Invitrogen 

XL1-Blue Storage none Tetr Stratagene 

BL21-Gold (DE3) Expression none Tetr Stratagene 

Rosetta II (DE3) Expression pRARE Camr Novagen 

Origami (DE3) Expression none Kanr; Tetr Novagen 

 

Table 2.6. A list of strains used for bacterial expression of recombinant 
proteins. 
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2.7.3 Over-expression of recombinant proteins in E. coli 

A single colony of E. coli bacteria with the appropriate T7 expression construct 

was grown in LB Glucose (Luria Broth with 1% Glucose), with the appropriate 

antibiotic selection. After growth overnight at 37 ˚C, 10 ml of overnight culture 

was added per 500 ml LB media in a 2 litre conical flask. For individual proteins, 

the suspension was incubated for ~ 2 ½ hrs, in a shaking incubator (at 37 ˚C, 250 

r.p.m.), and grown to an optical density of 0.6 - 0.8 at OD600. IPTG was added to 

a final concentration of 1 mM, and the suspension was then incubated at 30 ˚C 

for a further 4 hours. For complexes of TIP48/TIP49-His6, the above procedure 

was followed with the following modifications: cell cultures were grown at 30 ˚C to 

an optical density of 0.6 - 0.8 at OD600, then 0.5 mM IPTG was added; the 

cultures were then incubated at 20 ˚C for 20-24 hours. In all cases, after 

induction, the cells were pelleted at 4000 r.p.m. for 15 mins in a SLA - 3000 rotor . 

The pellets were stored at  -20 ˚C for up to one month.  

2.7.4 Cell lysis and solubilisation 

Cells were thawed on ice and re-suspended in 10 ml of Lysis Buffer per 500 ml of 

induced cells, supplemented with one EDTA-free protease inhibitor tablet 

(Roache) per 30 ml of Lysis Buffer (See Table 2.7 for individual Lysis Buffers and 

conditions). 2 mM MgCl2 was added to the lysis buffer where necessary. 

Lysozyme was added to the appropriate concentration, and the cells were 

incubated for 20 minutes on ice; Nonidet P40 was added and the lysate was 

incubated for a further 10 minutes. The cell lysate was sonicated on power 10, for 

15 seconds, thrice. The lysate was clarified in a Ti-70 Rotor for 45 minutes at 

42,000 r.p.m. at 4 ˚C, to separate the soluble supernatant and an insoluble pellet. 

Proteins were monitored throughout the purification using Coomassie stained 12 

or 15 % SDS PAGE analysis. 
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 Lysis Buffer 
Lysozyme 

(mg/ml) 
Nonidet P40 ( %)

TIP48-His6 Talon Buffer 0.75 0.5 

His6-TIP49 Talon Buffer 0.75 0.5 

TIP48/TIP49-His6 Talon Buffer 1 0.75 

His6-BAF53 Talon Buffer 1 0.75 

His6-β-catenin Talon Buffer 0.75 0.25 

Hint1 &  

His6-Hint1 

Talon Buffer 

with 1 mM ZnCl2 
0.75 0.5 

Table 2.7. Conditions used for cell lysis of strains expressing recombinant 
proteins. Talon buffer is 20 mM Tris pH 8, 300 mM NaCl, 10 % Glycerol, 1 mM 2-
mercaptoethanol and 1 mM PMSF. 
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2.7.5 Purification of TIP48-His6 

After cell lysis, the supernatant was loaded onto a 5 - 10 ml Talon metal affinity 

column (resin from Clontech) equilibrated in Talon Buffer (20 mM Tris pH8, 300 

mM NaCl, 10 % Glycerol, 1 mM PMSF, 1 mM 2-Mercaptoethanol). Non-

specifically bound protein was washed off with 50 ml Talon Buffer, then 30 ml of 

Talon Buffer with 20 mM imidazole. The protein was eluted with a 20 - 500 mM 

imidazole gradient in Talon Buffer, collecting 10 ml fractions over 100 ml. 

Fractions containing protein were dialysed against 2 litres of R Buffer (20 mM 

Tris-HCl pH 8, 100 mM NaCl, 1 mM EDTA, 10 % Glycerol, 1 mM DTT, 1 mM 

PMSF) overnight at 4 °C. For proteins used in biochemical assays, the dialysed 

protein was first passed through a ssDNA (single stranded DNA) cellulose 

column in R Buffer to remove bacterial contaminants. In all cases, for the final 

purification and concentration step, the protein was loaded onto a 1 ml Mono Q 

column. The column was washed with 20 ml of R Buffer, then protein was eluted 

with a 0.1 - 1 M NaCl gradient in R Buffer in ten fractions of 1 ml.  

2.7.6 Purification of His6-TIP49  

For TIP49 expression, cell lysis, Talon column chromatography, and ssDNA 

purification were performed as described above (sections 2.7.3 – 2.7.6). 

Fractions containing protein were dialysed against Buffer H (20 mM potassium 

phosphate pH 6.8, 100 mM KCl, 10 % glycerol, 1 mM DTT, 1 mM PMSF) 

overnight. TIP49 was then loaded onto a 5 ml hydroxylapatite column 

equilibrated in Buffer H, washed with 50 ml of Buffer H, then eluted with a 10 – 

500 mM potassium phosphate gradient in Buffer H collecting ten fractions of 5 ml. 

2.7.7 Purification of TIP48/TIP49-His6 complexes and TIP49-His6 

Expression, lysis and solubilisation were carried out in Talon Buffer as described 

above (sections 2.7.3 – 2.7.4). Soluble lysate was loaded onto a 5 - 10 ml Talon 

column. The column was washed extensively with Talon Buffer, then with 30 ml 
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of 10 mM imidazole in Talon Buffer. TIP48 and TIP49-His6 co-eluted from the 

column in a 10-250 mM imidazole gradient in Talon Buffer over ten fractions of 5 

ml. Fractions containing protein were dialysed against R Buffer at 4 °C overnight. 

After dialysis, proteins were passed through an ssDNA cellulose column, then the 

flow-through fractions were concentrated to 0.5 ml using Amicon Ultra centrifugal 

filters (Millipore) and loaded onto a Superose 6 HR 10/30 size exclusion 

chromatography column. 0.5 ml of protein was injected onto the column through 

a 0.2 μm syringe filter (Millipore) then eluted from the column in R Buffer in 24 

fractions of 1 ml. Fraction 1 corresponds to an elution volume of 0.5 - 1.5 ml etc. 

A complex of TIP48 and TIP49-His6 with stoichiometrically equal proportions of 

both proteins eluted in fractions 12 to 15. 

Excess TIP49-His6 monomers eluted in fractions 17 and 18, and were used for 

experiments which required a C-terminally hexa-Histidine tagged TIP49. 

2.7.8 Purification of mutant TIP48, TIP49 and complexes 

Expression, solubilisation and purification of ∆2TIP48-His6 and His6-∆
2TIP49 

were as described for the wild type proteins in sections 2.7.3 to 2.7.6. Mutant 

complexes of TIP48/TIP49-His6 lacking Domain II were purified as the wild type 

complex in sections 2.7.3 to 2.7.7. 

2.7.9 Purification of His6-BAF53 under denaturing conditions 

BAF53 was expressed in BL21-Gold (DE3) E. coli as described in section 2.7.3 

and the bacteria were lysed as described in section 2.7.4; the cell lysate was 

clarified by centrifugation at 15,000 r.p.m. in an SS-34 rotor for 30 mins at 4 °C. 

The resulting pellet after centrifugation contained all of the recombinant BAF53. 

All subsequent procedures using 6 M urea or above were carried out at room 

temperature; procedures using less than 6 M urea were carried out at 4 °C. The 

pellet was re-suspended in 20 ml of Talon buffer, supplemented with 8 M urea 

per litre of original cell culture, using a glass homogeniser. The suspension was 
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centrifuged in an SS-34 rotor at 15,000 r.p.m. at room temperature. With the 

resulting pellet, the re-suspension and centrifugation steps were repeated. The 

two supernatants were pooled and loaded onto a Talon column equilibrated with 

Talon buffer supplemented with 8 M urea. The purification was completed in one 

of two ways: 1) The column was washed in decreasing concentrations of urea in 

Talon buffer (6 M, 4 M, 2 M and 0 M – 5 column volumes of each), then the 

column was washed with ten column volumes of Talon buffer, and BAF53 was 

eluted using a 0-500 mM imidazole gradient in ten fractions of 10 ml each. 2) The 

column was washed in ten column volumes of 8M urea in Talon buffer, then 

BAF53 was eluted using a 0-500 mM imidazole gradient in Talon buffer with 8 M 

urea in ten fractions of 5 ml each. Finally BAF53 was dialysed against Talon 

buffer with successively decreasing concentrations of urea (6 M, 4 M, 2 M, 0 M) 

for at least 8 hours each.  

2.7.10 Purification of His6-β-catenin 

Expression, cell lysis and purification of His6-β-catenin was carried out using the 

procedure for TIP48-His6 (see sections 2.7.3 to 2.7.5 and Table 2.7). However, 

only 10 mM imidazole in Talon Buffer was used for the Talon column wash, with 

a 10-500 mM imidazole gradient for elution. 

2.7.11 Purification of Hint1 and His6-Hint1 

Lysis and solubilisation of His6-Hint1 or non-tagged Hint1 was carried out in 

Talon Buffer as described above (Section 2.7.3 and 2.7.4; 1 mM ZnCl2 was 

included in the lysis buffer – see Table 2.7). For His6-Hint1, purification was 

carried out as with TIP48-His6 (Section 2.7.5). However, Hint1 flowed through the 

MonoQ column, and this was used as the final purification step.  

For non tagged Hint1, the soluble lysate was passed through a Talon column and 

the flow-through was collected. Flow-through that contained Hint1 was dialysed 

into TEGD Buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 10 % Glycerol, 1 mM 

DTT) overnight. Hint1 was then applied to a 5 ml DEAE column then a 5 ml 



Chapter II – Materials and Methods 

95 

Heparin column both equilibrated in TEGD Buffer; however, Hint1 flowed through 

both columns. Hint1 was then applied to stacked 5 ml Q Sepharose and SP 

Sepharose columns in TEGD, and again flowed through both columns.                                             

2.8 Antibody Production 

2.8.1 Generation of Polyclonal and monoclonal antibodies 

Polyclonal antibodies against TIP48 or TIP49 were raised in rabbits using 

recombinant proteins produced by prior members of Dr. Tsaneva’s group and are 

described in (Sigala et al., 2005). Culture medium containing monoclonal 

antibodies against TIP49 were kindly provided by Dr. Wagner’s group and are 

described in (Gartner et al., 2003). 

2.8.2 Affinity purification of antibodies 

Serum containing polyclonal antibodies was purified at 4 °C on a 1 ml HiTrap 

NHS column (GE Healthcare) conjugated with the corresponding recombinant 

protein (according to the manufacturer’s instructions). The column was washed in 

6 ml of Buffer AB1 (500 mM triethanolamine-HCl pH 8.3, 500 mM NaCl), followed 

by 6 ml of Buffer AB2 (100 mM sodium acetate pH 4, 500 mM NaCl), then a 

further 6 ml of Buffer AB1. The column was incubated with Buffer AB1 for 30 

mins at room temperature. The column was then washed in 6 ml of Buffer AB2, 

Buffer AB1, and Buffer AB2 then 10 ml of Buffer AB3 (1 M MOPS pH7). Ice-cold 

serum containing antibodies was passed through the column and re-circulated 

through the column overnight at 4 ˚C. The column was washed in 10 ml of Buffer 

AB3 then eluted in ten 1 ml fractions by washing the column with Buffer AB4 (100 

mM Glycine-HCl pH 2, 150 mM NaCl). The fractions were neutralised with 200 μl 

of 1 M Tris-HCl pH 8; for long-term storage, sodium azide was added to a final 

concentration of 0.2 %. 

For purification of mouse monoclonal antibodies, 10 ml of solution containing 

antibodies was diluted 1:4 in Buffer AB5 (100 mM Tris-HCl pH9, 1 M NaCl). This 
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was then loaded onto a HiTrap 1 ml Protein A column (GE Healthcare) at 4 °C 

and continually re-applied to the column for 4 hours at a flow rate of 1 ml/min. 

The column was washed with Buffer AB5, then the antibodies were eluted using 

Buffer AB6 (0.1 M Sodium Citrate pH3). The eluted fractions were neutralised by 

making them to 100 mM Tris-HCl pH8; 0.3% sodium azide was added for long 

term storage. 

2.8.3 Antibody Dilutions 

Antibody dilutions used for each technique are summarised in Table 2.8. 

 

 Antigen Raised In Tag Technique Dilution 

1° hTIP48 Rabbit (PC) n/a 
Western 

IF 

1:1,000 

1:200 

1° hTIP49 Rabbit (PC) n/a Western 1:1,000 

1° hTIP49 Mouse (MC) n/a Western 1:500 

1° 
human  

α-Tubulin 
Mouse (MC) n/a 

Western 

IF 

1:1,000 

1:400 

2° Rabbit IgG Goat IRD 800 Western 1:10,000 

2° Rabbit IgG Goat AlexaFlour 488 IF 1:500 

2° Mouse IgG Goat AlexaFlour 680 Western 1:10,000 

2° Mouse IgG Goat TRITCH IF 1:400 

Table 2.8. Antibodies dilutions used in this thesis. IF – Immunofluorescence, 
1º – primary antibody, 2º – secondary antibody, h – human, MC – monoclonal, PC 
– polyclonal. 
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2.9 Protein Techniques 

2.9.1 Protein concentration determination 

Protein concentrations were assessed using the Bradford assay. 20 μl samples 

of seven different concentrations of BSA (bovine serum albumin) were prepared 

as standards: 1, 0.8, 0.6, 0.4, 0.2, 0.1 and 0 mg/ml. 20 μl of the protein to be 

assayed was also prepared to a suitable concentration (0.1 – 1 mg/ml). 

Bradford’s reagent (Biorad) was diluted 1:5 with water and 0.98 ml was added to 

each 20 μl sample, incubated at room temperature for 10 mins and the 

absorbance at 595 nm was measured for each sample in a spectrophotometer. 

Concentrations of protein samples were estimated by comparison with the 

standard curve obtained for BSA. 

Protein concentrations were also assessed by measuring the absorbance of the 

sample at 280 nm on a Nanodrop ND-1000 spectrophotometer. Extinction 

coefficients for proteins were used for the calculation of protein concentrations. 

2.9.2 1-D SDS PAGE Analysis 

12 or 15 % SDS PAGE gels were cast using the Mini Protean II system (Biorad), 

with 0.7 mm spacers and 10-well combs. Gels consisted of a resolving gel (0.375 

mM Tris-HCl pH 8.8, 12 or 15 % 29:1 polyacrylamide, 0.1 % SDS, 0.1 % AMPS 

and 0.005 % TEMED), and a stacking gel (0.2875 mM Tris-HCl pH 6.8, 5 % 29:1 

polyacrylamide, 0.1 % SDS, 0.1 % AMPS and 0.01 % TEMED). The gels were 

placed in tanks and submerged in SDS Running Buffer (25 mM Tris pH 8.8, 190 

mM glycine, 0.1 % SDS). Samples were mixed 1:1 with SDS PAGE loading 

buffer (125 mM Tris-HCl pH 6.8, 2 % SDS, 10 % glycerol, 10 % 2-ME, 0.01 % 

bromophenol blue) and boiled for 3 minutes at 100 ˚C, then loaded into the wells 

of the gel. 20 μl of broad range pre-stained markers (NEB) or 5 of μl broad range 

pre-stained markers (Fermentas) were loaded into the appropriate wells. Gels 

were run at a 20 - 28 V/cm for 1-2 hours, stained with warm Coomassie brilliant 

blue (10 % isopropanol, 10 % glacial acetic acid, 0.25 % Coomassie brilliant 
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blue) for 1 hr, then placed in destaining solution (10 % isopropanol, 10 % glacial 

acetic acid). A silver staining kit (Biorad) was used where necessary, by following 

the manufacturer’s instructions. 

2.9.3 2-D SDS PAGE Analysis 

For preparation of HeLa cell extracts, see Chapter 2.12.4. Samples were made 

up to 0.2 ml with 2-D Rehydration Buffer (8 M urea, 2 % CHAPS, 20 mM DTT, 

0.01 % bromophenol blue). Each sample was pipetted across the entire length of 

a focusing chamber in a 7 cm focusing tray. A 7 cm pH 3-10 ReadyStrip IPG strip 

(Biorad) was placed face down onto each sample in the chamber and the strips 

were covered in 1.5 ml of mineral oil. The tray was placed into a Protean IEF Cell 

(Biorad) and actively rehydrated overnight at 50 mV using the machine’s default 

settings. After rehydration, wicks were placed between the strip and the 

electrodes and the isoelectric focusing was performed using the machine’s 

default settings (fast focusing). The strips were then washed in water and placed 

in an equilibration tray. If required, the strips could be stored at -80 °C at this 

point. The strips were equilibrated in 2-D Equilibration Buffer (6 M urea, 20 % 

Glycerol, 2 % SDS, 50 mM Tris-HCl pH 8.8) supplemented with 1 % DTT. After 

15 mins, the buffer was removed and 2-D Equilibration Buffer with 2.5 % 

iodoacetamide was added for 15 mins. The strips were then placed on a 12 % 

Acrylamide SDS PAGE Gel (4 ml resolving gel, no stacking gel) and set in place 

with molten 1 % agarose in SDS Running Buffer. The gel was run at 15 V/cm for 

2 hours. Proteins were visualised by Coomassie staining or Western blotting. 

2.9.4 Western Blotting 

Protein samples were run on SDS PAGE gels as above, but not stained with 

Coomassie; gels were instead washed in chilled Transfer Buffer (48 mM Tris, 39 

mM glycine, 0.037 % SDS, 20 % methanol) for 10 mins. Proteins were 

transferred onto a nitrocellulose membrane using a semi-dry transfer kit 

(BIORAD) in Transfer Buffer (the order of addition was one extra thick blot paper, 
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two filter papers, one nitrocellulose membrane, one SDS PAGE gel, two filter 

papers and one extra thick blot paper, all soaked in Transfer Buffer) for 25 mins 

at a constant voltage of 15 mV. The membrane was washed in TBS-T Buffer (20 

mM Tris-HCl pH 7.5, 137 mM NaCl, 0.05 % Tween-20) with 5 % skimmed milk 

powder (Marvel) for 30 mins at room temperature, then washed in TBS-T Buffer 

for 5 mins twice, then for a further 15 mins. The membrane was incubated with 

primary antibody (Table 2.8) at the appropriate concentration in TBS-T Buffer 

with 5 % skimmed milk powder overnight at 4 ˚C (or for 1 hour at room 

temperature). After primary antibody incubation, membranes were washed in 

TBS-T Buffer for 10 mins thrice, then incubated with the secondary antibody 

(Table 2.8) for 40 mins at room temperature. Membranes were washed in TBS-T 

Buffer for 30 mins twice, then visualised on a Li-Cor infrared imaging system.  

2.10 Biochemical Assays 

2.10.1 Size Exclusion Chromatography (SEC) 

A Superose 6 HR or Superdex 200 HR column was used for SEC.  Proteins 

dialysed against R Buffer with 1 mM EDTA or 2 mM MgCl2 were incubated for 20 

min on ice with 1 mM ATP if required. The samples (0.1 – 0.5 mg of protein in up 

to 500 μl) were filtered through 0.2 μm syringe filters (Millipore) then loaded onto 

the column, and eluted in R Buffer (with 1 mM EDTA or 2 mM MgCl2 with 0.1 mM 

ATP when required) in 24 fractions of 1 ml each. The protein composition of each 

fraction was determined by 12 % SDS PAGE analysis using Coomassie brilliant 

blue to visualise proteins. Monitoring using 280 nm absorbance was used to 

estimate the elution volume of each species. Protein molecular masses were 

estimated by comparison with five standards (Biorad) and Dextran blue was used 

to determine the column void volume, both of which were monitored in the 

column using R Buffer: 

Kav = (Ve – Vo) / (Vt – Vo)                            Equation 2.1 
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Where Kav is the partition coefficient for each protein; Ve is the elution volume of 

the protein (ml); Vo is the void volume of the column (ml); Vt is the total volume of 

the column (Superdex 200 HR and Superose 6 HR = 24 ml) 

For the capture of single hexamers on Talon resin, fraction 15 that eluted as part 

of the purification of TIP48/TIP49 was further separated on a Superose 6 column 

in R buffer with no EDTA. Fractions 14-16, which eluted from the column were 

incubated with 200 μl of Talon resin for 30 mins at 4 ºC with mild agitation. The 

resin was washed twice with Talon buffer and the supernatant discarded. Protein 

was eluted by incubating the resin with 500 μl of Talon buffer supplemented with 

200 mM imidazole for 10 mins at 4 ºC. 

2.10.2 ATPase assays 

Assays were carried out using the Pi ColorLock ALS colourimetric kit (Innova 

Biosciences). Reactions were carried out in a final volume of 200 μl and 

incubated at 37 ºC for 30 minutes in ATPase Buffer (50 mM Tris pH 8, 100 mM 

NaCl, 0.1 mg/ml Bovine Serum Albumin, 2 mM MgCl2, 0.5 mM ATP). To start the 

reactions, 20 μl protein samples or material from SEC fractions was added. At 

several time points (including 0 mins), 20 μl from each reaction was added to 5 μl 

of 0.5 M EDTA pH 8.5 in 96 well round bottomed tissue culture test plates 

(Techno Plastic Products) in triplicate. 125 μl of ALS malachite green solution 

was added to each well, the colour was left to develop for 30 mins, and then the 

absorbance at 635 nm was measured using a Tecan Sunrise microplate 

absorbance reader. 20 μl of different concentrations of KPi were also measured 

as above to generate a standard curve. 

2.10.3 Gradient Centrifugation 

Glycerol or sucrose gradients were made manually in 3.5 ml glass centrifugation 

tubes. 600 μl of five concentrations of glycerol (40, 35, 30, 25 and 20 %) or 

sucrose (25, 20, 15, 10 and 5 %) in the appropriate buffer were layered from the 

bottom to top of the tube and left to equilibrate for 2 hours at 4 ˚C. Up to 200 μl of 
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sample was loaded onto the glycerol gradient, and it was placed in a MLS-50 

swinging rotor and centrifuged at 40,000 r.p.m. for 24 hrs at 4 ˚C. Fractions of 

100-200 μl were collected manually from top to bottom and the composition of 

each fraction was analysed using electrophoresis and the appropriate detection 

method. 

2.10.4 Helicase assays 

For generating substrates for helicase assays, 5’ IRD700-labelled 

oligonucleotides were annealed to ΦX174 virion ssDNA (NEB):  

IT.300  5’-ATCGAGCTGCGCAAGGATAGGTCGAA-3’      + ΦX174 = H26 

IT316  5’-CTCGAGCTGCGCAAGG-3’        + ΦX174 = H16 

For the annealing reaction 20 pmol of IRD-700-labelled IT.300 was added to 20 

pmol ΦX174 virion ssDNA in 10 mM Tris-HCl pH 7.5, 10 mM MgCl2, 50 mM NaCl. 

The mixture was denatured at 95 °C for 3 min, incubated at 68 °C for 30 min and 

slowly cooled down at room temperature. Fractionation was performed on a 5–

25 % sucrose gradient in 10 mM Tris pH 7.5, 1 M NaCl and 10 mM EDTA. Peak 

fractions were dialysed into Storage Buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1 

mM EDTA) overnight at 4°C. 

For the helicase assays, ~5 ng of labelled substrate was incubated with 1 μM 

protein in Helicase Buffer (40 mM Tris pH 7.5, 3 mM MgCl2, 10 % glycerol, 50 

mM NaCl) to a final volume of 80 μl. 1 mM ATP was added to start the reaction, 

and 10 μl of reaction was removed at several time points and mixed with 2 μl 

Stop Buffer (5 % SDS, 125 mM EDTA, 250 μg/ml Proteinase K) to stop the 

reaction. 5 μl of 80 % glycerol was added to each sample, which was then 

analysed by 1 % agarose gel electrophoresis in TAE Buffer (40 mM Tris, 20 mM 

glacial acetic acid, 1 mM EDTA). Labelled oligonucleotides were visualized on a 

Li-Cor infrared imaging system. RuvA (200 nM) with RuvB (1 μM) were provided 
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by Dr. Tsaneva and used as positive controls in this assay; 15 mM MgCl2 was 

used in the Helicase Buffer for RuvAB. 

2.11 Biophysical Analysis 

2.11.1 Velocity Analytical Ultracentrifugation (vAUC) 

TIP48, TIP49 and the TIP48/TIP49 complex were dialysed extensively against 

one of four different AUC buffers supplemented with cofactors as required. (i) the 

EDTA buffer comprised of 20 mM Tris-HCl pH 8, 200 mM NaCl, 0.1 mM 

dithiothreitol, 0.1 mM EDTA. (ii) the magnesium buffer was 20 mM Tris-HCl pH 8, 

200 mM NaCl, 0.1 mM dithiothreitol, 2 mM MgCl2, to which was added either (iii) 

0.5 mM ATP or (iv) 0.5 mM ADP when preparing the ATP and ADP buffers 

respectively. Buffer densities and viscosities were determined using the program 

SEDNTERP (Laue et al., 1992). These were 1.0072 g/ml and 0.01027 cp 

respectively for the four buffers. ADP and ATP were added after sample dialysis.  

Sedimentation velocity runs were performed using a Beckman Optima XL-I 

analytical centrifuge at 20 °C using an AnTi50 rotor. Absorbance and interference 

data sets were collected at rotor speeds of 25,000, 30,000, 35,000 and 42,000 

r.p.m. for TIP48 and TIP49, and 25,000 and 30,000 r.p.m. for the TIP48/TIP49 

complex in two sector cells with column heights of 12 mm. The different rotor 

speeds established the absence of diffusion effects on the sedimentation 

coefficient. Scans were recorded at 8 min intervals until all the species had fully 

sedimented. Protein molecular masses and partial specific volumes of 52.1 kDa 

and 0.743 ml/g for TIP48, 52.4 kDa and 0.747 ml/g for TIP49 and 102.5 kDa and 

0.745 ml/g for the TIP48/TIP49 complex were calculated from their amino acid 

compositions. The g(s*) time-derivative analyses of 4 to 12 absorbance or 

interference scans were analysed using DCDT+ (version 2.06) (Philo, 2006) from 

which the sedimentation coefficients were determined from the peak position. 

The number of scans selected for the DCDT+ analyses ensured that peak 

broadening effects were negligible. Sedimentation analysis was also performed 
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using direct boundary Lamm fits of 70 to 110 absorbance or interference scans 

using SEDFIT (version 9.4b) (Schuck, 2000). SEDFIT resulted in size distribution 

c(s) analyses that assumed that all species have the same frictional ratio (f/f0). 

These were used to establish the oligomeric species that were present. The final 

SEDFIT c(s) fit was optimised by floating the meniscus, frictional ratio, and 

baseline one by one until the overall root mean square deviations and visual 

appearance of the fits were satisfactory. Figures depicting vAUC analyses show 

one in five scans for clarity. 

2.11.2 Equilibrium Analytical Ultracentrifugation (eAUC) 

For sedimentation equilibrium experiments, TIP48 was dialysed extensively 

against magnesium buffer (ii), then ATP or ADP were added to each sample and 

reference buffer to obtain a 20 fold molar excess of nucleotides over the protein 

concentration. Sedimentation equilibrium data were acquired during 

centrifugation for up to 150 h at 20 ºC using six-sector cells with solution column 

heights of 2 mm at rotor speeds of 7,000 r.p.m., 9,000 r.p.m., 11,000 r.p.m., 

14,000 r.p.m., 17,000 r.p.m. and 20,000 r.p.m. until equilibrium had been reached 

at each speed (confirmed by the perfect overlay of runs measured at 3 h 

intervals). The middle four speeds were used for final global fits. The molecular 

mass for TIP48 was initially determined on the assumption of a single species 

using SEDPHAT (version 4.3) (Schuck, 2003):  

cr = cro exp [(ω2/2RT) MW (1- v  ) (r2 - ro
2)] Equation 2.2 

where cr is the concentration at radius r, cro is the concentration of the protein at 

the reference radius ro, ω is the angular velocity, MW is the molecular mass, R is 

the gas constant, T is the temperature (Kelvin), and  is the solvent density of the 

buffer. Final molecular masses were obtained using global fits of up to 24 curves 

in SEDPHAT in the “single species of interacting system” model with both the “M 

and s” and Marquardt-Levenberg fitting routines, while floating the molecular 

mass, molar extinction coefficient, the baseline and the bottom of the cell.  The 
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best-fit solutions were determined using the reduced χ2 value as a monitor. Fits in 

figures depicting eAUC show one in four scans for clarity. 

2.11.3 Hydrodynamic modelling of sedimentation coefficients 

The modelling of TIP48 and TIP49 oligomers was based on the crystal structure 

of the human TIP49-ADP complex which contained three independent monomers 

A, B and C (PDB code 2c9o) (Matias et al., 2006). To generate Hexamer 1, 

monomer A in the PDB file was used to build the hexameric form of TIP49 in 

spacegroup P6, using the Protein Quaternary Structure website at 

http://pqs.ebi.ac.uk/. The resulting Hexamer 1 showed that an accessible surface 

area of 4102 Å3 (15.8% of the total) was lost on hexamer formation, and all six 

monomers were in the same symmetric orientation around the hexameric ring. 

Up to 10 salt bridges between each monomer with its two neighbours occurred 

between Arg14-Asp353, Lys107-Glu105, Arg339-Asp343 and Arg404-Asp356. 

The symmetry operators for the six monomers were defined by X, Y, Z; Y,-X+Y, 

Z; X-Y, X, Z; -X+Y,-X, Z; -Y, X-Y, Z; and -X, -Y, Z. Hexamer 2 was generated by 

alternating orientations of monomers B and C around the ring. Sedimentation 

coefficients s0
20,w were calculated directly from the atomic coordinates in the 

HYDROPRO shell modelling program using the default value of 0.31 nm for the 

atomic element radius for all atoms to represent the hydration shell (Garcia De La 

Torre et al., 2000; Garcia de la Torre et al., 2001). 

The structure of the TIP48/TIP49 complex was based on its electron microscopy 

model at 20 Å resolution. This was downloaded from the 3-D-EM electron 

microscopy database (deposition code 1317) at 

http://www.ebi.ac.uk/msd/projects/IIMS.html and converted into SPIDER format 

using the IMAGIC em2em utility at http://www.imagescience.de/em2em/. A pixel 

size of 3.3 Å and a density cut-off threshold of 0.547 generated a volume of 

728,000 Å3 which is close to the sequence-derived volume of 751,000 Å3 for the 

TIP48/TIP49 complex. Sedimentation coefficients s0
20,w were calculated from the 

electron microscopy model using the HYDROMIC shell modelling program using 
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the default value of 0.31 nm for the atomic element radius for all atoms to 

represent the hydration shell (Garcia De La Torre et al., 2000; Garcia de la Torre 

et al., 2001). 

2.12 HeLa cell culture 

2.12.1 Synchronization in mitosis 

HeLa cells were grown on cover slips in 24 well plates or grown in 75 cm2 flasks. 

To obtain an asynchronous population, HeLa cells were grown in DMEM growth 

medium (DMEM supplemented with 5 % fetal bovine serum, 100 U/ml 

streptomycin/penicillin mix (Gibco) and 1 % L-glutamine) at 37 ºC with 5 % CO2. 

To encourage a mitotic cell population, cells were grown in DMEM growth 

medium at 37 ˚C, then synchronised at G2/M checkpoint by incubating the cells 

in DMEM growth medium supplemented with 9 μM RO-3306 for 20 hrs. Cells 

were released from the G2/M checkpoint by washing twice in DMEM growth 

medium, then incubating in fresh growth medium for 30 - 120 mins.  

2.12.2 Cell fixing and immunostaining 

HeLa cells were seeded onto cover slips in 24 well plates and treated as above, 

then grown to ~ 50 % confluence. Cells were washed twice in PBS (140 mM 

NaCl pH 7.3, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), then fixed with 

PFA Buffer (2 % PFA in PBS) for 3 mins. Cells were washed with PBS-T Buffer 

(0.2 % Tween-20 in PBS) twice for 10 minutes. Cells were rinsed in ice cold-

methanol for 1 min then air dried before adding Blocking Buffer (2 % goat serum 

& 0.3 % BSA in PBS) for 30 mins. Primary antibodies were added to the Blocking 

Buffer (for antibody dilutions see Table 2.8 page 96) and incubated at 4 ˚C 

overnight on a shaker. After removal of the primary antibodies, the cover slips 

were washed twice in Blocking Buffer, the secondary antibodies were then added 

in Blocking Buffer for 1 hour at room temperature (Table 2.8). Cover slips were 

washed in Blocking Buffer for 10 mins twice, then mounted onto glass slides in 
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Vectashield (Vector Laboratories) containing DAPI stain and sealed with clear 

nail varnish. The immunostained cells were visualised under a Zeiss Axio Skop 2 

plus microscope and images were processed using Openlab 4.0.4 and Adobe 

Photoshop. 

2.12.3 Transfection and TIP49-GFP fluorescence microscopy 

TIP49 CDS, cloned into a pEGFP plasmid was constructed in Dr. I Tsaneva’s 

laboratory, and used to ectopically express a TIP49-GFP fusion protein in vivo. 

HeLa cells were grown on cover slips in 24 well plates in DMEM growth medium, 

as above, to 80 % confluence. 0.8 μg of pEGFP-TIP49-GFP plasmid DNA was 

diluted in 50 μl of OptiPro SFM (Invitrogen) and 2 μl of Lipofectamine 2000 CD 

(Invitrogen) was diluted to 50 μl with OptiPro SFM. The DNA and Lipofectamine 

were then mixed and incubated for 30 mins at room temperature, then added to 

the growth medium (0.5 ml) in each well. Cells were grown with the 

Lipofectamine in the medium, after 5 hrs, the medium was replaced with fresh 

DMEM growth medium without Lipofectamine. Mock transfections were set up by 

replacing the DNA with distilled water. 

Cells were seeded onto cover slips in 24-well plates and transfected with pEGFP-

TIP49-GFP as described above. Cell were then synchronised in G2/M and 

released into mitosis (as described in 2.12.1). For an asynchronous population, 

the cells were grown for 48 hours after transfection. The cells were washed twice 

in PBS, then fixed with PFA Buffer for 3 minutes. Cells were washed with PBS-T 

Buffer (0.2 % Tween-20 in PBS) twice for 10 mins, rinsed in ice cold-methanol for 

1 min then air-dried. The cells were washed with PBS twice for 10 mins, then 

mounted onto glass slides in Vectashield and sealed with clear nail varnish. The 

GFP-TIP49 expressing cells were visualised under a Zeiss Axio Skop 2 plus 

microscope and images were processed using Openlab 4.0.4 and Adobe 

Photoshop. 
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2.12.4 Cytoplasmic and nuclear fractionation and whole cell 

extracts of HeLa 

HeLa cell pellets were prepared by growing monolayers in tissue culture flasks 

until confluent (see 2.12.1 for conditions). Cells were then washed in PBS, then 

scraped with a sterile scraper until the majority of cells had detached. The cells 

were collected and centrifuged at 500 g for two minutes, resuspended in fresh 

PBS, then pelleted again. The PBS was removed, and the resulting HeLa cell 

pellet was then stored at -80 ºC until needed. 

A pellet of 1 x 107 cells was used to obtain whole cell extracts (WCE) of HeLa. 

The cells were suspended in HeLa lysis buffer (7 M urea, 2 M thiourea, 4 % 

CHAPS, 20 mM spermidine, 20 mM DTT, 1 mM PMSF) on ice for 1-2 hours. The 

lysate was then spun at maximum speed on a bench-top centrifuge for 30 mins at 

4 ºC. The insoluble protein in the resulting pellet was discarded. The protein 

concentration of the soluble fraction was estimated by the method of Bradford. 

The lysate was used for 1-D and 2-D SDS PAGE analysis of TIP48 and TIP49. 

Approximately 100 μg of lysate was used for 2-D PAGE. 

Cytoplasmic and nuclear fractionation of a HeLa cell pellet containing 1 x 107 

cells was carried out using the ProteoJET cytoplasmic nuclear extraction kit 

(Fermentas Life Sciences). For generating fractions for 1-D PAGE analysis, the 

manufacturers instructions were followed, and a suitable amount of complete 

EDTA free protease inhibitor cocktail (ROCHE) and phosphatase inhibitor 

cocktail II (Sigma-Aldrich) were added to the buffers, as recommended. For 

generating fractions for 2-D PAGE analysis, washed nuclei were suspended 

directly into 2-D Rehydration Buffer (8 M urea, 2 % CHAPS, 20 mM DTT, 0.01 % 

bromophenol blue). For better analysis of cytoplasmic fractions by 2-D PAGE, 

immediately prior to rehydration, urea was added directly into the cytoplasmic 

fraction to a final concentration of 8 M, followed by the other components of the 

2-D Rehydration Buffer. 
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3.1 Introduction 

To date, TIP48 and TIP49 have been implicated in a broad range of cellular 

functions; however, no information about how the ATPase activity of TIP48 and 

TIP49 is linked to mechanical function has so far been described. Moreover, the 

regulation of this activity still remains unclear. Interestingly, TIP48 and TIP49 

have functions which are either synergistic, e.g. chromatin remodelling (Jonsson 

et al., 2001); antagonistic, e.g. β-catenin signalling (Rottbauer et al., 2002); as 

well as roles where they act independently, e.g. mid-body localisation (Sigala et 

al., 2005). One way of regulating these different roles is by assembly into 

different oligomers, exemplified by the requirement of the TIP48/TIP49 double 

hexamer for optimal ATPase activity. Thus, better understanding of the oligomers 

formed by TIP48 and TIP49 could lead to a superior comprehension of their 

mechanism of action. In order to address some of these questions, we used SEC 

(Size exclusion chromatography) and AUC (Analytical Ultracentrifugation) to 

study the oligomerisation of TIP48 and TIP49 and how this is affected by 

nucleotide cofactors. We also used biophysical techniques to understand the 

assembly, regulation and composition of TIP48/TIP49 complexes. We modelled 

published structures of TIP49 and the TIP48/TIP49 complex to strengthen our 

interpretation of oligomerisation of TIP48, TIP49 and their complex.  

3.2 Expression and purification of TIP48-His6, His6-TIP49 

and the TIP48/TIP49-His6 complex  

Recombinant TIP48-His6 and His6-TIP49 (hereafter referred to as TIP48 and 

TIP49) were expressed and purified using a bacterial expression system (see 

Chapter 2.7) and judged to be 95 % pure by SDS PAGE analysis with 

Coomassie brilliant blue staining (Figure 3.1a). The complex of TIP48/TIP49-His6 

(hereafter referred to as TIP48/TIP49) was cloned by using a pET21b+ TIP48 (no 

tag) and pET21b+ TIP49-His6 (see Chapter 2.7) so that the expression of each 
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Figure 3.1. SDS-PAGE and SEC analysis of TIP48 and TIP49. Purified 
recombinant proteins were examined using 15 % polyacrylamide SDS-PAGE 
(a). The lanes from left to right show the complex of TIP48/TIP49-His6, TIP48-
His6 and His6-TIP49. The positions of the molecular weight standards in kDa 
are indicated at the right. Superdex 200 HR SEC elution profiles show TIP48 
purified in MgCl2, which was dialysed against MgCl2 or EDTA containing buffer 
(b).  SEC elution profiles show His6-TIP49 purified in MgCl2, which was 
dialysed against MgCl2 or EDTA containing buffer (c).  Arrows indicate the 
elution volumes of protein standards (in kDa) and the void volume (Vo).  
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coding sequence was controlled by an individual T7 promoter. Rosetta II (DE3) E. 

coli were transformed with the plasmid. Bacterial cultures were grown and 

recombinant protein production was induced with 0.5 mM IPTG. Bacterial cells 

were lysed and the soluble lysate was loaded onto a Talon metal affinity column. 

The column was washed with 5 mM imidazole, and then a gradient of 5 – 250 

mM imidazole was applied to the column. Untagged TIP48 eluted with TIP49-His6 

at 50-200 mM imidazole. The complex was then dialysed and passed through an 

ssDNA column, concentrated to 0.5 ml, then separated according to size using a 

Superose 6 HR 10/30 SEC column (Figure 3.2a and b). 

3.3 Size exclusion chromatography (SEC) of TIP48, 

TIP49 and their complex 

3.3.1 TIP48 and TIP49 have different oligomeric properties by 

SEC 

Recombinant TIP48 and TIP49 were analysed by SEC using a Superdex 200 HR 

SEC column. TIP48 has been shown to undergo ATP and ADP dependent 

oligomerisation, which is enhanced in the presence of divalent magnesium (Puri 

et al., 2007). We purified TIP48-His6 from E. coli BL21-Gold (DE3) in the 

presence of MgCl2 to identify if this would be sufficient to induce oligomerisation 

of TIP48. Indeed, inclusion of MgCl2 in the buffers during purification of TIP48 

resulted in samples with several oligomers. TIP48 purified in MgCl2 was analysed 

by SEC and eluted at 11.1 ml, consistent with an oligomer of ~ 400 kDa. Smaller 

species also eluted at 13.4 ml, calculated to be ~ 70 kDa. Intermediates were 

visible between these peaks, but molecular masses could not be assigned as the 

peaks were not sufficiently resolved (Figure 3.1b). When this sample was 

dialysed against buffer containing EDTA, there was a reduction in the proportion 

of the 400 kDa species, and an increase in the proportion of the 70 kDa species, 

confirming that Mg2+ is necessary for oligomerisation of TIP48; however, 

oligomerisation under these conditions is likely due to TIP48 co-purifying with 
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ADP from the bacterial lysate when Mg2+ is present. Using these data, it was 

difficult to predict the number of subunits of TIP48 contained in each oligomer. As 

size and shape both affect the volume of elution from a SEC column, the 70 kDa 

peak could be interpreted as either a monomer-dimer equilibrium, or a monomer 

with an elongated shape; the 400 kDa peak could be interpreted as anything 

between a pentamer and an octamer of TIP48. To rule out any effect of the 

histidine6 tag in mediating this oligomerisation, TIP48 purified in MgCl2 was also 

analysed by SEC in the presence of 250 mM imidazole, as imidazole destabilises 

interactions between histidine groups. The 400 kDa peak of TIP48 was observed 

with and without imidazole, indicating that the histidine groups do not promote 

oligomerisation of TIP48 (data not shown). 

TIP49 was also analysed by SEC after being purified from E. coli BL21-Gold 

(DE3) cells in the presence of MgCl2. In correlation with previous observations, 

TIP49 eluted as a monomer of 55 kDa under these conditions (Figure 3.1c) (Puri 

et al., 2007). To confirm that the N-terminal histidine6 tag did not affect 

oligomerisation, C-terminally tagged TIP49-His6 was analysed by SEC in EDTA, 

or with ATP in the presence of MgCl2. Again, TIP49-His6 eluted as a monomer 

under all conditions tested, suggesting that the histidine6 tag does not interfere 

with oligomerisation of TIP49 (data not shown). 

3.3.2 TIP48 and TIP49-His6 form an active dodecameric complex 

by SEC 

TIP48 and TIP49 form a dodecameric complex which displays a synergistic 

increase in ATP hydrolysis, compared with the individual proteins. To confirm that 

the above method of co-purifying TIP48/TIP49 from bacteria gave active complex 

in the correct conformation, we analysed the complex by SEC on a Superose 6 

HR SEC column and measured the ATPase activity of the fractions collected 

(Figures 3.2a, b and c). The complex eluted at 13.1 ml, equating to approximately 

617 kDa. This is in good agreement with the predicted molecular mass of a   
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Figure 3.2. Oligomerisation and activity of the TIP48/TIP49-His6 complex. 
Separation of TIP48/TIP49-His6 oligomers using a Superose 6 HR SEC 
column is shown as a UV280 absorbance trace (a). 1 ml fractions were 
collected (Fraction 1 is from 0.5 – 1.5 ml etc), which were analysed by 12 % 
SDS PAGE stained with Coomassie (b). The ATPase activity and protein 
content of each fraction was measured by a colourimetric assay that quantifies 
the release of inorganic phosphate (Pi) upon ATP hydrolysis and Bradford’s 
assay respectively (c). ATPase activity is defined as the moles of ATP 
hydrolysed after 30 minutes incubation at 37 ºC. 
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dodecamer of TIP48/TIP49-His6 of 622 kDa. The ATPase activity peaked in 

fractions 13 and 14; these fractions are where the dodecamer is expected to 

elute, and also coincided with a peak in protein concentration. Moreover, 

monomeric TIP49 in fractions 17 and 18 has very little ATPase activity compared 

with the dodecameric complex, confirming that assembly into a double hexamer 

results in a synergistic increase in ATPase activity (Figure 3.2c). 

The SEC profile of the TIP48/TIP49 complex showed a relatively discrete peak 

corresponding with a dodecamer; however, TIP48 and TIP49 were seen eluting 

between 8 ml (the void volume) and 11 ml (Figures 3.2a, b and 3.3a). This may 

indicate that oligomers higher than a dodecamer are part of the sample. To 

investigate the stability of the double hexamer, fractions 13 and 14, where the 

dodecamer eluted, were pooled and re-applied to the column after being diluted 

to different concentrations (Figure 3.3b). At all protein concentrations tested, the 

complex eluted at the same volume, with little or no monomeric protein present. 

This indicates that the complex is stable and does not undergo dissociation or 

self-association at these protein concentrations. Sample loaded on the column in 

Figure 3.3a was in excess of 10 mg/ml. It is therefore likely that much higher 

protein concentrations than those in Figure 3.3b are needed to observe species 

higher than a dodecamer by SEC. 

We wanted to observe if there were any changes in the oligomeric state of the 

TIP48/TIP49 complex in the presence of ATP and MgCl2. TIP48/TIP49 complex 

that eluted in fractions 12 and 13 in Figure 3.3A was dialysed against buffer 

containing 0.5 mM EDTA or 2 mM MgCl2, then the sample with MgCl2 was 

incubated with 0.5 mM ATP. Both samples were then analysed by SEC. In EDTA, 

the TIP48/TIP49 complex eluted predominantly as a dodecamer, with a small 

proportion of 70 kDa TIP48 and 55 kDa TIP49. When incubated with ATP, the 

dodecameric species remained unchanged, and the 70 kDa TIP48 peak shifted 

to a hexameric peak (Figure 3.3c) consistent with previous observations. The 55 

kDa TIP49 peak remained unchanged. The presence of the hexameric peak  
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Figure 3.3. Oligomerisation of the TIP48/TIP49-His6 complex by SEC. 
TIP48 and TIP49-His6 that co-eluted from a Talon column were further purified 
on a Superose 6 SEC column (a). Fractions 13 and 14 from (a) were re-
applied to the column at different protein concentrations (b). The dotted line 
represents the expected elution volume of a dodecamer of TIP48/TIP49. The 
complex was incubated with EDTA or with ATP in MgCl2 then analysed by 
SEC (c). The hexameric complex (from fraction 15 in (a)) was re-applied to the 
column and again eluted as a hexamer (d); the dotted line indicates the 
expected elution volume of a single hexamer of TIP48/TIP49. Fractions 14, 15 
and 16 from (d), which contained single hexamers of TIP48/TIP49 were 
captured on Talon resin and eluted with imidazole. SEC fractions 12 to 16 
from (d) and the eluant from the Talon resin (T Elu) were analysed by 12 % 
SDS PAGE stained with silver (e); MM indicates molecular markers of ~70 and 
~55 kDa. The numbered arrows show the elution volumes of four molecular 
size standards in kDa and the void volume (V0). 
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upon incubation with ATP in MgCl2 suggested there may also have been some 

dissociation of the dodecameric complex into hexamers, although this was 

difficult to judge using this technique. 

3.3.3 A small proportion of TIP48/TIP49-His6 forms a single 

hexameric complex by SEC 

Interestingly, both TIP48 and TIP49 were present in fraction 15, which 

corresponds to the elution volume for a hexamer. When fraction 15 (from Figure 

3a) was re-applied to the column, it still eluted at the position of a hexamer and 

contained stoichiometrically equal proportions of TIP48 and TIP49 (Figures 3d 

and e). Fractions 14 to 16 were applied to Talon resin and eluted with imidazole. 

Both TIP49-His6 and the untagged TIP48 were captured on the Talon column    

(T Elu in Figure 3.3e). These results confirm that fraction 15 contained a mixed 

TIP48/TIP49 oligomer, which is most likely to be a heterohexamer comprised of 

three monomers of TIP48 and three of TIP49. This presumed hexamer seemed 

to be a discreet species independent of the TIP48/TIP49 double hexamer. 

Nevertheless, the double hexamer of TIP48/TIP49 was the predominant species, 

displayed the highest ATPase activity (see Figure 3.2), and is therefore likely to 

be the form of the TIP48/TIP49 complex with the optimal enzymatic activity. 

3.4 Analysis of TIP48 and TIP49 oligomers by velocity 

and equilibrium analytical ultracentrifugation 

TIP48 and TIP49 clearly demonstrate different properties during SEC analysis, 

and TIP48 with TIP49 assemble into a dodecameric complex when co-expressed 

in bacteria. However, it is difficult to accurately assign specific oligomers to those 

observed by SEC for TIP48, and there seem to be several intermediates in the 

oligomerisation of TIP48 and the TIP48/TIP49 complex which could not be 

resolved by SEC. To investigate the oligomeric species of TIP48 further, and to 

elucidate the assembly of the TIP48/TIP49 complex, we analysed the 
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recombinant proteins by velocity and equilibrium analytical ultracentrifugation 

(vAUC and eAUC). 

3.4.1 DCDT+ analysis of TIP48 and TIP49 vAUC data  

AUC data were collected for TIP48 and TIP49 in EDTA at protein concentrations 

between 0.1 – 2.0 mg/ml and 0.1 – 1.5 mg/ml respectively at four rotor speeds. 

Data were initially analysed using the program DCDT+ (Philo, 2006), which uses 

5-10 pairs of absorbance or interference scans to compute the g(s*) curves. The 

TIP48 data showed a broad peak at a sedimentation coefficient s0
20,w value of 3.9 

S (Figure 3.4a). Better residuals for the g(s*) fits for TIP48-His6 were occasionally 

obtained if a small amount of a higher sedimentation species was included 

(Figure 3.4a). This indicated that the data corresponded to a mixed population of 

TIP48 oligomers, which was consistent with the SEC data. Similar g(s*) curves 

were obtained for the TIP49 data, and the s0
20,w value was again determined as 

3.9 S (Figure 3.4b). Again, the fit for TIP49 was occasionally better when a faster 

sedimentation species was included in the fits. The s0
20,w values were not 

affected by protein concentrations or rotor speeds (Figures 3.8a and b). In order 

to study the TIP48 oligomeric species, TIP48 was incubated with 0.5 mM ATP 

and 2 mM MgCl2. This time, the AUC data analyses gave two distinct peaks. The 

main species sedimented at 11.0 S, while the smaller peak occurred at 3.9 S 

coinciding with the peak observed in the absence of nucleotides (Figure 3.4c). In 

contrast to this, but in agreement with the SEC data, the oligomeric state of 

TIP49 remained unchanged when incubated with adenine nucleotides and MgCl2 

(data not shown). Of particular interest is that both TIP48 and TIP49 in EDTA 

gave the same s0
20,w value for the predominantly monomeric species. In contrast, 

SEC gave an apparent molecular mass of 70 kDa for TIP48 while TIP49 showed 

a mass of 55 kDa. 
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Figure 3.4. Time-derivative sedimentation velocity analyses of TIP48, 
TIP49 and their complex using DCDT+. All the data sets were based on 
interference optics. The arrows indicate the s*20,w values determined for each 
fit. (a,b) The data for TIP48-His6 at 0.65 mg/ml and His6-TIP49 at 1.1 mg/ml, 
both in 0.1 mM EDTA, were obtained at 30,000 r.p.m. (c) The data for TIP48-
His6 at 0.80 mg/ml in the presence of 2 mM MgCl2 and 0.5 mM ATP were 
obtained at 30,000 r.p.m. (d) Data for the TIP48/TIP49-His6 complex at 0.4 
mg/ml were acquired in the presence of 0.1 mM EDTA at 25,000 r.p.m..  
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3.4.2 SEDFIT analysis of TIP48 and TIP49 vAUC data  

The SEDFIT analyses of the sedimentation velocity data fit the complete set of 

scans to derive the size distribution function c(s) (Schuck, 2000). From the 

interference data for TIP48 in EDTA, the c(s) plots indicated the existence of at 

least four discrete species. In 31 experiments, the major peak was consistently 

observed at 2.9 – 3.1 S, and further peaks at 4.5 – 5.0 S, 6.5 – 7.0 S and 10.0 – 

10.5 S, which successively decreased in intensities (Figure 3.5a). The conversion 

of the c(s) curves to c(M) curves identified these species as monomers, dimers, 

trimers and hexamers, respectively, showing good agreement within error 

between the molecular mass associated with each peak and that calculated from 

the sequence (Table 3.1). Smaller peaks with sedimentation coefficients higher 

than 10 S were also evident, and a peak at 14.8 ± 0.5 S could be reproducibly 

detected (Table 3.1), although these were generally more difficult to identify. 

Significantly, when TIP48 was pre-incubated with either 0.5 mM ADP or ATP in 2 

mM MgCl2, the hexamer peak at 10.0 – 10.5 S became the predominant species, 

and the intensity of the monomer, dimer and trimer peaks decreased significantly 

(Figures 3.5b and c). This showed that ADP or ATP in the presence of MgCl2 

both induced TIP48 to form hexamers. In retrospect, the 70 and 400 kDa peaks 

in SEC experiments (Figure 3.1b) can now be assigned as monomer-dimers and 

hexamers respectively. 

Analyses of the interference data for TIP49 collected in 0.1 mM EDTA under 

identical conditions, revealed similar sedimenting species as observed for TIP48. 

In 11 experiments, the 2.9 – 3.1 S peak was the principal species and minor 

peaks were observed at 4.5 – 5.0 S, 6.5 – 7.0 S and 10.0 – 10.5 S (Figure 3.5d). 

These species were also determined to be monomers, dimers, trimers and 

hexamers from the c(M) plots (Table 3.1). As with TIP48, a small peak was 

sometimes observed at 14.2 ± 0.5 S, which was calculated to be a nonamer. 

Unlike TIP48, however, there was no significant change in the proportions of 

these species when TIP49 was incubated with 0.5 mM ADP or ATP in the 
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Figure 3.5. c(s) distribution analyses of sedimentation velocity data for 

TIP48 and TIP49.  The figures demonstrate representative interference optics 

data sets at rotor speeds of 30,000 r.p.m. Arrows indicate the s0
20,w value for 

each discrete peak calculated using SEDFIT. (a) TIP48-His6 at 1.2 mg/ml in 

0.1 mM EDTA. (b) TIP48-His6 at 1.2 mg/ml in 2 mM MgCl2 and 0.5 mM ADP. 

(c) TIP48-His6 at 0.8 mg/ml in 2 mM MgCl2 and 0.5 mM ATP. (d) His6-TIP49 at 

0.8 mg/ml in 0.1 mM EDTA.  (e) His6-TIP49 at 1.5 mg/ml in 2 mM MgCl2 and 

0.5 mM ATP.  
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presence of 2 mM MgCl2 (Figure 3.5e; ADP data not shown). The occurrence of 

dimers, trimers and hexamers of TIP49 revealed by the AUC data clearly shows 

that TIP48 and TIP49 have similar oligomeric forms in the absence of cofactors. 

Even though the AUC data show similar sedimentation profiles for TIP48 and 

TIP49 in the absence of cofactors, they also differed, as only TIP48 forms 

hexamers in the presence of ATP or ADP and Mg2+.  

3.4.3 SEDPHAT analysis of TIP48 eAUC data  

To extend the sedimentation velocity analyses, sedimentation equilibrium 

experiments were carried out to determine the molecular mass of the nucleotide 

dependent oligomer of TIP48. Individual SEDPHAT fits of the interference data 

were initially calculated. Fits were generated on the assumption of a single 

species model using concentrations between 0.3 mg/ml and 1.3 mg/ml and four 

rotor speeds. Global fits for each of the ADP or ATP data sets were performed 

using models based on a single species and others based on various equilibria 

between the species observed by sedimentation velocity. The fits with the best 

reduced χ2 values were obtained with a single species fit (Figure 3.6). Mass 

values of 321 kDa with ADP present and 310 kDa with ATP present were 

obtained, which correspond well with masses of 313 kDa calculated from the 

composition of the hexamer (Table 3.1). Even with this, a slight tendency towards 

higher oligomers was indicated by the small deviation of the residuals at the 

larger radius values (McRorie and Voelker, 1993). 
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Figure 3.6. Sedimentation equilibrium analyses of TIP48 with ADP and 
ATP. Global fits of TIP48 in Mg2+ and either ADP or ATP at 20 oC were 
performed in a concentration series from 0.3 mg/ml to 1.3 mg/ml using rotor 
speeds of 9k r.p.m., 11k r.p.m., 14k r.p.m. and 17k r.p.m. (a,b) The 
concentrations of 1.3 mg/ml and 0.55 mg/ml respectively in the presence of 
ADP are shown, and led to a molecular mass of 321 kDa. (c,d) The 
concentrations of 1.3 mg/ml and 0.55 mg/ml respectively in the presence of 
ATP are shown, and led to a molecular mass of 310 kDa.  

1.3 mg/ml          0.55 mg/ml 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.3 mg/ml          0.55 mg/ml 



Chapter III – Oligomeric properties of TIP48 and TIP49 

125 

3.5 Analysis of the TIP48/TIP49 complex by velocity 

analytical ultracentrifugation (vAUC) 

The TIP48/TIP49 complex was analysed by AUC after isolation of high molecular 

mass fractions (between 12.5 ml to 14.5 ml - fractions 13 and 14 - in Figure 3.3a) 

using a Superose 6 HR SEC column. Data were collected at protein 

concentrations ranging from 0.1 – 0.8 mg/ml. When analysed by DCDT+, the 

complex comprised of at least two major species: one with an average 

sedimentation coefficient of 11.2 S and one of 19.1 S (Figure 3.4d). The 11.2 S 

species is likely to be a hexamer, while the 19 S species is most likely to be a 

dodecamer. The peaks were not affected by change in concentration or rotor 

speed used (Figure 3.8c). 

When the interference data for the preformed TIP48/TIP49 complex were 

analysed by SEDFIT, a series of oligomeric species were observed (Figure 3.7). 

In the presence of EDTA, a 3.0 – 3.3 S peak was attributed to the monomer of 

either TIP48 or TIP49. Prominent peaks at 4.5 – 5.0 S, 6.5 – 7.0 S and 10.0 – 

10.5 S were again observed, consistent with dimers, trimers and hexamers seen 

with the individual proteins (Table 3.1). A major peak was observed at 18 – 19S, 

which corresponded to a high molecular mass form of the TIP48/TIP49 complex 

(Figure 7a). Intermediates between this form and the hexameric peak were 

observed, but difficult to accurately measure, due to their heterogeneity. Since 

the pre-formed TIP48/49 complex was a high molecular mass fraction isolated by 

SEC, the range of oligomeric species observed is likely to reflect the dissociation 

of the complex.  

As with SEC experiments, the presence of 0.5 mM ADP or ATP in 2 mM MgCl2 

increased the proportion of the hexameric peak relative to the other species, 

although the 18 – 19 S peak was still prominent (Figures 7b and 7c). This is 

probably due to hexamerisation of free TIP48 in the presence of ADP or ATP, but 
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Figure 3.7. c(s) distribution analyses of sedimentation velocity data for 
the TIP48/TIP49-His6 complex.  Arrows indicate the s0

20,w value for each 
discrete peak calculated using SEDFIT and observed in representative 
interference optics data sets at rotor speeds of 25,000 r.p.m.. (a) The 
TIP48/TIP49 complex at 0.8 mg/ml in 0.1 mM EDTA.  (b) The TIP48/TIP49 
complex at 0.5 mg/ml in 2 mM MgCl2 and 0.5 mM ADP. (c) The TIP48/TIP49 
complex at 0.5 mg/ml in 2 mM MgCl2 and 0.5 mM ATP. 
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could also be due to some dissociation of dodecameric TIP48/TIP49 complex 

into individual hexamers.  

The c(M) plots for the 18 - 19 S species showed masses considerably higher 

than that predicted for a double hexamer (Table 3.1). However, the c(M) plots 

were generated with a single frictional ratio (f/f0) applied to all species in the 

observed S range, which does not allow correct calculation of mass if several 

species are present. Therefore, masses obtained from c(M) plots are not 

accurate enough to attribute specific oligomeric states to the complex without 

predicting sedimentation coefficients from published structures. As shown in our 

modelling below (Figure 3.10), this 18 – 19 S species is consistent with a 

dodecamer of TIP48/TIP49 (predicted mass of 614 kDa).  As with SEC, small 

amounts of higher molecular mass species of the complex were also seen. In 

addition, the weaker resolution of the peaks in the c(s) plots between hexamers 

and dodecamers indicated that several intermediate forms of the TIP48/TIP49 

complex exist. 

3.6 Oligomeric species of TIP48, TIP49 and their 

complex show no concentration dependence 

In order to summarise the three AUC studies of TIP48, TIP49 and their complex, 

the sedimentation coefficients were plotted against protein concentrations (Figure 

3.8). All five distinct species observed using SEDFIT for both TIP48 and TIP49 

showed no concentration dependence (Figures 3.8d and e). The TIP48/TIP49 

complex comprised of six peaks which were not affected by concentration (Figure 

3.8f). The averaged sedimentation coefficients for each species from Figure 3.8 

are summarised in Table 3.1.   
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3.7 vAUC absorbance data for TIP48, TIP49 and their 

complex 

As a control for the interference data sets, the absorbance data sets for TIP48 

and TIP49 and the complex were also analysed. These were limited in their 

scope because ADP and ATP have high absorbance coefficients at the 280 nm 

wavelengths, which would interfere with protein detection at the same 

wavelength. The absorbance analyses for TIP48 and TIP49 in EDTA individually 

displayed monomers, dimers, trimers and hexamers as successively smaller 

peaks (Figures 3.9a and b). The absorbance analyses for the TIP48/TIP49 

complex in EDTA also showed monomers, dimers and trimers. Furthermore, the 

hexameric peak was prominent compared with analyses of the individual proteins, 

and a large peak was observed at 18.5 S, consistent with a double hexamer of 

TIP48/TIP49 (Figure 3.9c). Thus, AUC absorbance data agree well with the 

corresponding interference analyses, although the resolution of the c(s) plots for 

absorbance data was reduced compared with data sets from interference optics 

(Figure 3.9). 

3.8 Calculation of sedimentation coefficients from 

structures of TIP49 and the TIP48/TIP49 complex 

To confirm that the oligomeric species of TIP48 and TIP49 had been determined 

correctly, the crystal structure of TIP49 and the EM reconstruction of the 

TIP48/TIP49 complex were used to calculate sedimentation coefficients using 

HYDROPRO and HYDROMIC (Figure 3.10). The calculations assumed that the 

structures of TIP48 and TIP49 were similar to each other, based on the sequence 

and secondary structure comparison; see Appendix Figure A1 and (Putnam et al., 

2001). Two hexameric rings of TIP49 were generated from the crystal structure of 

TIP49 (See Chapter 1.3.3 and Figure 1.4): one corresponded to a hexamer of  
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Figure 3.9. c(s) distribution analyses of sedimentation velocity data for 
TIP48-His6, His6-TIP49 and the TIP48/TIP49-His6 complex.  Arrows indicate 
the s0

20,w value for each discrete peak calculated using SEDFIT and observed 
in representative absorbance optics data sets. (a) TIP48 at 0.3 mg/ml in 0.1 
mM EDTA at a rotor speed of 30,000 r.p.m. (b) TIP49 at 0.4 mg/ml in 0.1 mM 
EDTA at a rotor speed of 30,000 r.p.m. (c) The TIP48/TIP49-His6 complex at 
0.8 mg/ml in 0.1 mM EDTA at a rotor speed of 25,000 r.p.m. 
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monomer A (Hexamer 1), the other was a 3-fold repetition of monomers B and C 

(Hexamer 2) (Gorynia et al., 2006; Matias et al., 2006). The predicted 

sedimentation coefficients from Hexamer 1 gave 3.3 S, 5.2 S, 6.8 S and 10.6 S 

for the monomer, dimer, trimer and hexamer forms of TIP49 respectively (Table 

3.1). These predicted sedimentation coefficients agree well with the observed 

sedimentation coefficients for TIP48 and TIP49 and were better than predictions 

for Hexamer 2, which showed slightly higher values (Table 3.1).  

Further calculations using Hexamer 1 showed that a double hexamer would have 

a sedimentation coefficient of 18.4 S. This was formed by the most compact 

arrangement of two hexameric structures placed in a head-to-tail arrangement. 

This arrangement would permit the growth of further oligomers such as an 18-

mer. The sedimentation coefficient of the TIP48/TIP49 dodecamer was 

calculated from its electron microscopy map, and this gave 19.0 S in good 

agreement with the observed value of 18.4 S. Thus, the sedimentation 

coefficients of the oligomeric forms of the TIP48/TIP49 complex could be 

replicated by the modelling based on the crystal structure of TIP49.  

3.9 Discussion 

The sedimentation velocity studies of TIP48, TIP49 and their complex provide 

new insights into the oligomeric forms of these proteins, most notably the 

oligomeric intermediates of the TIP48/TIP49 complex. The similarities in 

sedimentation profiles of TIP48 and TIP49 indicate that the two proteins have 

similar solution structures in the absence of cofactors.  

Although monomers were the predominant form in the absence of co-factors, the 

AUC data showed that both TIP48 and TIP49 also formed dimers, trimers and 

hexamers as minor species. While DCDT+ analysis of TIP48 and TIP49 gave 

sedimentation coefficients of 3.9 S for both proteins, the SEC results showed that 

TIP49 eluted only as a monomer of 55 kDa while TIP48 eluted as a 70 kDa peak 

with higher oligomers. SEC observations may result from different kinetic rates 
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Figure 3.10. Oligomeric forms of TIP48 and TIP49 used for modelling 
predictions of the sedimentation coefficients. The crystal structure of 
TIP49 was used to predict sedimentation coefficients of different oligomers. 
Sedimentation coefficients are shown in brackets below each structure. In the 
top row, the monomers in the dimer and trimer forms are shown as orange, 
blue and green ribbon traces. In the middle row, the hexamer is shown in 
magenta with the six bound ADP molecules in blue, and the two trimers that 
were added to form either the nonamer or dodecamer are shown in the same 
colours used in the top row. The electron density reconstruction, generated by 
negative staining electron microscopy analysis of the TIP48/TIP49 complex, is 
also shown. The modelled TIP49 dodecamer shown, as a red ribbon trace and 
EM reconstruction are overlaid to highlight their differences in structure. In the 
bottom row, the hexamer and electron microscopy models are viewed after a 
90o rotation in order to reveal the void at the middle of the hexameric axis of 
symmetry. Domains are indicated using roman numerals. 
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for self-association in the conditions of their elution (Lou et al., 2004). A slower 

disassociation rate for TIP48 oligomers may explain the observed 70 kDa elution 

peak for this when compared to that at 55 kDa for TIP49. Both the AUC and SEC 

data showed that TIP48 hexamer formation was induced by adenine nucleotides 

and Mg2+, while the oligomeric state of TIP49 was not affected. These data firmly 

point to similarities in the physical properties of TIP48 and TIP49, despite the 

differences seen by the more qualitative SEC approach. This similarity is 

corroborated by sequence and secondary structure comparisons. 

The AUC analyses show that in EDTA, TIP48/TIP49 complexes showed complex 

sedimentation profiles and peaks of molecular masses that were higher than 

hexamers observed for TIP48 or TIP49 individually. These data were collected 

using a high molecular mass fraction of the complex isolated from a SEC column, 

therefore the AUC profile shows the dissociation of the TIP48/TIP49 complex. 

The stability of the TIP48/TIP49 double hexamer was slightly reduced by 

incubation with ATP or ADP and Mg2+, as there was a shift to hexameric protein. 

This may be interpreted as the complex falling apart into hexamers, or 

monomeric TIP48 hexamerising when bound to nucleotides; it is difficult to 

dissect to what degree these contribute to the change in the profiles in Figure 3.7.  

As these recombinant proteins are being studied outside of a cellular 

environment, their stability under the conditions tested may not be optimal. It is 

probable that other cellular factors stabilise this complex in vivo. Indeed, the 

TIP48/TIP49 complex is typically a component of large multi-protein complexes, 

and it is most likely that this environment is required for the most favourable 

complex stability. However, the heterogeneity of the TIP48/TIP49 complex by 

AUC may be misleading, as the data were gathered at high centrifugal force over 

several hours. In contrast, the SEC data showed a more stable complex with a 

prominent dodecameric peak; this technique is less intense than the AUC 

employed.  
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Oligomers higher than a dodecamer were observed at high protein concentration 

by SEC and with all AUC analyses. This could be interpreted as self association 

of the complex, with progressive rings stacking on the double hexamer. This 

would suggest a head-to-tail orientation of the complex, and would allow further 

assembly of hexamers onto the dodecameric complex. Furthermore, in the 

dodecameric EM structure, the orientation of the two rings was also tentatively 

interpreted as being head-to-tail (Dr. Petra Wendler, personal 

communication)(Puri et al., 2007).  

In comparison to our AUC data, a sedimentation equilibrium study of S. 

cerevisiae TIP48/TIP49 determined a mass of 313 kDa for the complex (Gribun 

et al., 2008). Together with EM analysis of the complex showing a hexameric ring, 

this result was used to propose that yTIP48 and yTIP49 formed a single mixed 

hexameric ring with no further oligomers. Since the yeast proteins appear to differ 

biochemically from the human TIP49 and TIP48, their quaternary organisation 

may also be different (Gribun et al., 2008). It should be noted, however, that only 

absorbance optics were used to study the yeast complex in the presence of ADP, 

and the observed intensities above 1.5 may be saturated, meaning that the 

molecular mass of 313 kDa may be underestimated (Cole et al., 2008). More 

recently, a double hexameric configuration for yTIP48/TIP49 was demonstrated 

by cryo-EM (Torreira et al., 2008). The conflicting data for the yeast homologues 

may suggest that different oligomeric forms of TIP48 and TIP49 exist in the cell, 

which may in part regulate their disparate functions. We observed a double 

hexamer of human TIP48/TIP48 with a small proportion of mixed single-

hexamers, supporting this idea. It would be interesting to delineate which 

oligomers of TIP48 and TIP49 are associated with which functions, and how 

these are co-ordinated. 

3.8.1 Assembly mechanisms of TIP48 and TIP49 oligomers 

The clarification of oligomers and intermediates by AUC suggests an assembly 

pathway for the TIP48/TIP49 complex. Dimers, trimers and hexamers were the 
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prevalent intermediate species of the TIP48/TIP49 double hexamer. In addition to 

this, 14.7 S nonamers were detected in small amounts by AUC when these 

proteins were analysed individually. In contrast, unresolved intermediate species 

significantly lower than 14.7 S were detected when the TIP48/TIP49 complex 

was analysed (Figures 3.7, 3.8 and Table 3.1), although these were less resolved 

and there seemed to be several different intermediates. Compared with the 14.7 

S putative nonamers, the TIP48/TIP49 complex intermediates had S values with 

an average of around 13 S. These intermediates could be consistent with 

octamers, where dimers are stacked on the hexameric ring. One could 

hypothesize that trimers are important building blocks for the individual hexamers, 

whereas dimers are important in assembling the double hexamer. One 

interpretation could be that TIP48 and TIP49 heterodimers are the first step in 

forming the dodecamer; alternatively, the small amounts of TIP48 hexamers 

could stabilise TIP49 hexamers by forming the dodecamer (Figure 3.11). The 

difference in assembling individual hexamers and the double hexamer could be 

an important way of regulating the assembly of the TIP48/TIP49 double hexamer, 

as hexamerisation of TIP48 in the presence of nucleotides could limit 

heterodimers, and therefore the formation of the TIP48/TIP49 complex. However, 

these interpretations are currently only speculative, as our AUC modelling 

analysis of the TIP48/TIP49 complex does not allow us to distinguish between 

models of the complex consisting of two homohexamers or two heterohexamers. 

Indeed, the composition of the rings of the TIP48/TIP49 double hexamer is 

something we are currently addressing.  
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Figure 3.11. Hypothesised assembly mechanisms of TIP48 and TIP49 
oligomers. TIP48 (green) and TIP49 (blue) form hexamers via dimer and 
trimer intermediates (a). TIP48 hexamers are nucleotide inducible, TIP49 
hexamers are not. Heterodimers may drive the formation of the double 
hexamer (b); alternatively, homo-hexameric rings may bind each other to form 
the double hexamer (c). A mixed-ring hexamer may be formed from 
heterodimers (d). 
 

(a)              (b)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c)             (d)
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4.1 Introduction 

Since their initial identification, high sequence conservation for both TIP48 and 

TIP49 has been shown between all eukaryotic species (see Chapter 1.3.1). In 

archaea, there is evidence of a single homologue in all crenarchaeota, which 

indicates that TIP48 and TIP49 diverged from a common ancestor, and were 

inherited by all modern eukaryotes. The closest homologue of TIP48 and TIP49 

in bacteria is RuvB: the AAA+ motor protein that facilitates branch migration as 

part of the RuvABC system; however, to date, there is no evidence that TIP48 

and TIP49 facilitate branch migration in eukaryotes, and the hypothesis that they 

act on DNA is controversial. Dispite the differences between these homologues, 

it is clear that they are linked by the fold of their ATPase domains, which are 

highly conserved between the eukaryotic, archaeal and bacterial homologues of 

TIP48 and TIP49. RuvB has a three domain structure, where Domains I and II 

are responsible for ATPase activity, and a DNA binding domain is present at the 

C-terminus; this DNA binding domain is not present in TIP48 or TIP49. 

Conversely, a novel domain of unknown function is present in TIP48 and TIP49 

but not RuvB; this domain is inserted in Domain I between the Walker A and 

Walker B motifs, and is linked to Domain I by two anti-parallel β-strands (Figure 

4.1).  

It has been suggested that Domain II of TIP48 and TIP49 could be involved in 

DNA/RNA interactions, modulating protein-protein interactions or regulating 

ATPase activity and oligomerisation; however, no published experimental data 

has confirmed these hypotheses. To gain insight into the functions of Domain II, 

TIP48 and TIP49 mutants were expressed and purified based on the 

liebeskummer mutation (lik) of TIP48 and mutants lacking Domain II. The effects 

of these mutations on the oligomerisation, ATPase activity and protein 

interactions of TIP48 and TIP49 could give important insights into the functions of 

Domain II, as well as the full length proteins. As TIP48 and TIP49 are critical for  
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Figure 4.1. Putative structures of TIP49 Domain II mutants. Cartoons of 
the crystal structures of Homo sapiens TIP49 (Matias et. al, 2006) (a) and 
Thermotoga maritima RuvB (Putnam et. al., 2001) (d) are shown with 
equivalent domains in corresponding colours. TIP49 Domains I (Green) and III 
(Red) are equivalent to Domains I (Green) and III (Red) in RuvB. TIP49 
Domain II (Gold) has no equivalent in RuvB; Domain III (Blue) in RuvB has no 
equivalent in TIP49. Mutations are highlighted in purple for the TIP49 
liebeskummer (FCR: Phe-Cys-Arg) insertion (b) and truncation mutant, 
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oncogenic transformation in certain cancers, small molecule inhibitors could 

target this activity, possibly leading to novel cancer drugs. Individually, TIP48 and 

TIP49 have very low ATPase activity. This activity increases when the proteins 

assemble into a heteromeric complex; however, an activity of 1 mole of ATP 

hydrolysed per monomer per minute is still too low for high throughput screening 

of small molecule inhibitors of the ATPase activity of TIP48 and TIP49. If Domain 

II regulates ATPase activity, Domain II mutants of TIP48 and TIP49 may have 

increased ATPase activity. A more robust ATPase activity could potentially lead 

to more efficient screening of inhibitors of the ATPase activity of TIP48 and TIP49. 

4.2 Construction of TIP48 and TIP49 Domain II mutants 

4.2.1 Cloning of likTIP48 and likTIP49 mutants 

The Zebrafish liebeskummer (lik) mutation confers a phenotype of heart 

hyperplasia (see chapter 1.4.3). The reason for this phenotype is mis-splicing of 

Zebrafish TIP48 mRNA, resulting in a three residue insertion after Glycine191. 

Further characterisation of liebeskummer mutants suggested that the product of 

the mutated gene - likTIP48 - forms aberrant complexes and has de-regulated 

ATPase activity (Rottbauer et al., 2002). We wanted to test this hypothesis in 

vitro, as de-regulation of oligomerisation and ATPase activity could help elucidate 

the mechanism of TIP48 activity. The remarkable conservation between 

Zebrafish and human TIP48 encouraged us to attempt to express and purify the 

H. sapiens equivalent of likTIP48, to study its biochemical properties. Moreover, 

the lik mutation occurs in a region conserved between TIP48 and TIP49, implying 

the three residue insertion could have the same effect on hTIP49 functions. 

Sequence alignment between Zebrafish and Homo sapiens TIP48 and TIP49 and 

the crystal structure of TIP49 led us to design liebeskummer mutants of TIP48 

and TIP49 with the three amino acid (Phe; Cys; Arg) insertion after Gly190 in 

hTIP48 and Gly188 in hTIP49 (Figures 4.1b and 4.2). pET21b-TIP48-His6 and 

pET15b-His6-TIP49 were mutagenised using PCR to generate bacterial 
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expression constructs for the over-expression of recombinant likTIP48 and 

likTIP49 (see Chapters 2.5.4 and 2.7.8).  

4.2.2 Cloning of TIP48 and TIP49 Domain II deletion mutants 

As demonstrated by the liebeskummer mutation, Domain II may be important for 

oligomerisation and the regulation of ATPase activity of TIP48 and TIP49. To test 

this further, we generated bacterial expression constructs of TIP48 and TIP49 

with a truncated Domain II. pET21b-TIP48-His6 and pET15b-His6-TIP49 were 

mutagenised using PCR and constructs for the over-expression of TIP48 and 

TIP49 lacking a significant globular portion of Domain II were generated. Initially, 

truncations were based on the alignment of TIP48, TIP49 and RuvB carried out 

by (Putnam et al., 2001). This alignment was made before any structural data 

were published and was therefore inaccurate in predicting the interface between 

Domain I and Domain II in TIP48 and TIP49. Thus, Domain II deletion mutants 

were cloned: ∆1TIP48, where Ile-147 to Ile-293 inclusive were deleted; and 

∆1TIP49, where Cys-141 to Pro-296 were deleted. When ∆1TIP48 and ∆1TIP49 

were expressed in the BL21-Gold (DE3) cells, the resulting recombinant proteins 

were insoluble under all conditions tested (Figure 4.3). Re-folding of ∆1TIP49 was 

attempted using 6 M urea; however, ∆1TIP49 formed soluble aggregates under 

these conditions (not shown). Shortly after cloning ∆1TIP48 and ∆1TIP49, a 

crystal structure of hTIP49 was published (Matias et al., 2006), which allowed us 

to more accurately align TIP48, TIP49 and RuvB protein sequences and 

characterise their domain interfaces. Using these structures, we designed 

mutants of TIP48 and TIP49, where a significant portion of Domain II was 

truncated, but some of Domain II remained to aid proper protein folding and 

solubility. Bacterial plasmid expression constructs were generated and 

expression and solubility of the mutated proteins were tested (Figure 4.3). The 

best solubility was obtained with ∆2TIP48, where Glu-133 to Val-238 were 

deleted and replaced with Ala-Gly-Ala; and ∆2TIP49, where Glu-126 to Ile-234 

were deleted and replaced with Ala-Gly-Ala: an unstructured linker to facilitate 

correct protein folding (Figures 4.1, 4.2 and 4.3). 
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4.3 Expression and Purification of Domain II mutants of 

TIP48 and TIP49 

4.3.1 The lik mutation in TIP48-His6 encourages non-specific 

protein-protein interactions and mis-folding  

The pET21b expression construct, for the expression of a C-terminal Histidine6 

tagged hTIP48 liebeskummer mutant, was transformed into Rosetta II (DE3) 

competent cells for the over-expression of likTIP48-His6 (referred to hereafter as 

likTIP48). Induction using IPTG gave excellent over-expression of likTIP48, 

although the majority of the protein was insoluble (Figure 4.4a). Bacterial cells 

over-expressing likTIP48 were lysed and the soluble components were applied to 

a Talon column. likTIP48 was eluted using a 10 – 500 mM imidazole gradient 

with the elution peak at around 100 mM imidazole. Unfortunately, the yield of 

soluble likTIP48 purified from bacteria was quite low, and it co-purified with a 

large quantity of bacterial contaminants. To attempt separation of likTIP48 and 

the contaminants, further purification using a MonoQ column was employed; 

however, this did not improve the concentration or purity of likTIP48 (Figure 4.4a). 

As the sample was not pure enough for biochemical assays, further 

characterisation of likTIP48 was not performed. It is clear that the three amino 

acid insertion in Domain II affects the structural integrity, solubility and non-

specific interaction with other proteins, which may explain the phenotype 

presented in liebeskummer Zebrafish. 

4.3.2 His6-likTIP49 forms aggregates under all native and re-

folding conditions tested 

For bacterial over-expression of likTIP49, a pET15b expression construct which 

incorporated an N-terminal Histidine6 tag was transformed into BL21-Gold (DE3) 

competent cells for the over-expression of His6-likTIP49. Bacterial lysis after 

over-expression of His6-likTIP49 (referred to hereafter as likTIP49), using the 
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Figure 4.4. Purification of TIP48 and TIP49 liebeskummer mutants. (a) A schematic 
representation of likTIP48-His6 purification is shown on the left. On the right are 12 % 
polyacrylamide SDS PAGE analyses of TIP48-His6 induction and purification by MonoQ 
anion exchange chromatography. (b) The left side shows 12 % polyacrylamide SDS 
PAGE of His6-likTIP49 induction and purification under denaturing conditions in 6 M 
urea. The right hand curve shows the elution profile of His6-likTIP49 purified under 
denaturing conditions; His6-likTIP49 eluted in the void volume of the Superdex 200 HR 
SEC column. Numbers beside gels refer to the sizes of molecular weight standards in 
kDa. 
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same procedure as for wild-type TIP49, resulted in all of the recombinant protein 

appearing in the insoluble portion of the lysate (Figure 4.4b). Induction of 

recombinant likTIP49 at 20 ºC for longer periods of time did not improve the 

solubility of likTIP49 (not shown). 

As likTIP49 was insoluble under native conditions, we attempted to use urea to 

purify likTIP49 under denaturing conditions. Insoluble likTIP49 from the bacterial 

cell lysate was denatured using 6 M urea. likTIP49 was then applied to a Talon 

column, eluted in urea, then re-folded by step-wise removal of urea by dialysis. 

Soluble likTIP49 was obtained under these conditions; however, when the 

oligomeric state of likTIP49 was assessed using a Superdex 200 HR size 

exclusion chromatography column, likTIP49 eluted mainly in the void volume. 

This observation indicated that likTIP49 formed soluble aggregates under re-

folding conditions (Figure 4.4b). In summary, the introduction of this three residue 

insertion in Domain II is likely to affect the stability and proper folding of 

recombinant likTIP48 and likTIP49. 

4.3.3 Purification of ∆2TIP48-His6 

pET21b-∆2TIP48-His6 was transformed into BL21-Gold (DE3) competent cells for 

the over-expression of ∆2TIP48-His6. Bacterial cells were lysed and the soluble 

lysate was purified using a Talon column, and passed through an ssDNA column. 

∆2TIP48 was bound and eluted from a MonoQ column using a 0.1 – 1 M NaCl 

gradient with an elution peak of around 0.4 mM NaCl (Figure 4.5). The protocol 

resulted in ∆2TIP48 of approximately 95 % purity.  

4.3.4 Purification of His6-∆
2TIP49 

A pET15b-His6-∆
2TIP49 plasmid was transformed into BL21-Gold (DE3) 

competent cells for the over-expression of His6-∆
2TIP49. Bacterial cells were 

lysed and the soluble lysate was purified on a Talon column as for ∆2TIP48 

above. ∆2TIP49 was then purified on a hydroxylapatite column and eluted using
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Figure 4.5. Purification of ∆2TIP48-His6 and His6-∆
2TIP49. A schematic 

representation of ∆2TIP48-His6 (solid lines) and His6-∆
2TIP49 (broken lines) purification 

are shown (a). 12 % SDS PAGE summary gels stained with Coomassie show the 
purification of ∆2TIP48-His6 (b) and His6-∆

2TIP49 (c). Numbers beside gels refer to the 
sizes of molecular weight standards in kDa. 
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a 10 – 600 mM KPi gradient. ∆2TIP49 eluted around 200 mM KPi. Finally 

contaminants were removed by passing through a single stranded DNA cellulose 

column and collecting the flow-through (Figure 4.5). 

4.4 Oligomerisation of TIP48 and TIP49 Domain II 

mutants by SEC 

To assess the importance of Domain II in the oligomeric organisation of TIP48 

and TIP49, and to confirm correct folding of the mutants, ∆2TIP48 and ∆2TIP49 

were analysed by SEC. ∆2TIP49 was analysed by SEC in EDTA, and eluted in a 

single peak corresponding to 40 kDa: a monomer (Figure 4.6d). When incubated 

with 1 mM ATP and 2 mM MgCl2, ∆
2TIP49 also eluted at the position of a 

monomer. This is in agreement with the work carried out in Chapter 3, which 

showed that wild type TIP49 is exclusively monomeric by SEC.  

When ∆2TIP48 was analysed by SEC, two major species were observed in 

EDTA: a peak at 45 kDa corresponding to a monomer, and one at 220 KDa 

which was likely to be a hexamer (Figure 4.6b). The absorbance trace also 

indicated protein eluting up to the void volume of the column, although this was 

likely to be soluble aggregates included in that specific sample (Figure 4.6b). This 

elution profile is comparable to wild type TIP48 under similar conditions, although 

the peak corresponding to a ~ 240 kDa ∆2TIP48 hexamer was more prominent. 

As illustrated in Chapter 3, TIP48 assembles into hexamers upon incubation with 

adenine nucleotides and divalent magnesium. To assess the oligomeric 

organisation of ∆2TIP48 in the presence of nucleotide cofactors, SEC was 

performed after incubation of ∆2TIP48 with 1 mM ATP and 2 mM MgCl2. The 

resulting elution profile indicated that there was no significant change in the 

oligomeric state of ∆2TIP48 when bound to nucleotide cofactors (Figure 4.6c).  

As there were a number of oligomeric species of ∆2TIP48 detected by SEC, we 

used different concentrations of ∆2TIP48 to assess whether the species were in a
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Figure 4.6. Size exclusion chromatography of ∆2TIP48-His6 and His6-∆
2TIP49. 

Samples were run on a Superose 6 HR SEC column.  The UV280 absorbance profiles are 
shown for His6-∆

2TIP49 in EDTA (a); ∆2TIP48-His6 and wild type TIP48-His6 (b); 
∆2TIP48-His6 with EDTA or with ATP/MgCl2 (c); and ∆2TIP48-His6 at three 
concentrations (d). The dotted line in (d) shows the expected elution volume of a 
monomer. The numbered arrows in each figure denote the elution volumes of four 
molecular mass standards in kDa and the void volume (Vo). 
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concentration dependent equilibrium. ∆2TIP48 was analysed by SEC at monomer 

concentrations of 1.5, 0.25 and 0.05 mg/ml (Figure 4.6d). At the lowest 

concentrations tested, ∆2TIP48 eluted predominantly as a monomer, with small 

amounts of hexamers and other unassigned intermediates. At high 

concentrations ∆2TIP48 became hexameric, and the monomeric species was 

reduced in comparison - a new peak was also detected which corresponded to 

90 kDa, which could correspond to a dimer of ∆2TIP48 (Figure 4.6c).  

These data suggest that Domain II of TIP48 is essential for controlling the 

nucleotide dependent oligomerisation of TIP48, and has a functional role in 

regulation of TIP48 activity. However, unlike for TIP48, Domain II in TIP49 is not 

important for regulating the oligomerisation of TIP49. The comparison with SEC 

profiles of wild type proteins also provide good evidence that both ∆2TIP48-His6 

and His6-∆
2TIP49 are correctly folded. 

4.5 ATPase activity of TIP48 and TIP49 Domain II 

mutants 

TIP48 and TIP49 hydrolyse ATP in vitro. Individually their ATPase activities are 

low, although when TIP48 and TIP49 form a heteromeric complex their activities 

increase synergistically (Figure 4.7). To assess how the lack of Domain II in 

TIP48 and TIP49 affects their ATPase activity, the individual activities of ∆2TIP48 

and ∆2TIP49 were tested. ∆2TIP48 and ∆2TIP49 both had activities which were 

comparable to wild type proteins (activities were calculated to be less than 1 

mole of ATP hydrolysed per mole of monomer in 30 mins for wild type and 

mutant proteins).  

Recombinant TIP48 and TIP49 were mixed in vitro, incubated on ice for 5 mins, 

then the ATPase activity was measured. After mixing the ATPase activity 

increased to over 10 moles of ATP hydrolysed per monomer of protein in 30 mins 

(Figure 4.7). This synergistic activity is in agreement with observations by
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Figure 4.7. ATPase activity of TIP48, TIP49 and Domain II mutants. 
ATPase activity of 1 μM monomer of each protein was measured using a 
malachite green colourimetric assay that measures changes in inorganic 
phosphate (Pi) concentration. Activities for wild type TIP48 and TIP49 (a) and 
∆2 mutants (b) are shown. Proteins were individually assessed or mixed in 
vitro before the assay was initiated. Activity is measured in moles of ATP 
hydrolysed per mole of monomer at 4 different time points. Time points were 
normalised by subtracting the background Pi concentration from the 0 minute 
time point. The error bars denote standard deviation. 

(a) 
 
 
 
 
 
 
 
 
 

 
(b) 
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other groups and is direct evidence for a strong functional interaction of wild type 

TIP48 and TIP49 in vitro. To assess whether the lack of Domain II in TIP48 and 

TIP49 modulates the interactions or activity of the TIP48/TIP49 complex, 

∆2TIP48 and ∆2TIP49 were mixed and incubated, then ATP hydrolysis was 

measured. As with wild type proteins, a synergistic increase of ATPase activity 

was observed when ∆2TIP48 and ∆2TIP49 were incubated, although the activity 

was around 75 % of the activity of wild type complex (7.5 moles ATP hydrolysed 

per mole protein in 30 mins). These data show that Domain II in TIP48 and TIP49 

is not essential for the interaction or ATPase activity of TIP48 and TIP49. 

4.6 Assembling Heteromeric Complexes of TIP48 and 

TIP49 Domain II mutants 

The interaction of ∆2TIP48 and ∆2TIP49 was demonstrated in ATPase assays 

(Figure 4.7). To find out how removal of Domain II from TIP48/TIP49 complexes 

affects their activities in vitro, different plasmid constructs for bacterial expression 

of the TIP48/TIP49 complex were cloned. The following constructs were used: 

 pET21b – TIP48 (no tag) – TIP49-His6 (Chapter 3.3) 

 pET21b – TIP48 (no tag) – ∆2TIP49-His6 

 pET21b – ∆2TIP48 (no tag) – TIP49-His6 

 pET21b – ∆2TIP48 (no tag) – ∆2TIP49-His6 

The wild type complex of TIP48/TIP49-His6 described in Chapter 3.3 consisted of 

a dodecameric complex as shown by AUC and SEC. Moreover, the dodecameric 

complex showed a synergistic increase in ATPase activity compared to the 

individual monomers. To compare the wild type complex of TIP48 and TIP49 with 

complexes lacking TIP48 Domain II, TIP49 Domain II, or both, we expressed and 

purified the above complexes using the protocol carried out for wild type 

TIP48/TIP49-His6 described in Chapter 3.3. 
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 4.7 Characterisation of heteromeric complexes of TIP48 

and TIP49 Domain II mutants 

4.7.1 ∆2TIP48/TIP49-His6 complex 

A complex of ∆2TIP48/TIP49-His6 was expressed in bacterial cells and purified 

as described for the wild type complex. Un-tagged ∆2TIP48 co-purified with 

histidine6 tagged TIP49, which demonstrates that the two proteins are in a stable 

complex, further confirming that the globular portion of Domain II of TIP48 is not 

required for heteromeric interactions (Figure 4.8a). As with the wild complex, 

TIP49 shifts from being predominantly monomeric to large multimers when bound 

to ∆2TIP48. The elution profile of ∆2TIP48/TIP49-His6 was very similar to wild 

type complex: free TIP49 monomers eluted in fractions 17 and 18, while 

∆2TIP48/TIP49 complex eluted in a major peak at 13.7 ml, calculated as 452 kDa 

(Figure 4.8a and b, and Table 4.1). Although a ∆2TIP48/TIP49 double hexamer 

has a predicted mass of 552.8 KDa, the SEC experiments suggested a slightly 

lower molecular mass. In contrast, the wild type complex, which has a mass of 

617.3 KDa by SEC, correlated well with the predicted mass of 621.7 (Chapter 3.3, 

Table 4.1). This discrepancy most likely results from smaller oligomers eluting in 

an overlapping peak during SEC, which may contribute to a shifted elution 

volume for the double hexamer. The difference could also be due to large 

changes in shape between the wild type complex and ∆2TIP48/TIP49, implying 

Domain II is exposed on the outside of the double hexamer. In agreement with 

observations of the wild type complex in Chapter 3, ∆2TIP48/TIP49-His6 shows a 

slight tendency to form oligomers higher than a double hexamer, demonstrated 

by complex eluting as far as the void volume of the column. These higher order 

oligomers indicate further stacking of hexamers on the double hexamer, 

suggesting that the configuration of the hexameric rings in this complex is head-

to-tail.
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Figure 4.8. Oligomerisation and activity of the ∆2TIP48/TIP49-His6 

complex. ∆2TIP48/TIP49-His6 was purified and analysed by SEC. Separation 

of ∆2TIP48/TIP49-His6 oligomers by Superose 6 HR SEC column is shown as 

a UV280 nm absorbance trace (a). 1 ml fractions were collected (fraction 1 is 

from 0.5 – 1.5 ml etc). Fractions were then analysed by 12 % polyacrylamide 

SDS PAGE stained with Coomassie (b). Protein content was measured by the 

method of Bradford; ATPase activity was measured by detecting Pi 

concentration using a colourimetric malachite green assay (c). ATPase activity 

is defined as the nmoles of ATP hydrolysed after 30 minutes incubation at 

37 ºC in a 200 μl reaction. The numbered arrows in (a) denote the elution 

volumes of four molecular mass standards in kDa and the void volume (Vo). 
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The ATPase activity of each fraction was measured to investigate the activity of 

different oligomeric forms of the ∆2TIP48/TIP49 complex (Figure 4.8b and c). The 

peak of activity was detected in fraction 14; this is the elution peak of the 

∆2TIP48/TIP49 complex. High molecular mass contaminants from E. coli are 

probably responsible for the ATPase activity seen in fractions 9, 10 and 11. 

Comparison between ATPase activity and protein concentration shows a striking 

difference between dodecameric ∆2TIP48/TIP49 and TIP49 alone, which can be 

clearly seen in fractions 17 and 18. This shows that TIP49 interacts with TIP48 

lacking Domain II, and that the complex efficiently hydrolyses ATP, with the 

dodecamer displaying maximal catalytic activity.  

4.7.2 TIP48/∆2TIP49-His6 complex 

The experiments to characterise the ∆2TIP48/TIP49 complex in chapter 4.7.1 

were repeated with the TIP48/∆2TIP49 complex. Recombinant TIP48/∆2TIP49 

was purified from BL21-Gold (DE3) as above. Untagged TIP48 eluted with 

histidine6 tagged ∆2TIP49 captured on a Talon column, demonstrating that 

Domain II of TIP49 is not required for interactions between TIP48 and TIP49. By 

SEC, the TIP48/∆2TIP49 complex eluted at high molecular mass, with a major 

peak at 13.6 ml, calculated to be approximately 480 kDa (Figure 4.9a and b, 

Table 4.1). The predicted molecular mass of the TIP48/∆2TIP49 complex is 553.1 

KDa. As with ∆2TIP48/TIP49, the difference between the observed and predicted 

mass may be due to several overlapping oligomers or a large difference in shape 

of the particles, indicating that Domain II of TIP49 may lie on the outer surface of 

the double hexameric ring complex. Interestingly, there was also an elution peak 

of TIP48/∆2TIP49 complex at 14.7 ml (Figure 4.9a), corresponding with ~ 270 

kDa. Thus, it is likely that a proportion of TIP48/∆2TIP49 forms hexamers. This 

demonstrates an unstable interaction between the two rings of the dodecameric 

complex when TIP49 Domain II is not present, implying that Domain II of TIP49 

supports, but is not required for, interactions between the top and bottom rings of 

the TIP48/TIP49 complex.  
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Figure 4.9. Oligomerisation and activity of the TIP48/∆2TIP49-His6 

complex. TIP48/∆2TIP49-His6 was purified and analysed by SEC. Separation 

of TIP48/∆2TIP49-His6 oligomers by Superose 6 HR SEC column is shown as 

a UV280 nm absorbance trace (a). 1 ml fractions were collected (fraction 1 is 

from 0.5 – 1.5 ml etc). Fractions were then analysed by 12 % polyacrylamide 

SDS PAGE stained with Coomassie (b). Protein content was measured by the 

method of Bradford; ATPase activity was measured by detecting Pi 

concentration using a colourimetric malachite green assay (c). ATPase activity 

is defined as the nmoles of ATP hydrolysed after 30 minutes incubation at 

37 ºC in a 200 μl reaction. The numbered arrows in (a) denote the elution 

volumes of four molecular mass standards in kDa and the void volume (Vo). 
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After the separation of the TIP48/∆2TIP49 complex by SEC, the ATPase activity 

was measured across the fractions collected (Figure 4.9b and c). The ATPase 

activity peaked in fraction 14, demonstrating that the dodecameric complex of 

TIP48/∆2TIP49 was the oligomer with the maximal catalytic activity. Monomeric 

∆2TIP49 in fraction 18 had much less activity than the heteromeric complex at the 

same protein concentration. These data demonstrate that Domain II of TIP49 is 

not required for interaction between TIP48 and TIP49, but may stabilise 

interactions between the top and bottom rings of the double hexamer. 

4.7.3 ∆2TIP48/∆2TIP49-His6 complex 

TIP48 and TIP49 both lacking Domain II were co-expressed as described above. 

The resulting ∆2TIP48/∆2TIP49-His6 complex was purified on a Talon column; 

untagged ∆2TIP48 co-eluted with ∆2TIP49-His6 showing stable interaction of the 

two mutants. The ∆2TIP48/∆2TIP49 complex was separated according to size 

and shape by SEC, and a high molecular mass complex of ∆2TIP48/∆2TIP49 

eluted at 13.9 ml, calculated to be ~ 411 KDa (Figure 4.10 a and b, Table 4.1). 

As with the TIP48/∆2TIP49 complex, there was a small peak lower than the 

dodecamer, which eluted at 15.1 ml, corresponding to ~ 215 kDa. Again, this 

species is likely to be a hexamer, confirming the observation that TIP49 Domain 

II may stabilise interactions between the top and bottom rings of the TIP48/TIP49 

double hexamer. Excess monomeric ∆2TIP49 eluted mainly in fractions 17 and 

18. 

The ATPase activity was measured across the SEC fractions and showed a peak 

in fraction 14 corresponding with the elution of the ∆2TIP48/∆2TIP49 complex 

(Figure 4.10c). Monomeric ∆2TIP49 eluting in fraction 17 and 18 had low ATPase 

activity compared with the complex. This demonstrates a functional interaction 

between TIP48 and TIP49, even when both lack Domain II, and further confirms 

the importance of oligomerisation for maximal ATP hydrolysis. 
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Figure 4.10. Oligomerisation and activity of the ∆2TIP48/∆2TIP49-His6 

complex. ∆2TIP48/∆2TIP49-His6 was purified and analysed by SEC. 

Separation of ∆2TIP48/∆2TIP49-His6 oligomers by Superose 6 HR SEC 

column is shown as a UV280 nm absorbance trace (a). 1 ml fractions were 

collected (fraction 1 is from 0.5 – 1.5 ml etc). Fractions were then analysed by 

12 % polyacrylamide SDS PAGE stained with Coomassie (b). Protein content 

was measured by the method of Bradford; ATPase activity was measured by 

detecting Pi concentration using a colourimetric malachite green assay (c). 

ATPase activity is defined as the nmoles of ATP hydrolysed after 30 minutes 

incubation at 37 ºC in a 200 μl reaction. The numbered arrows in (a) denote 

the elution volumes of four molecular mass standards in kDa and the void 

volume (Vo). 
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4.8 Comparison of the ATPase activities of TIP48 and 

TIP49 Domain II mutant complexes  

The dodecameric complex of TIP48/TIP49 is expected to elute from a Superose 

6 SEC column in fractions 13 and 14 (12.5 to 14.5 ml). For direct comparison 

between wild type and mutant complexes, fractions 13 and 14 were diluted to 

final monomer concentrations of 1 μM and the ATPase activity measured using a 

malachite-green colorimetric assay (Figure 4.11, Table 4.1). All complexes 

demonstrated ATPase activity that was comparable to wild type TIP48/TIP49. 

2TIP48/TIP49 demonstrated activity equivalent to that of the wild type complex. 

TIP48/2TIP49 showed 20 % higher activity than wild type dodecamers whereas 

when both deletion mutants were in a complex, the activity was 60 % higher than 

the wild type complex.  

4.9 Discussion 

In this chapter we have generated several recombinant mutants of human TIP48 

and TIP49. The motivation behind these mutations was to characterise the 

function of Domain II, which is not present in the closest prokaryotic homologue 

RuvB. In addition, Domain II has been shown to interact with many binding 

partners of TIP48 and TIP49, including Hint1 (see chapter 5). We have found that 

removal of a significant globular portion of Domain II does not modify the ATPase 

activity of TIP48 or TIP49 individually, although a synergistic increase in ATPase 

activity occurs when the TIP48 and TIP49 mutants interact. Moreover, the 

removal of Domain II from TIP49 disrupts interactions between the individual 

rings of the double hexamer complex, and increases the ATPase activity of the 

complex. We also showed that TIP48 Domain II is important for regulating the 

oligomerisation of TIP48. 
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Dodecameric 
Complex 

 

Predicted 
Mass 
(kDa) 

 

Elution 
Volume 

(ml) 

Observed 
Mass 
(KDa) 

ATPase 
activity 

Relative 
activity 

 

TIP48/TIP49-His6 621.7 13.1 617.3 10.2 ± 1.4 1 ± 0.14 
 

Δ2TIP48/TIP49-His6 552.8 13.7 452.0 10.1 ± 1.3 1 ± 0.13 

 
TIP48/Δ2TIP49-His6 553.1 13.6 480.1 12.0 ± 0.4 1.2 ± 0.04 

 
Δ2TIP48/Δ2TIP49-His6 

 

484.2 13.9 411.1 16.1 ± 2.1 1.6 ± 0.21 

Figure 4.11. ATPase activity of TIP48/TIP49 complexes lacking Domain II. The 
ATPase activity of 1 μM monomer was measured using a malachite green colorimetric 
assay, which measures changes in Pi concentration. Activity is defined as the moles of 
ATP hydrolysed per mole of monomer at 37 C after 30 mins. 

Table 4.1. Summary of SEC and ATPase activities of TIP48/TIP49 complexes. 
Elution volumes of TIP48/TIP49 complexes are those from Figures 3.2, 4.8, 4.9 and 
4.10. Activities are those shown in Figure 4.11. Relative activity is defined as the activity 
of 1 μM wild type TIP48/TIP49 complex = 1. 
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Using the published Zebrafish mutation as a guide, we generated recombinant 

liebeskummer mutants of TIP48 and TIP49. likTIP48 displayed low solubility 

when purified from bacterial hosts, and had a propensity for non-specific protein-

protein interactions. likTIP49 did not fold correctly under native conditions and 

formed soluble aggregates when re-folded after de-naturation with urea. The fact 

that a 3 amino acid insertion in Domain II of TIP48 and TIP49 affected their 

stability so drastically implies that this region has an important structural role. 

Moreover, the residues surrounding this region are conserved between TIP48 

and TIP49 in higher eukaryotes, suggesting their importance, and implying a 

conserved function of Domain II between TIP48 and TIP49. The mutation occurs 

between α-helix 5 and β-strand 7 in Domain II, both of which are on the surface 

of the protein (Figure 4.1). The insertion may change the position of the alpha 

helix and disrupt the protein fold. Furthermore, Phenylalanine is hydrophobic, 

while Arginine is positively charged. The introduction of a positive or hydrophobic 

group on the surface of Domain II clearly has negative implications for the overall 

structure of TIP48 and TIP49. Taking this into consideration, it is likely that this 

region of Domain II is critical for protein folding and protein-protein interactions. 

The liebeskummer mutation in Zebrafish was thought to be a gain of function of 

TIP48 activity (Rottbauer et al., 2002). Using recombinant liebeskummer mutants 

of human TIP48 and TIP49, we demonstrated that the protein folding and 

interactions of liebeskummer mutants are compromised. Thus, we find it more 

likely that the likTIP48 mutation constitutes a loss of function of TIP48 in 

Zebrafish. This may have important implications for the interpretation of findings 

in that report, although further investigation is required to confirm our findings in 

the Zebrafish system.  

From the SEC data, it can be concluded that Domain II of TIP48 is important for 

the regulation of hexamerisation. ∆2TIP48 forms concentration dependent 

hexamers independent of ATP; in contrast, wild type TIP48 forms hexamers in 

the presence adenine nucleotides. This gives appealing insights into the 

structural role of Domain II. In the crystal structure of TIP49, Domain II is shown 
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to be extended away from the hexameric ring, and does not seem to have close 

contact with Domains I or III. This is comparable to our biochemical data for 

TIP48. The data presented in this chapter suggest that a conformational change 

occurs when TIP48 binds and hydrolyses ATP, which allows Domain II to contact 

and stabilise the hexameric ring. Alternatively, Domain II may block 

hexamerisation in the apo-form of TIP48, then Domain II moves when ATP is 

bound, allowing hexamerisation (Figure 4.12). This observation is supported by 

the unequivalent shapes of the top and bottom rings of the double hexamer in the 

EM reconstruction (Puri et al., 2007). Furthermore, the authors had difficulty 

fitting the crystal structure of TIP49 into the EM reconstruction (Puri et al., 2007). 

The EM reconstruction was generated from a complex purified in EDTA, whereas 

the crystal structure was of TIP49 with ADP bound. These structural differences 

are likely to be nucleotide induced conformations of Domain II, or changes in 

Domain II due to interactions between TIP48 and TIP49 in the complex. The low 

turnover of ATP hydrolysis due to tight binding of ADP is the likely reason for the 

stability of TIP48 hexamers observed by SEC and AUC in Chapter 3. These 

conformational changes and subsequent movement of Domain II are likely to be 

important for the mechanism of action of TIP48, and interactions with other 

proteins in vivo. Indeed, movement of Domain II may facilitate the modulation of 

protein interactions by bringing together or separating proteins. 

The increase in ATPase activity of the TIP48/TIP49 complex when Domain II is 

removed from TIP49, but not TIP48, implies different roles for the ATPase activity 

of TIP48 and TIP49 within the complex. TIP49 is likely to have a regulatory role in 

the complex, such as binding to other proteins and structures and transducing 

this information to TIP48. Conversely, TIP48 is likely to convert the chemical 

energy of ATP hydrolysis into mechanical force, through movements in Domain II. 

This may explain the implication of the TIP48/TIP49 in restructuring protein 

complexes and modulating protein-protein interactions, such as in the telomerase 

complex or in snoRNP maturation.  
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Figure 4.12. Schematic representation of the hypothetical architecture of 

the TIP48/TIP49 dodecamer. Domain II (red) of TIP48 protrudes from a core 

hexamer of Domains I and III (blue). TIP48 hexamers are unstable in EDTA; 

ATP binding and hydrolysis may move the position of Domain II promoting 

hexamerisation (a). The TIP48/TIP49 complex is composed of a ring of TIP49 

bound to a ring of TIP48 (b). Domain II of TIP49 (orange) protrudes from 

Domains I and III (green), and supports the interactions between the top and 

bottom rings. This allows TIP48 to undergo multiple rounds of ATP hydrolysis 

and promotes Domain II movement. This model is consistent with the un-

equivalent top and bottom rings of the EM reconstruction. 
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The finding that TIP48 and TIP49 assemble into a dodecameric complex, even 

when a significant portion of Domain II is absent, can help to elucidate the 

structure of TIP48/TIP49 complexes. It is evident that Domain II of TIP48 is not 

responsible for interactions of proteins within the hexameric ring of the 

dodecamer, and does not mediate interactions between the two rings. This 

indicates that Domain II of TIP48 is extended from a core of a double hexamer of 

Domains I and III. In contrast, Domain II of TIP49 does affect the stability of the 

dodecameric complex by facilitating interactions between the top and bottom 

rings. TIP49 Domain II may also regulate the assembly of different forms of the 

TIP48/TIP49 complex, as an increase in putative hetero-hexamers was observed 

when Domain II was deleted. The work carried out in Chapter 3 suggested a 

head-to-tail configuration of the two rings, to allow oligomers higher than a double 

hexamer to form. This was also suggested by the authors of the EM 

reconstruction of the human TIP48/TIP49 double hexamer (Dr. Petra Wendler, 

personal communication) (Puri et al., 2007). Assuming this model is correct, it is 

likely that Domain II of TIP49 extends away from the core hexamer of Domains I 

and III, and interacts with the ring of TIP48 below it (Figure 4.12).  

Our structural and biochemical data for the human TIP48/TIP49 complex are in 

conflict with studies of the yeast complex (Gribun et al., 2008; Torreira et al., 

2008). One study showed a hexameric complex made up of three yTIP48 and 

three yTIP49 monomers (Gribun et al., 2008). These authors also observed 

concentration dependent hexamerisation of both TIP48 and TIP49 (Gribun et al., 

2008). This shows a clear difference between the yeast and human proteins; 

while we did observe a small proportion of TIP48/TIP49 single hetero-hexamers 

in Chapter 3, the oligomerisation of individual yTIP48 and yTIP49 were regulated 

differently. In a separate study, a yeast TIP48/TIP49 double hexamer was 

demonstrated by cryo-EM (Torreira et al., 2008). Using antibodies targeted 

against Myc-tagged yTIP49, it was demonstrated that the rings were composed 

of homo-hexamers, corroborating our observations. However, the shape of the 

yeast TIP48/TIP49 EM reconstruction was significantly different to the human 
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TIP48/TIP49 reconstruction (Figure 1.5). Indeed, interpretation of the yeast Cryo-

EM reconstruction using the hTIP49 crystal structure was used to propose that 

contacts between the top and bottom rings of the double hexamer are mediated 

by Domain II. In this chapter, we demonstrate that Domain II is not required for 

hexamer-hexamer interactions. This was also supported by a low resolution 

crystallographic analysis of a complex of human TIP48/TIP49 where the globular 

portion of Domain II was deleted from both proteins (Gorynia et al., 2008); the 

complex was similar to the ∆2TIP48/∆2TIP49 complex used in this chapter, and 

gave a dodecameric configuration (Gorynia et al., 2008). 

Thus, we propose a genuine difference between the yeast and human 

TIP48/TIP49 double hexamer structure, which is supported by the observation 

that human TIP48 cannot rescue a yeast TIP48-knockout mutant (Lim et al., 

2000). This difference in structure may suggest different functions of the 

TIP48/TIP49 complex in yeast and vertebrates. Indeed, many complexes have a 

modified composition in multicellular organisms. This is demonstrated by the 

TIP60 complex. The human TIP60 complex contains TIP48 and TIP49, while the 

yeast TIP60 complex does not. The human TIP60 complex corresponds to a 

fusion of yeast TIP60 and Swr1 complexes (See chapter 1.5.5). Clearly, the 

modification of TIP60 from yeast to humans resulted in the acquisition of new 

functions, which may also be the case for TIP48 and TIP49. 
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5.1 Introduction 

TIP48 and TIP49 have individually essential roles within cells, as demonstrated 

by the lethality of individual knockouts (King et al., 2001; Lim et al., 2000; Qiu et 

al., 1998). This essential role may be attributed to the presence of TIP48 and 

TIP49 in large multi-subunit nuclear complexes, such as in INO80 and TIP60. 

Clearly, the intricate assembly of these complexes must be coordinated by 

specific protein-protein interactions to build up the correct oligomers, in the 

correct order, for their designated roles. As TIP48 and TIP49 interact with a 

multitude of proteins within these complexes, we focused on common or core 

interactions, to identify how the oligomerisation or activity of TIP48 and TIP49 are 

modulated upon interactions with these factors. In our initial studies, we focused 

on BAF53, β-catenin and Hint1, and in addition, attempted to verify the putative 

interactions of TIP48 and TIP49 with DNA. BAF53 is commonly associated with 

TIP48 and TIP49 in chromatin remodelling complexes, and forms a core complex 

with TIP48, TIP49 and actin (Gallant, 2007). TIP48 and TIP49 form complexes 

with β-catenin to antagonistically regulate expression of genes downstream of 

Wnt signalling (Bauer et al., 2000). Moreover, the ATPase activities of TIP48, 

TIP49 and their complex were shown to be slightly inhibited by the presence of β-

catenin (Puri, 2006). Hint1 putatively disrupts interactions between TIP48 and 

TIP49 in order to regulate Wnt dependent regulation of genes through β-catenin 

(Weiske and Huber, 2005). Thus, BAF53, β-catenin and Hint1 were selected, due 

to their reported interactions with TIP48 and TIP49.  

We attempted to purify the three human recombinant proteins. BAF53 was 

insoluble and formed aggregates upon refolding. β-catenin formed dimers by gel 

filtration in contrast with reports from the literature, where β-catenin was 

exclusively monomeric (Daniels and Weis, 2002). Recombinant Hint1 formed 

stable homodimers in solution after purification, in agreement with the published 

structure (Lima et al., 1996). We then used SEC and ATPase assays to observe 

the biochemical effects of Hint1 on TIP48, TIP49 and their complex. 



Chapter V – Interactions of TIP48 and TIP49 with Cellular Factors 

172 

5.2 Recombinant human BAF53 is insoluble and forms 

aggregates upon re-solubilisation 

In order to study the effects of BAF53 on the biochemical activity and 

oligomerisation of TIP48, TIP49 and their complex, we proceeded to express and 

purify recombinant human BAF53 using a bacterial expression system. A pET21-

BAF53-His6 expression plasmid was provided by Dr. Tsaneva. This plasmid was 

transformed into E. coli BL21-Gold (DE3) cells; expression of BAF53-His6 and 

cell lysis was carried out as detailed in the materials and methods (Chapter 2.7.9). 

Expression and solubilisation was attempted under various conditions; however, 

BAF53-His6 was present exclusively in the insoluble fraction after cell lysis under 

all conditions tested (Figure 5.1a).  

A report in the literature showed that a yeast BAF53 homologue, Arp4, binds ATP 

in vitro. The authors in that study produced recombinant Arp4, which was 

insoluble; however, re-folding was performed after denaturation in 8 M urea 

(Sunada et al., 2005). We explored the possibility that human recombinant 

BAF53 could be refolded under similar conditions. BAF53-His6 was expressed in 

bacteria, then the cells were lysed; the insoluble fraction after bacterial cell lysis 

was resuspended in buffer containing 8 M urea. Two renaturation protocols were 

then utilized to obtain soluble BAF53: 1) urea was removed by stepwise dialysis 

against buffers with decreasing concentrations of urea, followed by Talon metal 

affinity chromatography under native conditions; 2) BAF53 was loaded onto a 

Talon metal affinity column in 8 M urea, then the bound protein was washed in 

buffers containing decreasing concentrations of urea before elution under native 

conditions. Both approaches resulted in re-solubilised BAF53-His6; however, 

when analysed by SEC under native conditions, BAF53 eluted exclusively in the 

void volume, where aggregates are expected to elute (Figure 5.1b). These data 

confirm previous observations that bacterially expressed recombinant BAF53 is 

not soluble (Puri, 2006); moreover, denaturation in urea, followed by re-

solubilisation, does not promote correct folding of BAF53.   
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Figure 5.1. Purification of BAF53-His6 under denaturing conditions. (a) 
BAF53-His6 was induced in BL21-Gold (DE3) E. coli; the protein was in the 
insoluble pellet after cell lysis and solubilisation of proteins. (b) Re-solubilised 
BAF53-His6 was analysed by SEC using a Superose 6 HR column; the protein 
eluted in the void volume indicating that it formed soluble aggregates. The 
arrows indicate the elution volumes of five molecular weight standards and the 
void volume of the column (V0). 
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5.3 Expression and purification of recombinant human 

β-catenin 

To investigate the effects of β-catenin on the oligomerisation of TIP48 and TIP49, 

recombinant human β-catenin was purified using a bacterial expression system. 

A pET30-His6-β-catenin expression plasmid was kindly provided by Prof. 

Laurence Pearl. β-catenin was expressed and purified following the procedures 

for purification of TIP48-His6 (see Chapter 2.7.10). 

5.4 SEC of TIP48, TIP49 and β-catenin 

Previously, β-catenin was shown to slightly inhibit the ATPase activities of TIP48, 

TIP49 and their complex in vitro (Puri, 2006). In light of these data, and the 

reported interactions of TIP48, TIP49 and β-catenin in vivo, we used recombinant 

proteins coupled with SEC to observe changes in oligomerisation of TIP48 and 

TIP49 in the presence of β-catenin. 

TIP48 was mixed with β-catenin (equi-molar concentrations) under various 

conditions and protein complexes were analysed by SEC (Figure 5.2a). TIP48 

and β-catenin did not form a stable complex, both in EDTA or in ATP with 

magnesium, as judged by SEC followed by SDS PAGE analysis of the eluted 

fractions (Figure 5.2a, SDS PAGE not shown). TIP48 was incubated with ATP 

and MgCl2 in the presence of β-catenin. Only a small proportion of hexamers 

were detected in both cases, although TIP48 hexamers reduced by 

approximately half when mixed with β-catenin. Similarly, TIP49 and β-catenin did 

not form a complex by SEC in EDTA, and the oligomerisation of TIP49 was not 

affected (Figure 5.2b). Furthermore, SDS PAGE analysis of the eluted fractions 

did not demonstrate complexes of TIP49 and β-catenin (data not shown). 
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Strikingly, β-catenin eluted as a single species at ~ 14.9 ml, which equates to 247 

kDa. The molecular mass of human β-catenin is 85.5 kDa; this implies that the 

species observed by SEC is a dimer or trimer of β-catenin. A previous analysis of 

a truncated mouse β-catenin (β-cat ARM-CT: residues 118–781) using SEC 

clearly showed that β-catenin eluted as a monomer (Daniels and Weis, 2002). 

This discrepancy may be explained by the elongated coiled-coil shape of β-

catenin, giving rise to the increased estimated molecular mass of β-catenin by 

our method (Xing et al., 2008); however, there may also be inappropriate 

oligomerisation of β-catenin in our study. For this reason, further analysis using 

this construct of β-catenin was not performed, pending further investigation of the 

solution structure of recombinant β-catenin. 

5.5 Expression and purification of recombinant human 

Hint1 

Evidence has recently come to light that Hint1, a human cancer suppressor 

protein, plays a role in regulating the Wnt signalling pathway by modulating β-

catenin activity. It was suggested that Hint1 may be involved in regulation of the 

Wnt pathway by disrupting interactions between TIP48 and TIP49 oligomers 

(Weiske and Huber, 2005). This in turn may affect the catalytic activity of TIP48, 

TIP49 or their complex in the presence of Hint1. To address these hypotheses, 

we generated recombinant human Hint1-His6 using a bacterial expression 

system.  

The Hint1 CDS was amplified from a cDNA library derived from human testes 

tissue. The PCR product was then cloned into pGEM and the Hint1 CDS was 

sequenced. Finally, Hint1 was sub-cloned into pET21b and pET15b expression 

vectors in order to express recombinant Hint1 (no tag) and His6-Hint1 

respectively. pET21-Hint1 and pET15-His6-Hint1 were transformed into BL21-

Gold (DE3) E. coli; induction of protein production and cell lysis was carried out  
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Figure 5.3. Purification of His6-Hint1. A schematic representation of His6-
Hint1 purification is shown above. Below, a 12 % polyacrylamide SDS PAGE 
summary gel stained with Coomassie depicts the stages of Hint1 purification. 
Numbers beside gels refer to the sizes of molecular weight standards in kDa. 
F/T - Flowthrough 
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as outlined in Chapter 2.7.11. Both Hint1 and His6-Hint1 were predominantly in 

the soluble fraction after cell lysis and ultracentrifugation (Figure 5.3). 

Surprisingly, untagged Hint1 did not bind to any columns tested (data not shown - 

see materials and methods 2.7.11). As the hexa-Histidine tag did not affect the 

expression or solubility of the recombinant protein, His6-Hint1 was expressed and 

purified using a Talon metal affinity column. His6-Hint1 was thus used for all 

further biochemical characterization. His6-Hint1 was expressed in BL21-Gold 

(DE3) E.coli and harvested. The bacterial lysate was applied to a Talon column, 

then eluted Hint1 was passed through a MonoQ column (Figure 5.3). 

5.6 Hint1 does not affect the oligomeric state of TIP48, 

TIP49 or their complex 

The oligomeric state of recombinant human His6-Hint1 (hereafter referred to as 

Hint1) was analysed by SEC using a Superose 6 HR SEC column. Hint1 eluted 

at approximately 18.3 ml, calculated to be equivalent to 28 kDa (Figure 5.4a); this 

is consistent with a dimer of Hint1 which would have a molecular mass of 27.4 

kDa. Our data are in agreement with other groups, who demonstrated that Hint1 

forms a dimer in solution (Weiske and Huber, 2005); Hint1 was also dimeric in 

crystallographic analyses (Lima et al., 1996). Incubation of Hint1 with ATP in 

magnesium chloride did not affect this dimer of Hint1 (Figure 5.4a). 

Having established that magnesium and ATP do not modulate the 

oligomerisation of Hint1, we tested the effect of Hint1 on the oligomerisation of 

TIP48 and TIP49. TIP48, which is monomeric in EDTA, forms hexamers when 

incubated with adenine nucleotides and divalent magnesium (Chapter 3.3). 

Furthermore, TIP48 is predominantly hexameric if purified from bacteria in buffer 

containing divalent magnesium (Chapter 3.3). TIP48 was incubated with MgCl2 or 

MgCl2 and ATP, then oligomers were analysed by SEC (Figure 5.4b). As seen 

previously, a large proportion of TIP48 forms hexamers when incubated with ATP, 

seen by increase in the 14.6 ml (hexamer) peak and proportionate decrease in 
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Figure 5.4. Size exclusion chromatography of TIP48-His6, His6-TIP49 and 
His6-Hint1. The UV280 absorbance profiles for samples analysed using a 
Superose 6 HR SEC column. Hint1-His6 was incubated with EDTA or Mg/ATP 
(a). TIP48 and was incubated in MgCl2 buffer for 10 mins at 37 °C with or 
without Hint1 and/or ATP (b). Hexameric TIP48 purified in MgCl2 buffer was 
incubated for 10 mins at 37 °C with or without Hint1 and/or ATP (c).  TIP49 
was incubated in MgCl2 buffer for 10 mins at 37 °C with or without Hint1 and/or 
ATP (d). The numbered arrows in each figure denote the elution volumes of 
four molecular mass standards in kDa and the void volume (Vo). 
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the 17.1 ml (monomer) peak. TIP48 was mixed with Hint1, with or without ATP 

and the samples were incubated for 10 mins at 37 °C. SEC analysis of these 

samples indicated no substantial effect of Hint1 on the nucleotide dependent 

hexamerisation of TIP48 (Figure 5.4b). Next, Hint1 was incubated with TIP48 

purified in MgCl2, which is mainly hexameric. There was no significant difference 

between the proportions of TIP48 hexamers and monomers in the sample when 

incubated with Hint1 with or without nucleotides (Figure 5.4c). By SEC, TIP49 

forms monomers in EDTA, with no change in oligomerisation upon incubation 

with nucleotides (Chapter 3.2). TIP49 was incubated with Hint1, with or without 

ATP and the samples were incubated for 10 mins at 37 °C. TIP49 remained 

exclusively monomeric, both in EDTA and with ATP in magnesium (Figure 5.4d). 

In all cases, complexes between Hint1 and TIP48 or TIP49 were not detected 

after SDS PAGE analysis of SEC fractions (data not shown). These data indicate 

that Hint1 does not stably interact with TIP48 or TIP49 as detected by SEC, and 

that Hint1 does not affect homo-typic interactions of TIP48 and TIP49. 

We then used SEC to explore the effects of Hint1 upon TIP48/TIP49 complexes. 

As detailed in Chapter 3, two stable TIP48/TIP49 complexes can be separated by 

SEC: a double hexamer and a single hexamer. We initially incubated the single 

hexamer, which elutes in fraction 15 from a Superose 6 SEC column, with and 

without ATP in magnesium. We saw an enrichment of hexamers in the presence 

of nucleotides, which may be attributed to hexamerisation of free TIP48 or 

destabilization of double hexameric species (Figure 5.5a). In the presence of 

Hint1, there was no difference in the proportions of these species in EDTA or 

nucleotides, indicating that Hint1 does not affect the single hexamer of 

TIP48/TIP49. The predominant form of the TIP48/TIP49 complex, purified from 

bacterial expression strains, is a double hexamer, and elutes in fractions 13 and 

14 from a Superose 6 SEC column. We assessed the effect of Hint1 upon this 

double hexameric complex in buffer containing either EDTA or ATP with 

magnesium chloride (Figure 5.5b). Hint1 did not have a significant effect on the 

double hexameric complex by this method (Figure 5.5b). Moreover, no stable  
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Figure 5.5. Size exclusion chromatography of TIP48/TIP49-His6 
complexes and His6-Hint1. The UV280 absorbance profiles for samples 
analysed using a Superose 6 HR SEC column. Putative hexamers of 
TIP48/TIP49-His6 (isolated from fraction 15 of a Superose 6 column) were 
incubated in MgCl2 buffer for 10 mins at 37 °C with or without Hint1 and/or 
ATP (a). Double hexameric TIP48/TIP49-His6 was incubated for 10 mins at 
37 °C with or without Hint1 and/or ATP (b).  The numbered arrows in each 
figure denote the elution volumes of four molecular mass standards in kDa 
and the void volume (Vo). 
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complexes of TIP48/TIP49/Hint1 were detected by SEC followed by SDS PAGE 

analysis for the single or double hexamers (data not shown). Our SEC data 

suggest that Hint1 does not noticeably disrupt pre-assembled TIP48/TIP49 

complexes. 

No stable interactions of Hint1 and TIP48 or TIP49 were detected by SEC. In 

order to assess if interactions between Hint1 and TIP49 were evident, we cross-

linked proteins by incubating with 1 mg/ml Dimethyl suberimidate in 20 mM Tris 

pH8, followed by SDS PAGE. TIP48 was not used due to the large number of 

stable oligomers it forms in solution, compared with TIP49. After cross linking and 

SDS PAGE analysis, Hint1 ran mainly as a 14 kDa monomeric species; a higher 

species of approximantely 30 kDa was clearly visible (Figure 5.6). The proportion 

of Hint1 monomers:dimers appears to be around 3:1, indicating that the cross 

linking reaction promotes covalently linked dimers, although with limited 

efficiency. Consistent with AUC profiles in Chapter 3.4, several species of TIP49 

were detected after cross linking (Figure 5.6).  Although the majority of TIP49 ran 

as 50 kDa monomers, a proportion was also observed at 70 kDa, 120 kDa and 

over 200 kDa; dimers, trimers and hexamers would account for these observed 

species. Next, TIP49 and Hint1 were mixed and crosslinked. The SDS PAGE 

analysis was similar to the individual proteins, and no novel species were 

detected (Figure 5.6). This suggests that there is no stable interaction between 

TIP49 and Hint1, although a weak or transient interaction may exist in vitro.  

We also analysed species present when Hint1 was incubated with ∆2TIP49. After 

crosslinking, ∆2TIP49 was mainly monomeric (40 kDa) and minor species were 

detected at approximately 50 kDa, 80 kDa and 200 kDa (Figure 5.6). Again, 

these could be attributed to dimers, trimers and hexamers of ∆2TIP49; we did not 

see any novel species when Hint1 and ∆2TIP49 were mixed and cross linked 

(Figure 5.6). This again implies that Hint1 does not stably interact with TIP49. 

This is consistent with reports that Domain II of TIP49 is responsible for 

interaction with Hint1, although we cannot rule out a weak or transient interaction.  
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Figure 5.6. Covalent cross-linking of TIP49, ∆2TIP49 and Hint1 
complexes. Proteins were incubated with 1mg/ml dimethyl suberimidate for 
3 hours at room temperature, then analysed by 12 % polyacrylamide SDS 
PAGE. Red stars indicate putative cross linked species. Molecular markers 
(MM) are indicated with the molecular weights shown in kDa. 
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5.7 The effect of Hint1 on the activity of TIP48, TIP49 and 

their complex 

Although Hint1 did not have a dramatic effect upon the oligomeric state of TIP48, 

TIP49 or their complex, it may be the case that Hint1 affects their ATPase activity 

without modulating tertiary structure.  ATPase assays were carried out using Pi 

Colour Lock colourimetric assay (Innova biosciences) to measure release of Pi 

upon ATP hydrolysis. TIP48 and TIP49 have individually low ATPase activities: 

less than 2 moles of ATP were hydrolysed per mole of monomer in 30 mins 

(Figures 5.7a and 5.7b). The Hint1 preparation displayed basal ATPase activity; 

activity was likely due to bacterial contaminants. 1 μM TIP48 or TIP49 were 

incubated with increasing concentrations of Hint1 (1, 3 and 6 μM) and ATP 

hydrolysis was monitored. The activities of TIP48 and TIP49 were individually 

unaffected by Hint1 at all concentrations tested (Figures 5.7a and 5.7b), 

suggesting Hint1 does not modulate the activities of TIP48 or TIP49 in vitro. 

Next, we tested the ATPase activity of the pre-formed TIP48/TIP49 complex in 

the presence of Hint1. Hint1 displayed very low ATPase activity, while the activity 

of the complex was around 10 moles of ATP hydrolysed per mole of monomer in 

30 mins (Figure 5.7c). This activity is consistent with previous reports and 

confirms the synergistic increase in activity when TIP48 and TIP49 form a 

complex (Puri et al., 2007). Interestingly, when Hint1 was incubated with the 

complex and the activity measured, the activity decreased in a concentration 

dependent manner. In the presence of 1, 3 and 6 μM of Hint1, the TIP48/TIP49 

complex hydrolysed 10, 9 and 8 moles of ATP respectively, per mole of monomer 

in 30 mins (Figure 5.7c). This indicates that weak or transient interactions with 

Hint1 may modulate the ATPase activity of the TIP48/TIP49 double hexamer 

complex. 
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Figure 5.7. The effect of Hint1 on the ATPase activities of TIP48, TIP49 
and their complex. The ATPase activities of 1 μM (monomer concentration) 
of TIP48-His6 (a); His6-TIP49 (b); and the TIP48/TIP49-His6 complex (c) were 
measured using a malachite green colorimetric assay. 1, 3 or 6 μM Hint1 was 
incubated with the proteins on ice prior to activity measurement. Activity is 
defined as the moles of ATP hydrolysed per mole of monomer at 37 C after 
30 mins. 
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5.8 TIP48, TIP49 and their complex do not display 

helicase activity 

While the work in this thesis was being carried out, a report in the literature 

rekindled the controversy surrounding the helicase activities of TIP48, TIP49 and 

their complex. The report in question demonstrated ATP dependent helicase 

activity for yTIP48, yTIP49 and their complex (Gribun et al., 2008). Since TIP48 

and TIP49 are remarkably conserved between eukaryotic species, one would 

expect that the activities between yeast and mammals would also be conserved; 

however, no helicase activity has been demonstrated for Homo sapiens TIP48 

and TIP49. Moreover, it was suggested from the crystal structure that Domain II 

is the putative DNA binding domain, although that group detected no helicase 

activity with recombinant proteins (Matias et al., 2006). The helicase activity with 

the yeast proteins was on a short duplex substrate (15 bp), so these differences 

may be due to the length of duplex DNA on the helicase substrates tested. In 

order to substantiate this, helicase substrates were constructed which had 16 

and 30 bp duplex regions. Neither TIP48, TIP49 nor their complex were capable 

of disrupting the duplex DNA in an ATP dependent manner; additionally no 

activity was seen when TIP48 and TIP49 were mixed and incubated in the 

presence of substrate (Figure 5.8 for 16 bp; 30 bp not shown). A small proportion 

of product was seen in some lanes, although these did not contain ATP, so the 

activity is most likely due to contaminants (Figure 5.8). Although it is still possible 

that hTIP48 and hTIP49 do act on DNA, we could not detect any helicase activity 

under these conditions, in agreement with other observations in the literature 

(Ikura et al., 2000; Matias et al., 2006; Puri et al., 2007; Puri, 2006). Furthermore, 

we did not test the helicase activities of ∆2TIP48 or ∆2TIP49, as these proteins 

lack Domain II, which is hypothesised to be the domain responsible for 

interacting with DNA. 
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Figure 5.8. TIP48, TIP49 and their complex do not display helicase 
activity. A 16 nucleotide ssDNA oligomer with a fluorescent tag (red star) 
annealed to ΦX174 virion ssDNA was used as a helicase substrate. 1 μM 
(monomer concentration) of TIP48, TIP49 and their complex were incubated 
with or without 1 mM ATP and the helicase substrate for 30 minutes at 37 ºC. 
RuvA and RuvB (at 0.2 μM and 1 μM  respectively) were used as a positive 
control. The products of the reaction were analysed by 6 % polyacrylamide 
TAE (40 mM Tris, 20 mM glacial acetic acid, 1 mM EDTA) PAGE and 
visualised on the Li-Cor Odyssey imaging system. 
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5.9 Discussion 

In this chapter, we attempted to purify and characterise several putative 

interacting proteins of TIP48 and TIP49. Unfortunately, BAF53 purified from a 

bacterial expression system did not form natively folded soluble protein under 

any conditions tested. This could be explained by BAF53 being an integral 

component of several nuclear complexes, and presumably, would normally 

reside in a hydrophobic environment. BAF53 frequently purifies from human 

nuclei in a complex with actin, which is also a component of the same nuclear 

complexes as BAF53. Co-expression of BAF53 and actin in bacterial expression 

systems could aid in the correct folding of BAF53. Likewise, BAF53 is found in 

nuclear complexes with TIP48 and TIP49. We attempted co-expression of TIP49 

and BAF53 in bacteria; however, this did not alter the solubility of BAF53 when 

purified from bacterial cells (data not shown). It would be interesting to attempt 

this approach with TIP48, TIP49, actin and BAF53, although co-expression of 

four proteins is technically challenging. Alternatively, BAF53 could be re-folded in 

the presence of TIP48/TIP49 complex, as the double hexamer of TIP48/TIP49 

has been shown to efficiently re-fold from urea (Puri, 2006). 

In addition to its role in controlling the transcriptional response to cell adhesion, 

β-catenin is a pivotal transcriptional regulator in the Wnt signalling pathway. We 

expressed and purified human recombinant β-catenin using bacteria. In contrast 

to previously published work, we observed β-catenin as a dimer or trimer by gel 

filtration. This could be explained by the elongated shape of β-catenin in solution 

(Xing et al., 2008), giving rise to a monomer that elutes at the position of a dimer 

from a Superose 6 SEC column. However, previous studies showed a monomer 

of β-catenin by SEC (Daniels and Weis, 2002). Thus, dimerisation could have 

been due to the hexa-histidine tag. As we did not have time to investigate this 

possibility further, we did not use β-catenin for further studies, and will try to 

clarify this issue in future experiments. 
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Hint1 was shown to disrupt homo- and hetero-typic interactions of TIP48 and 

TIP49 (Weiske and Huber, 2005). These observations were used to speculate 

that Hint1 disrupts TIP48/TIP49 complexes to regulate β-catenin dependent 

transcription. We purified recombinant Hint1 using a bacterial expression system. 

However, we did not detect any disruption of TIP48/TIP49 complexes in the 

presence of Hint1 by SEC, nor did we see disruption of TIP48 hexamers. 

Interestingly, (Weiske and Huber, 2005) reported disruption of TIP49 oligomers 

by Hint1, however, by SEC and AUC we observed TIP49 as predominantly 

monomeric, with only a small proportion of oligomers. In their study, GST-TIP49 

was mixed with TIP49-His6, then this complex was bound to GSH-agarose. When 

Hint1-His6 was mixed with the bound protein, TIP49-His6 was detected in the 

supernatant in a concentration dependent manner. The authors concluded that 

Hint1 disrupts TIP49 oligomers by competitive binding. It is possible that these 

observations were due to the tags, as we did not detect any stable interactions 

between Hint1 and TIP49. Moreover, antibodies were used to detect proteins in 

their assay, meaning quantification may have been in-accurate. (Weiske and 

Huber, 2005) also purported similar disruption of GST-TIP48/TIP48-His6 and 

GST-TIP49/TIP48-His6 complexes, but did not show the data in their publication. 

Again, we did not see disruption of these oligomers in SEC experiments, which 

could be due to the experimental techniques used. 

Although no disruption of TIP48 or TIP49 oligomers was seen in our studies, we 

did observe a moderate decrease in ATPase activity of the TIP48/TIP49 complex 

by Hint1. This could indicate a weak interaction of Hint1 and TIP48/TIP49, 

although the functional significance of this is difficult to deduce without further 

experiments. Indeed an interaction between tagged, ectopically expressed 

TIP48/TIP49 and Hint1 was demonstrated by co-immunoprecipitation from 

HEK293 cells (Weiske and Huber, 2005), supporting the possibility of a weak 

binding, or that other cellular factors facilitate this interaction. 

Finally we employed helicase assays using substrates with short duplex regions 

to confirm if hTIP48 or hTIP49 are bona fide helicases. Several groups have not 
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detected helicase activity for human recombinant TIP48, TIP49 or the 

TIP48/TIP49 complex (Ikura et al., 2000; Matias et al., 2006; Puri et al., 2007), 

while helicase activity for the equivalent yeast proteins has been reported (Gribun 

et al., 2008). One important difference was the length of duplex region for the 

helicase substrate. For this reason, we assayed the activity of the human 

proteins with a helicase substrate with a 16 bp duplex region. In agreement with 

other published data, we saw no helicase activity for the human proteins. 

Conversely, a group that studied the yeast proteins reported robust ATP 

dependent helicase activity, with substrate processed to completion by the 

yTIP48/TIP49 complex after 30 mins (Gribun et al., 2008). This difference may be 

due to a genuine disparity between the catalytic activities of the yeast and human 

proteins. However, in the yeast study, the TIP48/TIP49 complex purified was a 

single hexamer. In chapter 3, we also detected a small proportion of TIP48/TIP49 

hexamers, although they did not display activity equivalent to the double hexamer 

of TIP48/TIP49. We find it unlikely that TIP48/TIP49 are genuine helicases in 

yeast and are not in mammals; we instead suggest either that human 

TIP48/TIP49 require other co-factors for helicase activity in vitro, or that the yeast 

proteins co-purified with bacterial helicase contaminants. Although we 

demonstrated structural differences between yeast and human TIP48/TIP49 

complexes in Chapter 4, we favour the latter possibility for several reasons: 1) 

The highly conserved protein sequences of TIP48 and TIP49 in all eukaryotes 

makes it unlikely that they would be active helicases in some species, but not 

others. 2) The TIP60 complex has helicase activity in vitro; however, TIP60, but 

not TIP48 or TIP49, is the catalytic subunit responsible for this activity (Ikura et 

al., 2000). 3) TIP48 and TIP49 seem to have DNA-independent roles in several 

processes, including telomerase assembly, snoRNP maturation and mitotic 

spindle dynamics. Further characterisation of the yeast and human proteins in 

vitro will begin to address these issues, and may give insights into their 

differences and will clarify their molecular mechanisms in vivo. 
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6.1 Introduction 

TIP48 and TIP49 are regularly found in the same nuclear complexes. 

Interestingly, TIP48 and TIP49 also have several seemingly unrelated roles in 

eukaryotic cells. Examples of these distinct roles include the interactions of TIP48 

with ATF2 and the Drosophila PcG complex; in both complexes, TIP49 was not 

detected (Cho et al., 2001; Diop et al., 2008).  

It has been reported that TIP48 and TIP49 both localise at the mitotic spindle 

during mitosis (Gartner et al., 2003; Sigala et al., 2005). Moreover, both were 

implicated in the correct assembly of the mitotic spindle (Ducat et al., 2008). 

Interestingly, TIP48, but not TIP49, was detected at the midbody and midzone 

during cytokinesis (Sigala et al., 2005). This difference between the sub-cellular 

localisation of TIP48 and TIP49 during the cell cycle may reflect a genuine 

difference in their roles. Alternatively, the methods used to study the localisation 

of TIP49 during mitosis may not have been appropriate to detect TIP49 at the 

midbody and midzone. To investigate these possibilities, we used a CDK1 

(Cyclin dependent kinase 1) inhibitor, RO-3306, to enrich the population of cells 

in mitosis. We also ectopically expressed a TIP49-GFP fusion protein in 

combination with the RO-3306 mediated mitotic synchronisation. 

TIP48 and TIP49 were reportedly SUMOylated in metastatic cell lines (Kim et al., 

2006; Kim et al., 2007). Acetylation and phosphorylation of TIP48 and TIP49 has 

also been reported as part of large scale proteomics studies (Chapter 1.7.7). To 

begin to delineate the PTMs (Post translational modifications) of TIP48 and 

TIP49, we analysed HeLa cell extracts using 2-D PAGE. The identification and 

dynamics of specific PTMs could give valuable insights into the co-ordination of 

the different functions of TIP48 and TIP49. 
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6.2 Generation of antibodies against recombinant 

human TIP48 and TIP49 

Polyclonal antibodies against recombinant hTIP48 and hTIP49 were raised in 

rabbits. Antibodies were then affinity purified using recombinant hTIP48-His6 and 

His6-hTIP49 bound to HiTrap NHS activated columns (Chapter 2.8).  

Recombinant TIP48 was used as an epitope for raising antibodies in rabbit. Two 

separate affinity purifications of the resulting polyclonal anti-hTIP48 antibodies 

from the same rabbit were performed. The first was carried out by previous 

members of Dr. Tsaneva’s group (TIP48-PC1) (Figure 6.1a), the other was 

performed as part of the work for this thesis (TIP48-PC2) (Figure 6.1b). The 

rabbit anti-TIP48 antibodies were characterised by testing their affinity for purified 

recombinant TIP48-His6 as well as endogenous TIP48 in HeLa cells. Cross 

reactivity with His6-TIP49 was also tested. TIP48-His6, His6-TIP49 and HeLa cell 

WCE (whole cell extracts) were analysed by 12 % polyacrylamide SDS PAGE 

followed by Western blotting using anti-TIP48 antibodies (Figure 6.1). Both 

TIP48-PC1 and TIP48-PC2 antibodies reacted strongly with 0.1 and 0.5 μg of 

TIP48-His6. TIP48-PC1 and TIP48-PC2 antibodies also reacted with His6-TIP49 

indicating a degree of cross reactivity, although TIP48-PC1 antibodies cross 

reacted with TIP49 slightly less than TIP48-PC2 antibodies (Figures 6.1a and b). 

The affinities of the anti-TIP48 antibodies for TIP48 or TIP49 were compared by 

measurement of the signal density of each band. In both cases, the antibodies 

detected TIP48 over 100 fold more strongly than the same amount of TIP49 

(Figure 6.1a and b). A prominent band of ~ 55 kDa was consistently detected in 

HeLa WCEs, and is most likely to be endogenous TIP48. Although there seemed 

to be some non-specific binding to proteins in the HeLa WCE, there was a band 

consistently detected at around 65 kDa, which could be a modified form of TIP48 

(Figures 6.1a and b). Bands which were below 50 kDa could correspond to 

partially degraded TIP48 in the extracts. The putative modified form(s) of TIP48 

was further investigated using 2-D PAGE (see Chapter 6.6).
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Polyclonal rabbit antibodies against human His6-TIP49 were raised, and affinity 

purified using His6-TIP49. The properties of the antibodies were assessed by 

Western blotting (Figure 6.1c). TIP49 polyclonal antibodies reacted very strongly 

with recombinant His6-TIP49 at 0.5 μg and 0.1 μg. In comparison, the antibodies 

weakly bound to recombinant TIP48-His6; the affinity of the TIP49 polyclonal 

antibodies for TIP48 was judged to be over 150 fold weaker than TIP49 by 

comparing the density of the bands. A prominent band was seen at ~ 55 kDa in 

Western blots of HeLa WCEs, which is most likely to be endogenous TIP49. 

Faint bands of higher mass than TIP49 were also detected in HeLa WCEs at 

around 60 and 70 kDa (Figure 6.1c). This could be post translationally modified 

forms of TIP49, and will be further investigated using 2-D PAGE (see Chapter 

6.6).  

Mouse monoclonal antibodies raised against an N-terminal peptide of TIP49 (A35 

ASGLVGQENAR46) were kindly provided by Dr. Wagner (Gartner et al., 2003). 

Growth medium containing monoclonal antibodies was passed through a HiTrap 

Protein A column and TIP49 monoclonal antibodies were eluted using 1 M 

Sodium Citrate, pH3. The specificity of the TIP49 monoclonal antibodies was 

tested using Western blotting (Figure 6.1d). TIP49 monoclonal antibodies 

strongly reacted with 0.5 μg and 0.1 μg of recombinant His6-TIP49 and a single 

band was seen in HeLa WCEs (Figure 6.1d); however, the band was only 

detected at 20 μg of HeLa extract. As expected, the monoclonal antibodies did 

not react with 0.5 μg TIP48-His6, demonstrating strong specificity. Thus, the 

monoclonal TIP49 antibodies are more specific than the polyclonal antibodies. 

However the monoclonal antibodies reacted more weakly with TIP49 in HeLa 

extracts than the polyclonal antibodies (compare Figures 6.1c and d). 
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6.3 TIP48 localises at the midbody during cytokinesis in 

HeLa cells after synchronisation with RO-3306 

Using a double thymidine block, TIP48 was previously shown to localise at the 

mitotic spindle, and at the midzone and midbody during cytokinesis (Sigala et al., 

2005). RO-3306 is a recently discovered compound which blocks cells at G2/M 

by inhibiting CDK1 (Vassilev et al., 2006). In order to confirm a difference 

between the localisation of TIP48 and TIP49 in late mitosis, we wanted to use a 

TIP49-GFP fusion protein in conjunction with RO-3306 to directly visualise TIP49 

in HeLa cells during mitosis. Initially, we synchronised cells with RO-3306 and 

released into mitosis, then used anti-TIP48 antibodies to demonstrate the sub-

cellular localisation of TIP48. HeLa cells were incubated in growth medium 

supplemented with 9 μM RO-3306 for 20 hrs. Cells were released from the G2/M 

by removing RO-3306 and were grown for a further 30 - 120 mins. Treatment of 

the cells with RO-3306 and subsequent release substantially enriched the mitotic 

population of HeLa cells. Immunostaining of the cells with polyclonal antibodies 

against TIP48 and monoclonal antibodies against Tubulin confirmed that TIP48 

localised at the mitotic spindle (Figure 3.2). TIP48 was also detected at the 

midbody and midzone during cytokinesis (Figure 3.2). 

TIP49 has been shown to localise at the mitotic spindle, but unlike TIP48, has not 

been detected at the midbody or midzone (Gartner et al., 2003; Sigala et al., 

2005). This may have been due to the mitotic enrichment, detection method or 

antibodies used. Indeed, a limitation of immunofluorescence is the possibility that 

epitopes are hidden, which may have resulted in the apparent absence of TIP49 

at the midbody with the previous antibodies (Sigala et al. 2005). In order to 

confirm this disparity, we used new polyclonal TIP49 antibodies that were 

generated using a fresh immunisation of rabbit with full length TIP49, and 

synchronised cells in mitosis using RO-3306. Although TIP49 localised at the 

spindle, no TIP49 was seen at the midbody or midzone using this method, 

substantiating previous observations (data not shown). 
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Figure 6.2. Mitotic localisation of TIP48 in HeLa cells. HeLa cells were 
blocked in G2/M using RO-3306, then released into mitosis. The localisation of 
TIP48 was assessed using immunofluorescence with rabbit TIP48-PC2 
polyclonal antibodies (green), mouse polyclonal anti Tubulin antibodies (red) 
and DAPI (blue). Representative cells were selected to show interphase, 
metaphase, anaphase and cytokinetic cells. The scale bars denote 10 μm. 
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6.4 GFP tagged TIP49 localises at the mitotic spindle in 

HeLa cells 

To further characterise the localisation of TIP49 during mitosis, a pEGFP-TIP49-

GFP plasmid (constructed in Dr. Tsaneva’s laboratory) was used to ectopically 

express TIP49-GFP fusion protein in HeLa cells. Cells were initially transfected 

with the pEGFP-TIP49-GFP plasmid, then blocked in G2/M by adding 9 μM RO-

3306 to the growth medium for 20 hours. Cells were then released into mitosis by 

removal of RO-3306 and addition of fresh growth medium for 30 - 120 mins. 

Direct visualisation of TIP49-GFP revealed that TIP49 associated with the mitotic 

spindle (Figure 6.3), confirming previous observations (Gartner et al., 2003). 

Unfortunately, the population of mitotic cells was severely reduced compared 

with untransfected controls (data not shown), and the percentage of cells 

expressing TIP49-GFP was lower than cells expressing GFP only, after 

transfection with an empty pEGFP plasmid (Figure 6.3). Moreover, we did not 

identify any cells in telophase or cytokinesis. These observations may have been 

due to a dominant negative effect of TIP49-GFP, causing transfected cells to 

undergo apoptosis or detach from cover slips. In addition, it was recently 

purported that N- or C-terminal GFP-tags affected localisation of TIP49 in HeLa 

cells (Cvackova et al., 2008), which may also affect the localisation of 

endogenous TIP49. Thus, using GFP to directly visualise TIP49 during mitosis is 

not an effective method of confirming distinct localisation of TIP48 and TIP49.  
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Figure 6.3. Direct visualisation of TIP49-GFP in HeLa cells. HeLa cells 
were transfected with pEGFP-TIP49, blocked in G2/M using RO-3306, then 
released into mitosis. The localisation of TIP49 was monitored by direct 
visualisation of TIP49-GFP (green) and DAPI (blue) at interphase and 
metaphase (top). The scale bars denote 10 μm. No cells beyond metaphase 
were detected. After transfection with pEGFP-TIP49 or an empty pEGFP 
plasmid, cells were synchronised in mitosis. The number of cells expressing 
TIP49-GFP or GFP is shown as a percentage (bottom). Error bars denote 
standard deviation. 
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6.5 Nuclear and cytoplasmic localization of TIP48 and 

TIP49 

Immunofluorescence, and direct visualisation of TIP49 by GFP tagging, showed 

both nuclear and cytoplasmic localisation of TIP48 and TIP49. Furthermore, 

immunodetection of TIP48 and TIP49 in HeLa cell lysates showed several 

species, which could account for modified forms of TIP48 and TIP49. We wanted 

to further explore the distribution of TIP48 and TIP49 in HeLa nuclei and 

cytoplasm, and to identify if the distinct putative forms of TIP48 and TIP49 

associate with the nucleus or cytoplasm. We performed nuclear-cytoplasmic 

fractionation of HeLa cells using a commercially available kit (Proteo-JET from 

Fermentas). 

HeLa cell nuclear (Nuc.), cytoplasmic (Cyt.) and whole cell (WCE) extracts were 

separated using 12 % polyacrylamide SDS PAGE and analysed by Western 

Blotting (Figure 6.4). When anti-TIP48 antibodies (TIP48-PC1 and TIP48-PC2) 

were used to characterise endogenous TIP48, several bands were detected, 

which were not consistent between several experiments (data not shown). This 

was most likely due to the antibodies used, and could not be resolved due to time 

constraints. In future, these experiments will be repeated after fresh purification 

of antibodies and cell extracts. More successful results were obtained with the    

2-D PAGE experiments, and these give more detailed insights into putative PTMs 

of TIP48 (Chapter 6.6).  
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Figure 6.4. Nuclear and cytoplasmic localisation of TIP49. HeLa cells 
extracts were separated into nuclear (Nuc.) and cytoplasmic (Cyt.) fractions. 
These fractions, along with whole cell extracts (WCE) were analysed by 
Western blotting using (a) mouse monoclonal anti-TIP49, or (b) rabbit 
polyclonal anti-TIP49 antibodies. Molecular markers (MM) are shown in kDa 
beside each gel. 
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Analysis of HeLa cell fractions with the TIP49 monoclonal and polyclonal 

antibodies was also performed (Figure 6.4). Monoclonal antibodies detected a 

single band of approximately 55 kDa in HeLa cell WCE. Due to the high 

specificity of these antibodies, this band is most likely to be TIP49. The 55 kDa 

band was present in cytoplasmic extracts and was faintly detected in nuclear 

fractions (Figure 6.4a). As seen previously (Chapter 6.2), the anti-TIP49 

polyclonal antibodies react more strongly with TIP49 compared with the 

monoclonal antibodies (Figure 6.1). When the HeLa cell fractions were analysed 

by immunostaining with TIP49 polyclonal antibodies, the prominent band at 55 

kDa was again detected (Figure 6.4b). Although more of this species (likely to be 

un-modified TIP49) was detected in the cytoplasmic fraction, a significant amount 

was present in the nucleus, with a ratio of around 3:1 cytoplasmic to nuclear 

(Figure 6.4b). In addition to this band, several higher bands were observed at 

approximately 60, 70 and 90 kDa, with the 60 kDa being the most prominent, 

followed by the 90 kDa band. All of the immunoreactive species above 55 kDa 

were exclusively observed in cytoplasmic fractions, with none detected in the 

nucleus (Figure 6.4b). The lower reactivity of the monoclonal antibodies with 

TIP49 could have been insufficient to detect the species above 55 kDa, or the 

epitope could have been hidden by the modifications. Alternatively, these forms 

may not have been detected by monoclonal antibodies as they may not be TIP49 

species. Further analysis, including mass spectrometry, would shed light on 

these discrepancies. 

6.6 Putative post-translational modification of TIP48 and 

TIP49 detected by 2-D PAGE 

The species of TIP48 and TIP49 detected in Western blot analysis were further 

characterised by utilizing 2-D PAGE, which separates species according to both 

mass and isoelectric point (pI). HeLa cells were lysed in urea containing buffer to 

obtain the total protein content, then the samples were analysed by 2-D PAGE 

followed by Western blotting using the antibodies characterised in Chapter 6.2. 
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Next, nuclear and cytoplasmic fractions of HeLa cells were obtained (as 

described in Chapter 2.12.4). These samples were analysed by 2-D PAGE and 

Western blotting. 

6.6.1 2-D PAGE of TIP48 

Consistent with 1-D SDS PAGE analysis of TIP48 in HeLa extracts, we observed 

several species of TIP48 by 2-D PAGE analysis followed by Western blotting 

(Figure 6.5a). TIP48 has an apparent molecular mass of around 55 kDa by SDS 

PAGE. We observed at least six distinct species, all with a pI of around pH 5 to 6, 

which is consistent with the theoretical pI of TIP48 of 5.49 based on the primary 

sequence (http://www.expasy.ch/tools/protparam.html). There are four species 

with a mass of around 55 kDa. These species have approximately the same 

intensity; however, the species with the lowest pI, also seemed to have a slightly 

smaller molecular mass compared with the others, leading us to hypothesise that 

this is the unmodified form of TIP48. Two other immunoreactive species were 

observed at approximately 60 and 80 kDa, with a pI of approximately 5 to 6 

(Figure 6.5a). These could be further modified forms of TIP48. The unresolved 

species at very low pI, and those below 50 kDa are likely to be artefacts or 

degraded forms of TIP48. 

We isolated cytoplasmic and nuclear fractions of HeLa cells, then analysed them 

by 2-D PAGE and Western blotting.  Several species of TIP48 were observed in 

the cytoplasmic fraction of HeLa cells (Figure 6.5b). The most intense species 

was the 80 kDa protein, also seen in HeLa whole cell extracts. Three 55 kDa 

spots were also detected, and correlate well with similar species observed in 

whole cell extracts. Interestingly, only three of the four 55 kDa species detected 

in WCEs were observed in cytoplasmic extracts; the 55 kDa species with the 

highest pI was not detected (Figure 6.5b). In addition, a 60 kDa species was also 

seen in HeLa cytoplasmic extracts (Figure 6.5b). These data suggest that 

specific forms of TIP48 may localise in the cytoplasm. 
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Several species of TIP48 were detected in HeLa nuclear fractions (Figure 6.5c). 

In contrast with HeLa whole cell and cytoplasmic extracts, only a single 55 kDa 

species was detected (Figure 6.5c); this is the form of TIP48 which was not 

detected in cytoplasmic extracts. This species may be a modified form of TIP48, 

as it has a slightly larger mass than the other species in whole cell extracts. 

Additionally, prominent species were detected at approximately 60 and 80 kDa, 

with a pI of around pH 5 or 6. These are consistent with similar species of TIP48 

seen in whole cell extracts, which are putative modified forms of TIP48. Specific 

modified forms of TIP48 may be predominantly nuclear, and it could be that only 

modified TIP48 localises in the nucleus. Further characterisation of the 

immunoreactive species would confirm that they are modified forms of TIP48. 

6.6.2 2-D PAGE of TIP49 

Improving on 1-D SDS PAGE analysis of TIP49 in HeLa extracts, 2-D PAGE of 

HeLa extracts followed by Western blotting with anti-TIP49 antibodies allowed us 

to resolve several species of TIP49 (Figure 6.6). Using mouse monoclonal 

antibodies against TIP49, at least three species with apparent molecular masses 

of around 55 kDa and pI values of approximately pH 6 were detected (Figure 

6.6a). The theoretical pI of TIP49 is 6.02 based on its primary sequence 

(http://www.expasy.ch/tools/protparam.html). The species with the highest pI was 

most intense, followed by the centre species, then the species with the lowest pI 

(Figure 6.6a). It is plausible that the most abundant species is the unmodified 

form of TIP49. As the monoclonal antibodies are very specific, it is highly 

probable that these are genuine modified forms of TIP49. The polyclonal 

antibodies exhibit reactivity with TIP48; however, they react more strongly with 

TIP49 than the monoclonal antibodies. When HeLa extracts were separated by 

2-D SDS PAGE, followed by immunoblotting with the polyclonal TIP49 antibodies, 

the three 55 kDa species were detected in the same proportions as with the 

monoclonal antibodies (Figure 6.6b). Strikingly, three species were also observed  
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at approximately 70 kDa, with a shift in pI to around pH 7. As the distance 

between the spots mirrored the triplet seen at 55 kDa, it is credible that these are 

genuine modified forms of TIP49 with the same modification resulting in a 15 kDa 

increase in mass. One further immunoreactive species was observed at 90 kDa, 

with a pI of around pH 8, although this could be too large to be a distinct 

modification of TIP49 and could be non-specific. The unresolved species at very 

low pI, and those below 50 kDa are likely to be gel artefacts or proteolysed TIP49. 

After isolation of cytoplasmic and nuclear fractions of HeLa cells, 2-D PAGE and 

Western blotting were used to analyse TIP49 species.  Unfortunately, several 

attempts to analyse cytoplasmic fractionations of HeLa extracts by 2-D PAGE 

and Western blotting gave rise to unresolved species, which could not be 

analysed (data not shown). This may have been due to the lysis conditions, or 

the buffer used for isoelectric focusing. However, analysis of HeLa nuclear 

fractions was more successful.  

Compared with whole cell extracts, only a small number of TIP49 species were 

detected in nuclear extracts (Figure 6.6c). While a clear triplet was seen in whole 

cell extracts, only a doublet was seen at 55 kDa in nuclear extracts (Figure 6.6c). 

Furthermore, the intensity of the species was also different: the 55 kDa species 

with the lowest pI was most abundant in nuclear extracts, while the 55 kDa 

species with the highest pI was slightly more abundant in whole cell extracts 

(Figure 6.6b and c). The triplet at 70 kDa seen in whole cell extracts was not 

observed in nuclear extracts, although the 90 kDa species with a pI of around 8, 

was detected (Figure 6.6c). This is in agreement with 1-D PAGE analysis of 

TIP49, whereby some immunoreactive species detected in the cytoplasm were 

not detected in the nucleus (Figure 6.4b). These data imply that there are distinct 

putative modified forms of TIP49 associated with the nucleus and cytoplasm. 
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6.7 Discussion  

In this chapter, we used cell culture coupled with immunodetection techniques to 

study of the in vivo properties of TIP48 and TIP49. We initially purified and 

characterised several antibodies for use in these experiments.  

We purified rabbit antibodies raised against full length TIP48. Two affinity purified 

batches of anti-TIP48 antibodies, TIP48-PC1 and TIP48-PC2, reacted well with 

TIP48, but also cross reacted with TIP49 (Figure 6.1). Furthermore, there was 

some non-specific binding to other components of HeLa cell extracts. Although 

this made immunostaining assays more difficult to interpret, we feel the 

antibodies are of sufficient specificity to answer basic questions about the in vivo 

properties of TIP48. For instance, our HeLa cell immunofluorescence data using 

these antibodies agree well with those previously published with a different  

polyclonal anti-TIP48 antibody (Puri, 2006; Sigala et al., 2005). 

The TIP49 antibodies were of consistently good quality in our experiments. We 

obtained mouse monoclonal antibodies raised against an N-terminal peptide of 

TIP49, for comparison with the rabbit polyclonal antibodies against full length 

TIP49. We found that the mouse monoclonal anti-TIP49 antibodies were highly 

specific, and generally detected a single discrete band in 1-D SDS PAGE 

followed by Western blotting (Figure 6.1). In contrast, the rabbit polyclonal anti-

TIP49 antibodies displayed some cross reactivity with TIP48, and may have 

detected non-specific products; however, the polyclonal antibodies reacted with 

TIP49 more strongly than the polyclonal antibodies. For this reason, the 

polyclonal antibodies were better at detecting less abundant species, such as the 

extra spots seen with 2-D PAGE of HeLa extracts (Figure 6.6b). Thus, using both 

polyclonal and monoclonal antibodies in tandem gives a broader and more 

objective analysis than using them individually. 

Previous studies of the sub-cellular localisation of TIP48 and TIP49 revealed 

differences between the proteins during late mitosis (Gartner et al., 2003; Puri, 
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2006; Sigala et al., 2005). This difference is critical in the understanding of TIP48 

and TIP49; in some pathways TIP48 and TIP49 function as a complex, while in 

late mitosis, the proteins seem to localise independently. This may imply different 

oligomeric forms of TIP48 and TIP49 carry out different roles at specific stages of 

the cell cycle. To confirm the difference in localisation, a different approach to the 

previously published data was used. We transiently expressed a TIP49-GFP 

fusion protein in HeLa cells, then monitored the localisation of TIP49-GFP during 

mitosis by synchronising cells with RO-3306. We observed nuclear localisation of 

TIP49 as well as association with the mitotic spindle (Gartner et al., 2003). 

Unfortunately, the TIP49-GFP fusion protein affected the viability of HeLa cells, 

as demonstrated by the low number of cells expressing TIP49-GFP after splitting 

the cells and seeding them on coverslips. This observation is supported by 

reports that correct localisation of TIP49 is disrupted by addition of a GFP-tag in 

HeLa cells (Cvackova et al., 2008). It may be the case that GFP tagged TIP49 is 

a dominant negative form of the protein; the localisation experiments could be 

repeated using a construct which does not express the TIP49-GFP protein to 

such a high level, or by using stably transfected HeLa cells. Alternatively, if 

TIP49-GFP is dominant negative, this could allow us to characterise TIP49 in 

vivo by expressing the fusion protein and seeing how pathways such as Wnt/β-

catenin signalling or chromatin remodelling are affected.  

1- and 2-D SDS PAGE analysis of HeLa cell extracts gave key insights into the 

possibility of post translational modifications of TIP48 and TIP49, and whether 

they associate with specific compartments. Interestingly, we detected at least six 

species of TIP48 and seven species of TIP49 in 2-D PAGE analysis of whole cell 

extracts. Due to the specificity of the TIP49 monoclonal antibodies and the 

similarity of the two triplets with TIP49 polyclonal antibodies, we are confident 

that these are genuine modified forms of TIP49. In comparison, the TIP48 

antibodies displayed cross reactivity, and were non-specific, meaning assignment 

of modified forms of TIP48 should be tentative. However, we feel that these data 

are a good starting point for further investigation of TIP48 and TIP49 

modifications, and how they relate to ATPase activity, oligomerisation, and sub-
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cellular localisation. Interestingly, we observed clear differences in the modified 

forms of TIP48 and TIP49 associated with the nucleus and cytoplasm, hinting 

that modifications of TIP48 and TIP49 may regulate the plethora of functions in 

which they are implicated (Figures 6.4, 6.5 and 6.6). 

Very little is currently known about PTMs of TIP48 and TIP49. One group has 

suggested that SUMOylation of both TIP48 and TIP49 accounts in part for their 

nuclear localisation in metastatic LNCaP cells (Kim et al., 2006; Kim et al., 2007). 

Other groups have commented that since less than 5 % of endogenous TIP48 

and TIP49 is SUMOylated, other mechanisms must also promote their nuclear 

localisation (Gallant, 2007; Huber et al., 2008). The 80 kDa species of TIP48 in 

Figure 6.6 may indeed be a SUMOylated form of TIP48, as a SUMO group would 

decrease the pI of wild type TIP48 and increase its mass by at least 11 kDa; 

however, we detected this form of TIP48 in both the nuclear and cytoplasmic 

fractions. In contrast, the modified forms of TIP49 all had increased pI, 

suggesting these modifications are not SUMOylation (Figure 6.5).  

As part of large scale proteomic analyses, acetylation and phosphorylation of 

TIP48 and TIP49 have been reported (Matsuoka et al., 2007) (see Chapter 1.7.7). 

Both acetylation and phosphorylation would not visibly increase the molecular 

masses of TIP48 and TIP49 by PAGE, but would decrease their isoelectric points. 

It is quite possible that several of the observed species are acetylated or 

phosphorylated forms of TIP48 and TIP49, such as the triplet of TIP49 seen in 

Figure 6.6. Mass spectrometric analysis could allow us to confirm that the 

species observed by 2-D PAGE from HeLa extracts are genuine, and would allow 

us to identify the modifications that account for the shift in mass and pI. This 

would provide fundamental insights into the temporal and contextual regulation of 

the functions of TIP48 and TIP49 by PTM. 
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7.1 Summary of research and its relation to the field  

In this thesis, we have used recombinant TIP48 and TIP49 to better understand 

their structures and ATPase activities in vitro. We also generated mutants and 

interacting proteins to analyse their effects on these properties of TIP48 and 

TIP49. Finally, we looked at the sub-cellular distribution of TIP48 and TIP49 and 

how this is related to post translational modification. 

Initially we utilised analytical ultracentrifugation and size exclusion 

chromatography to understand the oligomeric properties and assembly of TIP48 

and TIP49 complexes. Both TIP48 and TIP49 formed monomers as the 

predominant species in the absence of co-factors, with dimers, trimers and 

hexamers as minor species. The presence of dimers, trimers and hexamers of 

TIP49 in solution was surprising, as TIP49 was exclusively monomeric by SEC 

(Puri et al., 2007). However, the detection of these oligomers by AUC is 

strengthened by the cross linking analyses of TIP49 in Chapter 5.6, which 

showed several distinct oligomers higher than 50 kDa. The presence of trimers 

as intermediates in hexamer formation, as well as putative nonamers in the 

samples analysed by AUC, suggest that trimers form stable building blocks in 

oligomer assembly. One could speculate that TIP48 and TIP49 are assembled 

into a hexameric ring which acts as a catalytic ‘dimer-of-trimers’, whereby one 

trimeric subunit contains one ATP bound monomer, one ADP bound monomer 

and a nucleotide free monomer. Although definitive evidence for the ‘dimer-of-

trimers’ model has not been reported, several AAA+ proteins assemble into 

hexameric rings where different subunits have different affinities for nucleotides, 

including ClpX (Hersch et al., 2005), p97 (Zalk and Shoshan-Barmatz, 2003) and 

RuvB (Hishida et al., 2004; Putnam et al., 2001). Within the hexameric rings, the 

conserved arginine finger contacts the adjacent subunit and is thought to 

allosterically modulate its affinity for nucleotides (Ogura et al., 2004). This leads 

to concerted binding of ATP, hydrolysis, then subsequent release of ADP, and 

may allow subunits within the hexameric ring to adopt different conformations. 
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Indeed, RuvB, the closest prokaryotic homologue of TIP48 and TIP49, was 

suggested to hydrolyse ATP as a ‘dimer-of-trimers’, allowing efficient branch 

migration. One study used RuvB mutants, RuvBR174A and RuvBK68A, which have 

mutations it their arginine finger and Walker A motifs respectively (Hishida et al., 

2004). RuvBR174A and RuvBK68A could not hydrolyse ATP in vitro, which was also 

the case for the RuvBR174A / K68A double mutant. Significantly, mixing RuvBR174A 

and RuvBK68A in a 1:1 ratio partially restored ATPase activity, arguing that the 

subunits in the homo-hexamer are not equivalent (Hishida et al., 2004). In a 

separate study, structural and mutational analysis of RuvB indicated that ATP is 

an allosteric effector, so that ATP binding drives ATP hydrolysis in the adjacent 

subunit, possibly by movement of the arginine finger (Putnam et al., 2001). Taken 

together with more recent theoretical data of the molecular mechanism of RuvB 

(Xie, 2007), it is likely that the subunits in the RuvB hexamer hydrolyse ATP as a 

dimer-of-trimers. The conserved tertiary structure of TIP48, TIP49 and RuvB, 

particularly in Domain I (which incorporates ATP hydrolysis motifs), points to a 

conserved mechanism of ATPase activity. How this relates to a mechanistic 

function of TIP48 and TIP49 is currently unknown, but confirming this model 

would give valuable information into the molecular mechanisms of TIP48 and 

TIP49, as well as general AAA+ proteins.  

We also confirmed that TIP48 has low ATPase activity in isolation, compared 

with the ATPase activity of the TIP48/TIP49 complex (Ikura et al., 2000; Puri et 

al., 2007). Biochemical studies demonstrated that TIP48 binds ADP with higher 

affinity than ATP, and so the rate limiting step is the release of bound ADP (Puri 

et al., 2007). An analogy can be drawn with the TIP49 crystal structure, as ADP 

was trapped between the subunit interfaces, and the authors noted that ADP 

release, and thus, ATP turnover, would be limiting (Matias et al., 2006). 

Individually, only a small proportion of TIP48 and TIP49 are hexameric in solution, 

and only TIP48 hexamers are promoted by adenine nucleotides. Interactions 

between TIP48 and TIP49 promote hexamer formation by driving both proteins 

into the stable TIP48/TIP49 double hexamer. More importantly, these interactions 

seem to provide a mechanism for more efficient ATPase activity than the 
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individual proteins, arguing that structural changes occur within the TIP48/TIP49 

double hexamer to allow ADP release and more efficient ATP hydrolysis. Indeed, 

structural changes upon nucleotide binding have also been reported for RuvB 

(Putnam et al., 2001). Furthermore, many AAA+ proteins assemble into double 

hexamers; either with two individual rings, e.g. TIP48/TIP49 (Puri et al., 2007; 

Torreira et al., 2008), or two ATPase rings made from different domains of the 

same protein, e.g. p97 (Zhang et al., 2000). Communication between the top and 

bottom rings may allow for concerted hydrolysis of ATP (Briggs et al., 2008). 

The TIP48/TIP49 complex remained a stable double hexamer by size exclusion 

chromatography, with minimal dissociation in the presence of co-factors. 

Conversely, TIP48, but not TIP49, formed hexamers with ATP. These results 

signify important differences between the roles of TIP48 and TIP49 within the 

heteromeric complex. We demonstrated that Domain II of TIP48 does not 

contribute to interactions within the double hexamer, while TIP49 Domain II is 

important, but not essential, for stabilising interactions between the top and 

bottom rings. This argues that TIP49 has more of a structural role, and may drive 

the assembly of TIP48 into different oligomeric forms: homo-hexamers in the 

absence of TIP49, hetero-single or double hexamers in the presence of TIP49. 

This may explain the various and often distinct roles which are attributed to TIP48 

and TIP49, supported by several converging lines of research that claim the ratio 

of TIP48 and TIP49 in the cell is functionally important (Bauer et al., 2000; Diop 

et al., 2008; Rottbauer et al., 2002). Although it is possible that TIP49 acts purely 

in a structural or regulatory manner, this is at odds with the fact that TIP49 

ATPase activity is required for efficient activity of the TIP48/TIP49 complex (Puri, 

2006). Moreover, both TIP48 and TIP49 were shown to hydrolyse ATP within the 

double hexamer (Puri, 2006). The ATPase activity of TIP49 could simply be 

required for efficient ADP release and subsequent hydrolysis by TIP48, 

alternatively, the activity of TIP49 could have a direct catalytic role.  

It may also be possible that the ATPase activities of TIP48 or TIP49 have 

become redundant for some of their functions. It is clear that the ATPase 
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activities of TIP48 and TIP49 in eukaryotes are essential for correct development 

and growth, as demonstrated by the lethality of mutations in conserved ATPase 

motifs in TIP48 and TIP49 (Jonsson et al., 2001; King et al., 2001; Lim et al., 

2000; Wood et al., 2000). Intriguingly, some functions of TIP48 and TIP49 did not 

require ATP hydrolysis. A Walker B mutation in yeast TIP48 (which could bind, 

but not hydrolyse, ATP) did not affect its ability to recruit yeast Arp5 into the 

INO80 in conjunction with wild type yeast TIP49 (Jonsson et al., 2004). In 

addition, a Walker B mutant of TIP48 was able to interact with ATF2 (Cho et al., 

2001). Nevertheless, the vast majority of studies have established that ATP 

hydrolysis is critical for the correct functions of TIP48 and TIP49, including 

telomerase complex assembly (Venteicher et al., 2008) and TIP60 dependent 

histone acetylation (Feng et al., 2003). Since only one study to date has 

confidently calculated a 6:1 ratio of both TIP48 and TIP49 to other components of 

the multi-subunit complex (Shen et al., 2000), different TIP48 and TIP49 

oligomers may be required in different processes. Indeed, data we presented in 

Chapters 3.3 and 4.7 corroborated the argument that various forms of the 

TIP48/TIP49 complex exist, including single and double hexamers (Gribun et al., 

2008; Torreira et al., 2008). In addition, TIP48 can form hexamers independently 

of TIP49 and seems to have some distinct roles. Using these observations, we 

can postulate that individually, or as a complex, TIP48 and TIP49 may have more 

than one mechanism; in some instances, they may act as scaffold subunits with 

limited requirement for ATP hydrolysis, while having a direct catalytic role in 

others. Mechanistically, catalytically competent TIP48 and TIP49 were both 

needed for progressive rounds of ATP hydrolysis within the double hexamer; 

however, a single round of ATP hydrolysis by the individual proteins would be 

possible (Puri 2006). Further research into these possibilities would have 

enormous impact on the understanding of TIP48 and TIP49.  

Based on our work detailed in Chapters 3 and 4, we have proposed a model 

whereby a TIP49 hexamer is bound to a TIP48 hexamer, allowing multiple 

rounds of ATP hydrolysis (Figure 4.12). Support for this model came from several 

observations of the recombinant proteins: 1) A head-to-tail arrangement is 
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supported by progressive stacking of rings by AUC in Chapter 3.5, as well as 

unpublished observation regarding the EM structure (Puri et al., 2007). 2) The 

unequivalent top and bottom rings in the human TIP48/TIP49 EM structure 

suggest homo-hexamers, and immunolabelling of the yeast cryo-EM 

TIP48/TIP49 complex also pointed to homo-hexamers (Torreira et al., 2008). 

3) Instability of TIP48/TIP49 double hexamers when TIP49 Domain II is removed, 

compared with TIP48 Domain II, suggests TIP48 and TIP49 have a different 

orientation and functions within the complex. 4) The difficulty in fitting the crystal 

structure of TIP49 into either ring of the EM reconstruction of the TIP48/TIP49 

complex suggests large conformational changes take place.  

Our hypothesised architecture of the TIP48/TIP49 double hexamer may explain 

how multiple round of ATP hydrolysis occur without the need for assembly and 

disassembly of hexameric rings. It also provides clues as to how ATP hydrolysis 

translates to mechanical function. Many AAA+ proteins use the chemical energy 

of ATP hydrolysis to drive conformational changes in distant domains, for 

instance, ATP hydrolysis in p97 leads to the movement of its N-terminal domain 

relative to the core ATPase domains (DeLaBarre and Brunger, 2005). Similar 

movement in Domain II may provide a means by which TIP48 and TIP49 carry 

out their functions, which may include modulating protein-protein or protein-

nucleic acid interactions.  

The composition of the TIP48/TIP49 complex currently remains unanswered. In 

conjunction with the authors of the yeast TIP48/TIP49 EM structure (Torreira et 

al., 2008), we prefer the hypothesis that the TIP48/TIP49 complex comprises of 

stacked homo-hexamers of TIP48 and TIP49. However, the possibility of mixed 

double hexameric rings is still justifiable, and our work in chapter 3.2 supports 

single hetero-hexamers (Gribun et al., 2008). It may in fact be the case that 

several complexes exist and each has a specialised function. Heterogeneity of 

samples containing distinct complexes could explain the difficulty in obtaining 

high resolution structures of the TIP48/TIP49 complex (Gorynia et al., 2008).  
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As well as acting in a complex, several reports have proposed that TIP48 and 

TIP49 have separate functions (Cho et al., 2001; Diop et al., 2008; Kim et al., 

2005). The transaction between different TIP48 and TIP49 oligomers will help to 

understand how these functions are coordinated. Indeed, if TIP48/TIP49 hetero-

hexamers are present in vivo, these would need to be completely disassembled 

in order to form TIP48 homo-hexamers. As interchange between these different 

oligomers would be difficult, the distinct oligomers would be more tightly 

regulated. Conversely, homo-hexamers of TIP48 and TIP49 within the complex 

would allow for more dynamic regulation, as the double hexamer could separate 

into functional homo-hexamers. Identifying which TIP48 and TIP49 oligomers 

exist in cells, as well as the dynamics between them, should be one of the 

primary goals for the field. 

In vivo, we demonstrated that the sub-cellular localisation of TIP48 and TIP49 

during the late stages of mitosis is distinct. Both TIP48 and TIP49 clearly function 

as a complex to promote correct spindle assembly (Ducat et al., 2008). In 

addition, TIP48 may have a separate role in cytokinesis, as TIP48, but not TIP49, 

was detected at the midbody and midzone. This strengthens the hypothesis that 

TIP48 and TIP49 may have independent roles in some cases, such as their 

antagonistic regulation of β-catenin dependent transcription (Kim et al., 2005), 

antagonistic HOX gene control (Diop et al., 2008) and only TIP48 affecting ATF2 

dependent transcription (Cho et al., 2001). One possible explanation of these 

observations is that TIP48 has functions independent of TIP49, while TIP49 can 

only function as part of the TIP48/TIP49 complex. This would account for the 

relative levels of TIP48 and TIP49 affecting certain processes, as this would 

influence which form of TIP48 is present. This is supported by observations that 

TIP48 has well described roles independent of TIP49, including the recruitment of 

HDAC1 to the KAI1 promoter (Kim et al., 2005), localisation of TIP48 at the 

midbody during cytokinesis and the regulation of ATF2 by TIP48 (Cho et al., 

2001). In contrast, the putative roles of TIP49 independent of TIP48 are poorly 

defined, and may in fact be carried out by complexes in which both TIP48 and 

TIP49 are both present (Diop et al., 2008; Gallant, 2007; Kim et al., 2005). More 
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research into the molecular roles of TIP48 independent of TIP49, including its 

functions in late mitosis, would contribute greatly to our understanding of this 

system. 

Using 2-D PAGE analysis of HeLa cell extracts, we identified species of TIP48 

and TIP49 which may be post-translationally modified. Interestingly, some of 

these species are specific to either nuclear or cytoplasmic fractions of HeLa cells; 

thus, PTMs are a plausible method of regulating sub-cellular localisation of TIP48 

and TIP49. As our data are currently still preliminary, it is difficult to conclude 

whether these observed species of TIP48 and TIP49 are genuine, and the 

specific modification associated with each spot. SUMOylation, phosphorylation 

and acetylation have been reported for TIP48 and TIP49 (Kim et al., 2006; Kim et 

al., 2007; Matsuoka et al., 2007). Of particular interest is that TIP48 is 

phosphorylated by ATM/ATR in response to DNA damage (Matsuoka et al., 

2007). Indeed, testing for these modifications would provide a good starting point 

for further experiments. Given the abundance of activities ascribed to TIP48 and 

TIP49, it is not surprising that several modified forms exist in vivo. Indeed, we 

have observed several oligomeric forms of TIP48 and TIP49 in vitro, including 

single and double rings. PTM could be one way of promoting specific complexes 

of TIP48 and TIP49. Deducing how the post translational modification of TIP48 

and TIP49 affects their localisation, ATPase activity and oligomerisation would 

begin to shed light on their complicated regulation in vivo. 

‘What are the molecular functions of TIP48 and TIP49 in eukaryotes?’ This 

question remains the predominant quandary within the field. Our experimental 

research has contributed towards the understanding of TIP48 and TIP49, but has 

also generated new questions that need to be addressed. One significant finding 

is the possibility that the yeast and human TIP48/TIP49 complexes are 

structurally different. Indeed, biochemical differences between the yeast and 

human homologues have already been reported (Gribun et al. 2008). If this 

structural difference is indeed the case, then TIP48 and TIP49 may have 

acquired different functions after the divergence of lower and higher eukaryotes. 
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The yeast proteins displayed helicase activity in vitro, while helicase activity of 

human TIP48/TIP49 complex has, to date, never been published, and the 

helicase activity of the rat proteins is controversial. Although it is unlikely that 

TIP48 and TIP49 act on DNA in yeast, but not mammals, it is possible that TIP48 

and TIP49 have gained a different function in higher eukaryotes. Indeed, higher 

eukaryotic organisms contain proteins such as c-Myc and β-catenin, which are 

intimately linked to the functions of TIP48 and TIP49 in metazoans, but are not 

present in yeast.  

The biochemical and structural properties of TIP48 and TIP49 differ slightly 

between yeast and humans; nevertheless, a further possibility is that TIP48 and 

TIP49 have the same function in yeast and higher eukaryotes. The breadth of 

interacting proteins and processes in which TIP48 and TIP49 are involved makes 

it more likely that they have a transient role, such as a chaperone activity. In light 

of research carried out during this thesis, and published studies by other groups, 

we propose that TIP48 and TIP49 modulate protein-protein, or protein-nucleic 

acid interactions in a context specific fashion. Future research will no doubt 

deduce the molecular mechanisms of TIP48 and TIP49, and highlight their 

importance throughout the eukaryotic domain. 

7.2 Future Directions 

Subunit Composition of TIP48/TIP49 complexes 

One of the most critical (but to date quite elusive) problems regarding TIP48 and 

TIP49 is the molecular architecture of their complex. Several structural studies of 

yeast and human TIP48/TIP49 complexes did not conclusively identify the 

composition the double hexameric rings (Gorynia et al., 2008; Puri et al., 2007; 

Torreira et al., 2008). Although both mixed- and homo-rings have been 

suggested, deducing which (or if indeed both) forms comprise the TIP48/TIP49 

complex would give valuable insight into their function. As part of this work, we 

have generated tools to help answer this problem. The mutants of TIP48 and 
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TIP49 could be coupled with EM analysis to assign missing electron densities 

upon removal of Domain II. This would indicate both where Domain II is 

positioned within the double hexamer, and also, whether the rings are homo- or 

hetero-hexamers. 

High resolution structures of TIP48/TIP49 complexes 

Further structural analysis could be carried out using crystallisation and X-ray 

diffraction analysis of the TIP48/TIP49 complex. A high resolution structure would 

give a detailed description of composition, molecular architecture and interactions 

within the TIP48/TIP49 complex. In light of this, we have initiated collaboration 

with Dr. Tracey Barrett (Birkbeck, School of Crystallography) to generate crystals 

for X-ray diffraction analysis. Full length TIP48/TIP49-His6 did not yield any 

crystals during initial screening, possibly due to the heterogeneity of the sample 

(as seen by AUC). However, we have some preliminary diffraction data for 

∆2TIP48 crystals, as well as small crystals of the ∆2TIP48/TIP49-His6 complex. 

Hence, high resolution structures of these proteins in the near future are a strong 

possibility. 

Architecture and interactions within multi-subunit complexes 

An important future area for investigation is the role of TIP48 and TIP49 within 

large multisubunit complexes, particularly chromatin remodelling complexes. 

Structural analysis of INO80, TIP60 and SWR complexes would provide 

information about the composition and protein-protein interactions within these 

essential complexes. It is likely that association within these complexes is 

transient and dynamic. Immunoprecipitation studies under different conditions 

could provide clues regarding functions. Further discerning the conditions under 

which TIP48 and TIP49 associate with BAF53, β-catenin and Hint1 would also be 

a great benefit. Indeed, it is possible that BAF53, along with actin, TIP48 and 

TIP49, form a sub-complex. It would be interesting to co-express and purify these 

proteins, and subsequently, test the biochemical properties of this complex. 
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Differences between yeast and human TIP48/TIP49 complexes 

One possibility that was highlighted by our study is the structural difference 

between the yeast and human TIP48/TIP49 complex. Cryo-EM of the human 

TIP48/TIP49 complex would provide a higher resolution structure, and allow 

direct comparison with the recently published yeast cryo-EM reconstruction. 

Purifying ∆2TIP48 and ∆2TIP49 complexes of the yeast proteins would also allow 

direct comparison of the biochemical properties of the human proteins lacking 

Domain II. These experiments would give critical insights into possible structural 

and biochemical differences between yeast and human TIP48/TIP49, allowing 

further understanding of their functions and evolution. 

Characterise the different TIP48/TIP49 complexes  

Several lines of evidence, including characterisation of recombinant proteins in 

this study, have implicated distinct complexes of TIP48 and TIP49. Discerning 

the significance and function of these complexes, such as double and single 

hetero-hexamers, will give important information about the regulation and 

activities of TIP48/TIP49 complexes.  Structural analysis, including native mass 

spectrometry and electron microscopy, coupled with in vivo work could begin to 

address these problems. As seen in Chapter 5, the TIP48/∆2TIP49 complex may 

favour assembling into a single ring, rather than a double hexamer. Expression of 

∆2TIP49 in cell lines may give insights into the functions and properties of the 

putative TIP48/TIP49 hexamer.  

Identify PTM of TIP48 and TIP49 and their relation to mitosis and DNA 

damage repair 

The PTMs of TIP48 and TIP49 could be characterised using a combination of 

immunoprecipitation, 2-D SDS PAGE and mass spectrometry. Once the specific 

modifications have been identified, further analysis of HeLa and other cell lines 

would focus on how the PTMs affect the localisation of TIP48 and TIP49 to 

different cellular compartments or their separation during mitosis. The 
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contribution of these modifications to facilitating the roles of TIP48 and TIP49 in 

DNA damage repair and chromatin remodelling could also be explored. In vitro 

analysis of modified forms of TIP48 and TIP49 could provide information about 

how PTM affect the interactions between TIP48 and TIP49 and their ATPase 

activity. 

7.3 Broader Challenges 

The dynamics of TIP48/TIP49 interactions with other factors 

One of the most characteristic features of TIP48 and TIP49 is their interaction 

with a plethora of seemingly unrelated cellular factors. At least in yeast, it would 

be highly unlikely that every TIP49 monomer is associated with every single 

putative interacting partner at the same time, and even less likely as a hexamer. 

Thus it is probable that the association of TIP48 and TIP49 with other cellular 

factors is a tightly controlled temporal and contextual event. Picking apart the 

nature and conditions governing these interactions remains an important 

research objective within the field. Characterising novel interactions and broader 

comprehension of alleged interactions will greatly progress the fundamental 

understanding of TIP48 and TIP49. 

The nature of the catalytic activity of TIP48/TIP49 and identifying substrates 

Delineating which roles of TIP48 and TIP49 require ATP, how these are linked to 

different forms or complexes, and whether ATPase activity of TIP48 or TIP49 has 

become redundant in some instances, would be a significant step towards 

understanding their activities. Furthermore, high resolution structures of the 

TIP48/TIP49 in several transition states during ATP hydrolysis will give invaluable 

insights into structure-function relationships, although this approach may prove to 

be quite demanding. Most importantly, identifying the specific substrates of TIP48 

and TIP49 is an imperative problem, and could resolve many issues and 

controversies within the field, yet the identification of direct substrates remains a 



Chapter VII – General Discussion 

223 

significant challenge. It would be important to identify substrates of TIP48 and 

TIP49 in the context of specific macromolecular complexes. 
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Appendix 
 

 
 
Appendix Figure A1. Sequence alignment of human TIP48 and TIP49. The 
two sequences were aligned using ClustalW. The residue numbering for TIP48 is 
shown above the alignment, and coloured as blue for Domain I (two segments), 
red for Domain II and green for Domain III. Identical residue pairs are indicated 
by vertical strokes ( | ). The Dictionary of protein Secondary Structure Pattern 
(DSSP) analysis of Molecule A in the TIP49 crystal structure identified the 
secondary structure of TIP49 (H, α-helix, yellow; E, β-strand, green) below the 
alignment. Residues missing from the TIP49 crystal structure (•) are shown 
below the alignment. The conserved sequence motifs for the AAA+ ATPase 
Walker A and B motifs, the Sensor 1 and 2 motifs and the (arginine) R-Finger are 
shown within boxes. 
 


