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ABSTRACT 

All eukaryotic cells contain a nucleus, an organelle which is physically separated from 

the cytoplasm by a double nuclear membrane. Segregation of the nuclear material from 

the cytoplasm allows a high level of regulation of gene expression, signal transduction 

and cell cycle progression. Transport across the nuclear envelope occurs through 

nuclear pore complexes, whereby proteins larger than 40 kDa are actively transported 

across the nuclear envelope. These larger sized proteins utilise a family of transporter 

proteins known as the β-karyopherins. There are a number of known of nuclear import 

pathways, with the main pathways that mediate translocation known as: the classical 

nuclear import pathway, which involves the nuclear importin alpha receptor and 

importin beta docking protein. The interaction of the importin complex and the nuclear 

localisation signal within the protein initiates translocation through the nuclear pore 

complex in an energy dependent fashion. The other type of nuclear import pathway is 

the non-classical pathway, and occurs in the absence of the import receptor, whereby 

nuclear localisation sequences bind directly to importin beta.  

The localisation of proteins from the nucleus to the cytoplasm is mediated by both 

classical and non-classical pathways. The interaction between the nuclear import 

receptor and the nuclear localisation sequence within the cargo protein is the first 

critical step in this nuclear localisation mechanism.  

This study examines the structural characterisation of proteins utilising both classical 

and non-classical pathway, and their interactions with nuclear import receptors. The 

interaction between importins and their cargo proteins can provide an enhanced 

molecular understanding of genetic disorders or diseases. To elucidate these interactions 

at a structural and molecular level, target cargo proteins were recombinantly expressed, 

and where necessary, a target sequence, containing the NLS, was cloned into expression 

vectors using ligation independent cloning. Importins and cargo proteins were expressed 

recombinantly and purified to homogeneity in complex with their binding partners. 

Proteins characterised in this study, including structural characterisation in complex 

with importin were; SRY, involved in genetic sex determination; SOX9, upregulated by 

SRY and functions as a transcription factor involved in a number of the genetic sex 

determination pathways; SOX2, important for maintenance and self-renewal of 

embryonic stem cells; PrP20, a regulatory protein for the nuclear localisation cycle; and 
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Dengue virus non-structural protein 5, the polymerase responsible for replicating the 

viral genome. This latter structure led to further work involving a nuclear transport 

inhibitor and resulted in a high resolution structure that will be of high impact in the 

development of a viable vaccine for dengue. These structures have revealed features in 

the binding interface that will form the basis for future molecular work in the relevant 

fields.   
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

The separation of genetic material and transcription factors from translational and 

metabolic machinery is a vital feature of all eukaryotic cells. The segregation of the 

nucleus from the cytoplasm also provides tighter control over cellular processes such as 

gene expression, signal transduction and cell cycle progression. The nucleus, an 

organelle enclosed in a double membrane, is perforated by nuclear pore complexes, 

permitting bidirectional nucleocytoplasmic transport. Nuclear Pore Complexes (NPCs) 

allow for active localisation of proteins larger than 40 kDa that are bound by nuclear 

carrier proteins, known as karyopherins (or importins) (Alber et al., 2007; Fahrenkrog & 

Aebi, 2003; Mosammaparast & Pemberton, 2004; Rout et al., 2000). Transportation 

through the nuclear pores has been identified to occur either by the classical pathway, 

involving both Importin α (Impα) and Importin β (Impβ), or the non-classical pathway 

which involves only Impβ or other karyopherin-β proteins (Adam & Adam, 1994; 

Aitchison & Wozniak, 2007; Cronshaw, Krutchinsky, Zhang, Chait, & Matunis, 2002; 

Rout & Wente, 1994). 

Regulation of this transport process is mediated by Ran, a small GTPase protein that is 

found in either a GTP bound form in the nucleus, and GDP, found in the cytoplasm 

(Gorlich, 1998). The former causes dissociation of the import complexes upon entry to 

the nucleus, whilst the GDP bound form permits complex formation in the cytoplasm 

(Fornerod, Ohno, Yoshida, & Mattaj, 1997; Kutay, Bischoff, Kostka, Kraft, & Gorlich, 

1997; Moroianu, Blobel, & Radu, 1996).  

1.2 CLASSICAL PATHWAY 

The classical pathway, shown in figure 1.1, is the most studied nuclear transport 

pathway (Chook & Süel, 2011; Cingolani, Bednenko, Gillespie, & Gerace, 2002; 

Cingolani, Petosa, Weis, & Müller, 1999; Gorlich, Prehn, Laskey, & Hartmann, 1994). 

The transportation mechanism is utilised by a large number of cargo protein, all of 

which contain a nuclear localisation sequence (NLS) to mediate nuclear import. NLSs 
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are typically comprised of short stretches of basic amino acids, recognised by the Impα 

receptor (Lange et al., 2007). The Impα interaction with the NLS acts as an adaptor 

between the cargo protein and Impβ, forming a trimer. The trimeric protein complex, 

Impα∙Impβ∙cargo, enters the nucleus through interactions with the nuclear pore complex 

(Forwood et al., 2008; Lonhienne et al., 2009).  

Regulation of the nuclear transport cycle is important to prevent the mislocalisation of 

proteins into the nucleus, and wasteful energy expenditure. There are various stages 

during the nucleocytoplasmic transport chain that are regulated. Regulation of the cycle 

is achieved by a small GTPase protein called Ran. Ran can be found in two forms, 

depending on its location within the cell, and maintained by regulatory proteins 

RanGAP (Ran GTPase-activating protein) and RanGEF (Ran guanine nucleotide 

exchange factor) (Bischoff, Klebe, Kretschmer, Wittinghofer, & Ponstingl, 1994; 

Bischoff & Ponstingl, 1991). The asymmetrical localisation of nucleotide bound forms 

of Ran across the nuclear envelope, establishes directionality of nuclear transport. 

RanGTP mediates the dissociation of import receptors and cargo proteins once localised 

to the nucleus, whilst RanGDP exhibits two markedly different conformations in the 

switch I and II regions that reduce its affinity for Impβ, and allow complex formation in 

the cytoplasm (Bischoff & Ponstingl, 1991; Ribbeck, Lipowsky, Kent, Stewart, & 

Gorlich, 1998; Yoneda, 2000). Once Impβ has been dissociated from the trimeric 

complex the importins are recycled back into the cytoplasm. 

For the classical nuclear localisation pathway to be effective and efficient for cargo 

proteins, a recognition mechanism is required as part of the adaptor protein for import, 

Impα. This mechanism is based on the recognition of the previously mentioned NLS, 

the recognition is based on both charge and hydrophobicity (Kalderon, Roberts, 

Richardson, & Smith, 1984). This recognition process allows for binding between Impα 

and specific cargo proteins and therefore discriminating any further interactions with 

cellular materials allowing for the translocation to be highly controlled and regulated 

(Cook, Bono, Jinek, & Conti, 2007; Kutay & Guttinger, 2005; Radu, Blobel, & Moore, 

1995). 
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FIGURE 1.1 CLASSIC PATHWAY FOR NUCLEAR TRANSPORT. Starting at the top in a 

clockwise direction, Impα binds to Impβ, the binding in turn exposes the cargo 

binding site allowing the cargo protein to bind and form a trimer. The 

Impβ∙Impα∙cargo trimer is then able to transverse through the nuclear pore 

complex to the nucleus. Once within the nucleus, the Impβ is dissociated by the 

binding of RanGTP allowing it to be recycled back into the cytoplasm. The 

Impα∙cargo complex remains in the nucleus and is dissociated by Nup50, which is 

then displaced by CAS (the Impα export factor). Impα is then exported back to the 

cytoplasm as a RanGTP∙CAS∙cargo trimer. RanGAP and RanBP1 can further 

hydrolyse RanGTP once it is within the cytoplasm, releasing both Impβ and Impα 

within the cytoplasm for the following round of nuclear translocation.   
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Impα is a large, highly conserved macromolecule made up of 529 residues which form a 

curved elongated banana shape (see figure 1.2). It is composed of 10 armadillo motifs 

(ARM) which make up the two structurally distinct domains that perform two different 

functions (Conti, Uy, Leighton, Blobel, & Kuriyan, 1998; Huber, Nelson, & Weis, 

1997; Malik, Eickbush, & Goldfarb, 1997). The first domain, the N terminal domain is 

10 kDa in size, binds Impβ, and is therefore referred to as the ImpαIBB (Impα Importin 

Beta Binding) domain. This domain not only binds to the Impβ, but also serves as an 

autoinhibitor for Impα (Gorlich, Henklein, Laskey, & Hartmann, 1996; Kobe, 1999; 

Rexach & Blobel, 1995; Yano, Oakes, Yamaghishi, Dodd, & Nomura, 1992). The ARM 

repeats are further classified as H1, H2 and H3 which consist of 3 αhelices. These are 

encoded by a ~40 Amino Acid motif (Riggleman, Wieschaus, & Schedl, 1989). When 

Impα is not bound to Impβ there are key basic residues (49KRRNV53) within the domain 

that are found to be commonly occupying the major binding site that is intended for 

NLS recognition. Binding assays have shown that the cNLS affinity to Impα is 

significantly increased when the IBB domain is removed from the Impα, or if the full 

length Impα is bound to Impβ. This occurs as the formation of the heterodimer allows 

for the cNLS-binding site to become exposed and therefore allowing the cargo protein 

to bind within the major site. Structural studies of full length Impα show that the IBB 

domain is somewhat unstructured, and hence only a section of it is visible in the Impα 

full length structure (Gorlich et al., 1996; Kobe, 1999; Malik et al., 1997; Tarendeau, 

Boudet, Guilligay, Mas, Bougault, Boulo, Baudin, Ruigrok, Daigle, & Ellenberg, 2007; 

Weis, Ryder, & Lamond, 1996).  

The second domain of Impα, known as the C terminal domain, is 50 kDa in size, and 

contains the recognition sequences that enables the binding and transportation of a large 

number of cargo proteins containing an NLS. The structure of Impα has previously been 

solved in human, mouse and yeast, all displaying the curved banana like structure 

formed by the ARM repeats. It is within these ARM repeats that the binding sites for the 

NLS on cargo protein is found. The binding of NLSs to Impα are classified as either 

monopartite (one) or bipartite (two) (Conti et al., 1998). The binding groove is 

composed primarily of tryptophan and asparagine residues which are highly conserved 

amongst a number of Impα homologues including human, mouse and yeast (Dias, 

Wilson, Rojas, Ambrosio, & Cerione, 2009; Kobe, 1999; Tarendeau et al., 2007). The 

two binding grooves are separated by a disruption of the tryptophan and asparagine on 
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the 5th and 6th ARM repeats, it is this disruption that gives rise to the two binding sites 

within the groove (Tarendeau et al., 2007).  

The primary binding site, regularly referred to as the major binding site, is located on 

residues contained with ARM repeats 1-4 along the inner grove. The minor binding site 

is mainly utilised for binding the second basic cluster of bipartite NLSs and involves 

ARM repeats 6-8. Structural studies have shown that it is possible for a monopartite 

cNLS containing protein to bind to both the major and minor binding sites, but have 

been shown to bind the major site more favourably. Bipartite NLS binding always 

utilises both major and minor sites, with the large basic cluster binding to the major site 

and the smaller basic cluster binding to the minor site (Conti & Kuriyan, 2000; Conti et 

al., 1998; Fontes, Teh, & Kobe, 2000; Kosugi, Hasebe, Matsumura, Takashima, 

Miyamoto-Sato, Tomita, & Yanagawa, 2009). Although the actual binding sites are 

conserved amongst cargo protein cNLSs, the interactions within the linker region are 

generally poorly conserved and mutations within this region generally do not affect the 

transportation to the nucleus, (see table 1.1). The linker region must contain a minimum 

of 11 amino acids to have the highest possible binding affinity to Impα, allowing for 

both basic clusters to bind to Impα in its extended form (Dingwall & Laskey, 1991). 

Due to a large number of structures of Impα and cargo proteins being elucidated by a 

number of groups, the specificity of the binding pockets has been well studied. These 

structures show a highly conserved mechanism for the binding and recognition of the 

NLSs. the studies showed that it was important to have a general naming of binding 

positions within pockets, as the binding sites are all within the inner surface of the 

Impα. These positions are termed P1-P5 within the major binding site and P1’ and P2’ 

in the minor binding cavity used by the bipartite cNLSs (Chen et al., 2005; Conti & 

Kuriyan, 2000; Conti et al., 1998; Cutress, Whitaker, Mills, Stewart, & Neal, 2008; 

Fontes et al., 2003; Fontes et al., 2000; Giesecke & Stewart, 2010; Matsuura & Stewart, 

2004, 2005; Tarendeau et al., 2007; Yang et al., 2010)  

Within the major binding site, position P2 is of great importance. It has been shown that 

P2 is best suited to binding a Lys residue. The P2 Lysine has been shown to be highly 

conserved throughout studied bipartite cNLS (Kalderon, Richardson, Markham, & 

Smith, 1984). It is the Thr155 and the Asp192 located in the ARM repeats 2 and 3 that 

mediate this binding. The pocket dimensions appear to be best suited to a Lysine 

residue, as shown in the monopartite SV40 structure. Mutations changing the P2 

position from lysine to a non-basic residue decrease the affinity of Impα to the NLS by 
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~300 fold. The need for the P2 lysine can be seen throughout the elucidated structures, 

showing extensive and specific interactions with the protein at this position. The 

terminal nitrogen of the lysine interacts with the main chain of carbonyl group Gly150 

and the negatively charged side chain of Asp192 and the side chain of the hydroxyl 

Thr155. It should be noted that this is the only salt bridge formed in a monopartite∙Impα 

interaction (Colledge, Richardson, Edge, & Smith, 1986; Hodel, Corbett, & Hodel, 

2001; Kalderon, Richardson, et al., 1984).  

Other positions that have also been well defined are P3 and P5. Like P2, P3 and P5 

display a preference for specific amino acid side chains. They both share a preference 

for side chains such as arginine and lysine which are long and basic. P3 has a preference 

for arginine, as shown in mutational studies. Glu266/Asp276 would be able to 

participate in more favourable electrostatic interactions with a longer arginine side chain 

as shown in the structure (Hodel et al., 2001; Yang et al., 2010).  

P4 has greater tolerance than P2, P3 and P5, however it does show a preference to 

smaller hydrophobic residues even though an arginine would appear to be better suited 

for the interactions (Hodel et al., 2001). The energy contribution from this pocket is 

consistently only ~1/4 of that contribution from P2 position. Several structures that have 

been solved show different residues binding in this pocket, both small hydrophobic and 

hydrophilic residues have been shown to bind, therefore a basic residue is not specific in 

TABLE 1.1 CURRENT CNLS AND NLS SEQUENCES THAT FORM A COMPLEX WITH 

IMPα. Basic clusters within the sequences, in both major and minor binding site, are 

highlighted in red. These clusters are typically observed in Impα∙NLS complexes 

and facilitate binding. Italics indicates sequence not seen within the electron density 

maps and omitted from the crystallographic models.  



7 

 

this position. P1 and P6 display no specific binding to any basic residue as per structural 

data, which is also consistent to previous mutagenesis studies. Both P1 and P6 have 

been shown to bind to a range of side chains of varying sizes and properties eluting no 

distinct trend in binding for either pocket (Catimel et al., 2001).  

Although the minor binding site within Impα has been identified, it has not been defined 

as clearly or thoroughly as the major binding site. The whole minor binding site offers a 

much lower binding energy than the major binding site (Hodel et al., 2001). For 

example, the site offers ~3 kcal/mol increase in free energy which is equal to a single 

residue found in the P3 or P5 major binding pocket. The binding pockets in the minor 

binding site have shown greater consistency with almost all bipartite binding structures 

solved, showing a lysine arginine motif in P1 P2. Any mutations within these residues 

have shown to have an increase of these bipartite binding proteins within the cytoplasm, 

suggesting their necessity in transportation. Within the P1 pocket, residues Thr328 and 

Asp361 have a binding preference to lysine, which is how it is defined. An arginine at 

this position would have more interaction with the Impα side chains due to the 

possibility of extension (Conti et al., 1998).  

Within all the currently solved structures of Impα∙cNLS structures there is a highly 

conserved binding arrangement between the arginine side chain in the N-terminal 

cluster of all the bipartite binding NLSs in P2. This binding register is defined within 

the tryptophan stacking array, located at the base of the groove on ARM repeats 7 and 8 

where the conserved Glu396 and SER360 residues are located. There is an additional 

salt bridge formed in cNLSs that bind in a bipartite manner at the P2 position with the 

side chain from arginine (Moroianu et al., 1996). This arginine also has hydrophobic 

interactions with the highly conserved tryptophan array. Although in the monopartite 

SV40 structure it is visible that a lysine will accommodate into this position, it is more 

favourable for the contact points to place an arginine in this position. 

1.2.1 Current Importin Alpha Structures 

There are a number of Impα structures with varying cargo proteins that have been 

solved at high resolution, mostly involving the use of peptides. The use of peptides is 

due to the flexibility of proteins in crystal structures, and inability to view NLSs bound 

to the major domain of the proteins. Since flexible regions can inhibit crystal packing, 

peptides based solely on the cNLS sequence are commonly used to provide a basis for 
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the interaction between nuclear import receptors and their respective cargo structures of 

the cargo protein. 

 1.2.1.1 Importin Beta∙Importin Alpha IBB 

The full length Impβ in complex with the IBB domain of Impα (PDB ID 1QGK) 

(Cingolani et al., 1999) is currently the only structure of Impα in complex with Impβ. 

This complex acts as an adaptor for other cargo proteins that are then able to bind the 

nuclear transport complex. Due to the Impα IBB domain playing a dual role of auto 

inhibition when not in complex with Impβ, the Impα IBB domain acts similar to a cNLS 

containing highly conserved basic residues. The high resolution structure (2.5Å) of this 

complex shows that the 10 kDa N-terminal domain of Impα is what mediates the 

interaction between the importins. The Impα bound to the flexible Impβ shows that 

Impα opens up the Impβ and the highly conserved basic residues show that the 

interaction has a high similarity to the binding of a cNLS. The high binding affinity of 

approximately 2 nM occurs due to the high number of electrostatic interactions, with 13 

salt bridges formed at the interaction interface. These interactions are formed by 

interactions between HEAT repeats 7-19 of Impβ and ImpαIBB. In order to maximise 

the interactions of ImpαIBB with that of the acidic surface of Impβ, it adopts a helical 

confirmation in the complex, however when the autoinhibited form is in solution it 

lacks any secondary structural features (Cingolani et al., 1999; Wohlwend, Strasser, 

Dickmanns, & Ficner, 2007).  
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FIGURE 1.2 IMPORTIN-ALPHA A) Cartoon representation of Impα containing 10 

ARM repeats stacked in tandem, producing the elongated “banana” shape. The Impα 

contains a major and minor binding site shown in red and blue respectively B) The 

top figure with the red insert shows nucleoplasmin NLS∙Impα displaying bipartite 

binding and the bottom with blue sticks is SV40 TAG cNLS∙Impα showing 

monopartite binding C) Schematic diagram of Impα ARM repeats shows the H1, H2, 

and H3 helices and where specific binding sites are located.  
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 1.2.1.2 Importin Alpha Bound Structures 

Due to the binding nature of Impα, a large number of structures that have been released 

of Impα are in complex with a synthetic peptide mimicking the full length cNLS 

segment of different cargo proteins. A number of cNLS from structures of Impα in 

complex cNLS have been aligned (see table 1.1) to show how specific the binding to 

Impα is and outlines a few key residues that affect binding.  

There have been two studies that do not use peptides, but rather a larger sequence of the 

cargo proteins. These include the complex structures of Impα with PB2 c-terminal 

domain fragment of 82 residues in length and from the influenza A virus polymerase 

(Tarendeau et al., 2007). The interactions between Impα and CBP80 show regular 

interactions only with the bipartite NLS sequence, and displays all the classical binding 

features of Impα. Although the complex structure of Impα∙PB2 protein fragment 

appears to show typical binding, interestingly, the highly coordinated hydrogen binding 

between residues in Impα (Gly284, Asn 283 and Thr325) and the single Lys718 residue 

in the PB2 fragment do not appear to follow the classical rules of cargo binding. This is 

due to the Lys718 falling outside the bipartite sequence. It is unknown as to what the 

significance of this binding is, however it does demonstrate that there is the potential for 

other cNLS to bind to the Impα in a non-classical way that does not adhere to the 

currently accepted binding of cNLS (Dias et al., 2009; Giesecke & Stewart, 2010). 

1.3 NON-CLASSICAL PATHWAY 

A few cargo proteins by-pass the need to bind to an adaptor protein and use Impβ 

directly. This pathway, known as the non-classical pathway, is similar to the classical, 

with the main exception being the use of an adaptor importin protein.  

Impβ plays a central role in the nucleocytoplasmic cycle due to its ability to bind a wide 

range of proteins. These proteins include Impα, the adaptor protein; Ran; Nups; and a 

vast range of cargo proteins that are all significantly different from each other. What 

allows Impβ to bind such a large range of proteins is the flexibility of the solenoid 

protein allowing for a large surface area for binding (Fukuhara, Fernandez, Ebert, Conti, 

& Svergun, 2004). 
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The structure of Impβ, discussed in section 1.3.1, shows that Impβ has B helices lining 

the inner concave surface of the super helix, consistent with the conserved karyopherin 

family structure (Andrade & Bork, 1995; Chook & Blobel, 1999; Matsuura & Stewart, 

2004; Vetter, Arndt, Kutay, Gorlich, & Wittinghofer, 1999). A number of studies have 

shown that Impβ has many binding sites throughout the helices, see figure 1.3. Different 

cargo proteins bind at different points along the Impβ. There are currently more than 4 

structures of Impβ in complex with cargo proteins, and these high resolution structures 

highlight the flexibility of the binding that Impβ possesses.   

FIGURE 1.3 IMPORTIN-BETA INTERACTIONS Schematic diagram showing the 

interaction locations of cargo proteins and Impβ (yellow). Red is PTHrP, grey is 

with αIBB, blue shows the interaction with snIBB, and green represents SREBP-2.   



12 

 

1.3.1 Importin Beta Structure 

The structure of Impβ has been thoroughly studied with both fragments and full length 

constructs solved by X-ray crystallography. In addition, Impβ has been solved in 

complex with a range of different binding partners such as Ran, nucleoporins and 

various cargo protein including the Impα IBB domain, SREBP-2, PTHrP, and others. In 

2010, the full length structure of Impβ was solved at high resolution and the structure is 

like many of the other karyopherins in the β-Karyopherin superfamily. The karyopherin 

superfamily members are made up of tandem amino acid repeat sequence motif, first 

found in Huntington Elongation factor 3 PR65/A subunit of protein phosphatise 2A and 

the TOR lipid kinase, and are now known as HEAT repeats. Each HEAT repeat in Impβ 

is made up of an A and B helix, and arranged in a manner such that there are 19 HEAT 

repeats stacked in tandem containing an N-terminal CRIME motif. It is this motif that 

allows for the binding of Ran (Forwood et al., 2008; Lee et al., 2000). The β-

karyopherin superfamily contains over 20 human isoforms and 14 yeast isoforms, all 

containing a high sequence identity only in the N-terminal CRIME (Crm1, Importinβ 

etc) motif, the rest of the sequence exhibits low sequence homology. The full length 

structure shows high flexibility which allows for the binding of many different types of 

proteins (section 1.3.2). In previous studies conducted using Small Angle X-ray 

Scattering (SAXS), Impβ is seen to represent an elongated S shape similar to that of the 

Cse1 conformation in high resolution. Other members from the Impβ family have also 

been crystallised in an unbound state, and structures resemble both open and closed 

confirmation of the protein. The crystal structure of full length Impβ confirms that in an 

unbound state, the structure is more CRM1 which is slightly more closed than 

previously suggested in the SAXS data. The difference in these structures and 

formations is solely due to the flexibility of Impβ (Cansizoglu & Chook, 2007; 

Cingolani, Lashuel, Gerace, & Muller, 2000; Fukuhara et al., 2004). This is evident in 

section 1.3.2 where various structures of full length Impβ bound to cargo protein are 

discussed.  

The conformation of Impβ is vastly different in various structures which exhibits the 

flexibility of Impβ. In complex structures such as when it is bound to αIBB (Cingolani 

et al., 1999) and snIBB (Bhardwaj & Cingolani, 2010; Mitrousis, Olia, Walker-Kopp, & 

Cingolani, 2008) it is a small compact coiled architecture, however Impβ is in more of 

an elongated form when bound to SREBP2 (Lee et al., 2003) and PTHrP (Cingolani, 

Bednenko, Gillespie, & Gerace, 2002) and yet when unbound it is in a more open, but 
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less elongated structure. These structures show the conformational flexibility that is 

displayed by the Impβ superhelix showing how it is able to adopt different 

conformations, allowing it to form the required helicoid pitch and length to bind the 

wide range of cargo proteins, and also bind the partners used to maintain the recycling 

of Impβ throughout the nuclear cytoplasmic transport pathway.  

This flexibility is even seen within the different molecules that are present in multiple 

copies within the asymmetric unit or in different crystal forms. An example of this is the 

snurportin-1 IBB∙Impβ structure (Bhardwaj & Cingolani, 2010; Mitrousis, Olia, 

Walker-Kopp, & Cingolani, 2008). This shows that the Impβ molecules in the 

asymmetric unit can vary up to 20Å between HEAT repeats 12-19. The Impβ∙ImpαIBB 

complex also shows the high flexibility as the structure has been solved in two different 

crystal forms (Cingolani et al., 2002). These structures show the Impβ superhelix is able 

to adopt an overall different structure in both pitch and curvature. However the 

individual HEAT repeats remain unchanged in these complexes. The movement and 

flexibility in Impβ is bought about by the movement between the HEAT repeats as 

opposed to the actual repeats.   

The acidic loop, or HEAT repeat 8 which is composed of mainly acidic residues, is 

mutually exclusive to binding either the cargo protein to transport into the nucleus from 

the cytoplasm or binding of Ran which is responsible for the dissociation of cargo 

protein. This dissociation mechanism occurs by the binding of Ran causing a 

conformational change in the acidic loop. This conformational change causes the 

dissociation of the cargo protein to occur (Fried & Kutay, 2003; Mosammaparast & 

Pemberton, 2004; Weis, 2003).  

1.3.2 Current Importin Beta Bound Structures 

 Impβ is lined by B helices in the inner concave surface of the superhelices. This is 

consistent with all the karyopherin family. Structural data of Impβ in complex with 

cargo proteins shows that Impβ contains a number of binding sites within the concave 

interior of the protein, see figure 1.4. Different contact points are visible between four 

main structures, Impβ∙Impα IBB domain, Impβ∙snurportin IBB domain, Impβ∙PTHrP 

the Parathyroid related protein, and Impβ∙SREBP-2 a transcription factor.  
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1.3.2.1 Importin Beta∙SREBP-2 

Sterol Regulatory Element-Binding Protein 2 or SREBP-2 is a transcription factor that 

regulates biosynthesis in the cell (Sakai, Nohturfft, Goldstein, & Brown, 1998). 

SREBP-2 is cleaved to release a small water-soluble N-terminal domain molecule when 

cellular sterol levels are reduced to low levels in a cell. It is the small water soluble 

molecule that is actively transported into the nucleus by Impβ. Once within the nucleus 

SREBP-2 is able to bind to DNA and upregulate enzyme expression that is involved in 

sterol biosynthesis. Binding of Impβ and SREBP-2 occurs mainly through the 

hydrophobic interactions on the B-helices of HEAT repeats 7-19. The transcription 

factor SREBP-2 binds as a homodimer to Impβ (Lee et al., 2003; Sakai et al., 1998).  

The structure (PDB ID 1UKL) (Lee et al., 2003) shows that the SREBP-2 dimer 

between residues 343-403 displays a helix-loop-helix zipper domain. Within the 

complex, the Impβ super helix is orientated perpendicular to the helix-loop-helix 

domain of SREBP-2. HEAT repeats 7-17 clamp the SREBP-2 dimer in a pinch like 

fashion, much like chopsticks, allowing for the binding between the two samples to 

occur (Lee et al., 2003). The confirmation that is observed in the crystal structure of the 

Impβ whilst in complex is elongated, twisted and open allowing for the positioning of 

the SREBP-2 dimer. This accommodating structural change is different to other 

complexes when compared to the Impβ∙SREBP-2 structure.  

1.3.2.2 Importin Beta∙PTHrP 

Parathyroid Hormone-Related Protein in complex with Impβ fragment (only HEAT 

repeats 1-11) is another structure that has been solved in high resolution. The PTHrP is 

expressed in a range of tumours and is also a peptide hormone that has endocrine, 

autocrine/paracrine and intracrine actions. With critical cellular function, the 

transportation of PTHrP by Impβ into the nucleus is necessary (Vargas et al., 1992).  

The Interactions between PTHrP and Impβ differ greatly with the interactions of 

SREBP-2 and Impβ, with the main difference being the interaction between the main 

chain of PTHrP and Impβ being primarily electrostatic, not hydrophobic like the 

SREBP-2 complex structure. This occurs by the lining of the Impβ surface with an array 

of Gln and Asn residues which bind via hydrogen bonds to the extended formation of 

the PTHrP peptide. PTHrP runs parallel to the Impβ superhelix differing from the 
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formation of the SREBP-2. The binding of Impβ and PTHrP occurs at HEAT repeats 2-

11. The binding of within the HEAT repeats is divided into 3 binding segments that 

differ. HEAT repeats 2-7 show to bind the N-terminus of the PTHrP NLS (residues 67-

79) and is placed as a β-strand like structure, HEAT repeats 8-10 are shown to bind the 

central moiety of the PTHrP NLS (residues  80-86) which are pictured as a rigid arch. 

The final HEAT repeats 8-11 bind the c-terminal region of PTHrP (residues 87-93), this 

segment is shown as an extended strand in the structure. Although there appears to be a 

slight overlap of HEAT repeats 7-11 with the binding sites of PTHrP and mImpαΔIBB, 

the architectural structure and binding mechanism have significant differences (Bayliss, 

Littlewood, & Stewart, 2000; Cingolani et al., 1999; Forwood et al., 2008; Lee, 

Matsuura, Liu, & Stewart, 2005; Vetter et al., 1999).  

1.3.2.3 Importin Beta∙Snurportin1 

Impβ binds the IBB domain contained within snurportin -1 (snIBB) (PDB ID 2P8Q) 

(Mitrousis et al., 2008). This binding resembles the binding between Impβ and 

ImpαIBB domain. Structurally these complexes both appear to have a closed 

confirmation (Mitrousis et al., 2008; Wohlwend et al., 2007). SnIBB binds to Impβ in 2 

locations. HEAT repeats 7-11 have interaction with the N-termianl of snIBB with 

residues 25-40, with HEAT repeats12-19 interacting with the snIBB helix located 

between residues 41 and 65. The structure shows extensive wrapping of the HEAT 

repeats around the basic residues of the snIBB helix. By binding to the IBB domain of 

adaptor molecules, Impβ becomes resistant to proteolytic cleavage (Cingolani et al., 

1999; Mitrousis et al., 2008).  

1.4 OVERALL PROJECT AIMS 

Both the molecular mechanism and the fundamental processes that govern classical and 

non-classical transport pathways have been well established within literature. Numerous 

structural studies have aided in the elucidation of the interactions that mediate this 

process. These studies, and in turn the structures, have been pivotal in understanding of 

both these pathways, and many of the regulating factors associated with them. This 

highlights the need to further understand the molecular interactions that occur between 

cargo protein and nuclear import receptors. This study aims at solving high resolution 

structures of cargo proteins that utilise classical and non-classical pathways, in complex 
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with nuclear import receptors. This will provide an enhanced understanding of various 

viral diseases and genetic conditions at a molecular level. Moreover, elucidating the 

high resolution structures and analysis of the binding interfaces will provide a platform 

for the design of inhibitors that could be used as potential drug targets. This study has 

successfully produced four high resolution protein complex structures and one high 

resolution protein structure of a protein and an inhibitor that can potentially be 

optimised for use as a therapeutic agent.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 BUFFERS SOLUTIONS AND CULTURE MEDIA 

The buffers and solutions described in section 2.1 were prepared using reverse osmosis 

deionised water. All culture media and solutions were sterilised by autoclaving for 20 

min at 121oC. The buffers in table 2.3 that were used for purification were filter 

sterilised by passage through 0.22 micron sterilisation filters into pre-autoclaved bottles.  

Table 2.1 Solutions used for DNA Work 

Solution/Buffer Composition/ Company 

TAE (50x) 2 M Tris, 5.7% glacial acetic acid, 50 mM EDTA 

DNA Loading dye 6x DNA loading Dye (Fermentas) 

Syber stain (Invitrogen) 

Ethidium Bromide (Sigma) 

DNA Ladder Gene Ruler (Fermentas) 

 

Table 2.2 Culture media and agars  

Solution/ Buffer Composition 

Luria-Bertani Broth (LB) 10 g/L tryptone; 5 g/L yeast extract;10 g/L NaCl 

LB + AMP Broth  10 g/L tryptone; 5 g/L yeast extract; 10 g/L NaCl; 100 

ug/mL ampicillin 

LB + SPEC Broth 10 g/L tryptone; 5 g/L yeast extract; 10 g/L NaCl; 100 

ug/mL Spectinomycin 
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LB + KAN Broth 10 g/L tryptone; 5 g/L yeast extract; 10 g/L NaCl; 50 ug/mL 

Kanamycin 

LB Agar 10 g/L tryptone; 5 g/L yeast extract; 10g/L NaCl; 15 g/L 

agar 

LB + AMP agar 10 g/L tryptone; 5 g/L yeast extract; 10 g/L NaCl; 100 

ug/mL ampicillin; 15 g/L agar 

LB + SPEC agar 10g/L tryptone; 5 g/L yeast extract; 10g/L NaCl; 100 ug/mL 

Spectinomycin; 15 g/L agar 

LB + AMP + SPEC agar 10 g/L tryptone; 5 g/L yeast extract; 10 g/L NaCl; 100 

ug/mL ampicillin; 100 ug/mL Spectinomycin; 15 g/L agar 

Auto-induction Media 10 g/L tryptone; 5 g/L yeast extract; 1x NPS; 1x 5052; 1 

mM MgSO4 

NPS (20x) 0.5 M (NH4)2SO4; 1 M KH2PO4; 1 M Na2HPO4  

5052 (50x) 25% Glycerol; 2.5% Glucose; 10% -lactose 

 

Table 2.3 Buffers and solution used for protein manipulations and purification 

Buffer/Solutions Composition / Company 

Coomasie Blue  0.2% Coomassie brilliant blue R-250; 40% ethanol; 10% 

glacial acetic acid 

Destain Buffer 10% ethanol; 10% glacial acetic acid 

SDS-PAGE Sample 

Buffer  

Novex 2x Tris-Glycine (Invitrogen) 

SDS-PAGE running 

Buffer  

1x MES Running Buffer (Invitrogen) 
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His (Nickel) Buffer A 50 mM phosphate buffer pH 8.0; 300 mM NaCl; 20 mM 

imidazole 

His (Nickel) Buffer B 50 mM phosphate buffer pH 8.0; 300 mM NaCl; 500 mM 

imidazole 

GST Buffer A 50 mM Trizma pH 7.4; 125 mM NaCl 

GST Buffer B 50 mM Trizma pH 7.4; 125 mM NaCl; 10mM reduced L-

glutathione 

S200 elution Buffer 20 mM Trizma pH 7.4; 50 mM NaCl 

 

2.1.1 Bacterial Strains 

Table 2.4 Bacterial strains used and their genotypes 

E. coli Strain Genotype 

Top10 F-, mcrA, (mrr-hsdRMS-mcrBC), f80lacZM15, 

lacX74, deoR, recA1, araD139, (ara-leu)7697, galU, 

galK, rspsL, endA1, nupG 

BL21 (DE3) F-, ompT, hsdSB(rB-mB-), gal, dcm(DE3) 

BL21(DE3) pLysS F-, ompT, hsdSB(rB-mB-), gal, dcm(DE3) pLysS (CamR) 

BL21 STAR (DE3) F-, ompT hsdSB (rB-mB-), gal dcm rne131(DE3) 

 

2.1.2 Oligonucleotides 

Table 2.5 Oligonucleotides used in this study 

Primer Name Sequence (5’-3’) 

SOX2_FWD TACTTCCAATCCAATGCCGACGCGGTCAAGCGGCCC 
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Primer Name Sequence (5’-3’) 

SOX2_REV TTATCCACTTCCAATGTTACAGCGTGTACTTATCCTTCTT

CATGAGC 

SOX9_FWD TACTTCCAATCCAATGCCCACGTCAAGCGGCCCATGACC 

SOX9_REV TTATCCACTTCCAATGTTACTTCACCGACTTCCTCCGCC 

SRY_FWD TACTTCCAATCCAATGCCGATAGAGTGAAGCGACCCATGAA

CG 

SRY_REV TTATCCACTTCCAATGTTACTTCGGCAGCATCTTCGCCTTC 

RSV_FWD TACTTCCAATCCAATGCCATGGAAACATACGTGAACAAACT

TCACG 

RSV_REV TTATCCACTTCCAATGTTAATCTTCCATGGGTTTGATTGCA

AATCG 

RVP_FL_FWD TACTTCCAATCCAATGCCATGAGCAAGATCTTTGTCAATCC

TAGTGC 

RVP_FL_REV TTATCCACTTCCAATGTTAGCAAGATGTATAGCGATTCAAG

TCATCTTG 

RVP_189_FWD TACTTCCAATCCAATGCCACCAATGAAGAGGATGATCTATC

AGTG 

RVP_189_REV TTATCCACTTCCAATGTTAGCAAGATGTATAGCGATTCAAG

TCATC 

VP3_FWD TACTTCCAATCCAATGCCATGAACGCTCTCCAAGAAGATAC

TCC 

VP3_REV TTATCCACTTCCAATGTTACAGTCTTATACACCTTCTTGCG

GTTC 

NS5_FWD TACTTCCAATCCAATGCCACTTACGAGCCAGATGTTGAC 

NS5_REV TTATCCACTTCCAATGTTACTTCATGGATGGCATGTAGTC 

TRF_337_FWD TACTTCCAATCCAATGCCAAGAAAGAAAGAAGAGTAGGAAC

TCC 

TRF_337_REV TTATCCACTTCCAATGTTAGTCTTCGCTGTCTGAGGAAATC 

TRF_374_FWD TACTTCCAATCCAATGCCAAACATCGAGCTAGAAAAAGACA

GG 
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Primer Name Sequence (5’-3’) 

TRF_374_REV TTATCCACTTCCAATGTTAGTCTTCGCTGTCTGAGGAAATC 

PTHrP_FL_FWD TACTTCCAATCCAATGCCATGCAGCGGAGACTGGTTCAGC 

PTHrP_FL_REV TTATCCACTTCCAATGTTAGCGAGTTCGCCGTTTTTTCTTT

TCC 

PTHrP_102_FWD TACTTCCAATCCAATGCCAGATACCTAACTCAGGAAACTAA

CAAGG 

PTHrP_102_REV TTATCCACTTCCAATGTTAGCGAGTTCGCCGTTTTTTCTTT

TCC 

Prot_FWD TACTTCCAATCCAATGCCATGGCCAGGTACAGATGCTG 

Prot_REV TTATCCACTTCCAATGTTAGTGTCTTCTACATCGCGGTC 

CREB_FWD TACTTCCAATCCAATGCCAAGAGAGAGGTCCGTCTAATGAA

G 

CREB_REV TTATCCACTTCCAATGTTAATCTGATTTGTGGCAGTAAAGG

TCC 

REV_FWD TACTTCCAATCCAATGCCATGGCAGGAAGAAGCGGAGACAG 

REV_REV TTATCCACTTCCAATGTTATTCTTTAGTTCCTGACTCCAAT

ACTGTAGG 

PGRMC1_FL_FWD TACTTCCAATCCAATGCCATGGCTGCCGAGGATGTG 

PGRMC1_FL_REV TTATCCACTTCCAATGTTAATCATTTTTCCGGGCACTCTC 

PGRMC1_74_FWD TACTTCCAATCCAATGCCACCCCCGCCGAGCTGC 

PGRMC1_74_REV TTATCCACTTCCAATGTTACAGCAGTTTGCCCACGTGATG 

PGRMC1_52_FWD TACTTCCAATCCAATGCCGCGGCCAGCGGCGACAG 

PGRMC1_52_REV TTATCCACTTCCAATGTTAATCATTTTTCCGGGCACTCTCA

TCTTTTG 

mIMPβ_FWD TACTTCCAATCCAATGCCATGGAGCTCATAACCATCCTCG 

mIMPβ_REV TTATCCACTTCCAATGTTAAGCCTGGTTCTTCAGTTTCCTC 

hIMPβ_FWD TACTTCCAATCCAATGCCATGGAGCTGATCACCATTCTC 

hIMPβ _REV TTATCCACTTCCAATGTTAAGCTTGGTTCTTCAGTTTCCTC 

KAP95_FWD TACTTCCAATCCAATGCCATGTCCACCGCTGAATTTGCTC 
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Primer Name Sequence (5’-3’) 

KAP95_REV TTATCCACTTCCAATGTTATAAGGATAATTGACGCTTCTGTT

GC 

pMCSG17_SEQ_FWD CAGCACATGGACAGCCCATC 

pMCSG17_SEQ_REV GAGTGCGGCCGCAAGC 

pMCSG21_SEQ_FWD AGATATACATATGCACCATCATCATCATC 

pMCSG21_SEQ_REV GAGTGCGGCCGCAAGC 

hIMPβ_1__REV_INT GCCGGTAAGTTTCTGTACCCAATGTC 

hIMPβ_2_INT CTGAACTCATTGGAGTTCACCAAAGC 

hIMPβ_3_INT GTAGGCAGAATTTGTGAGCTGCTTC 

hIMPβ_4_INT CCAGGTTTGTTTGGCAGCTGTG 

KAP95_1_REV_INT GGTCAGCGCGTTAGTTTTAATTTGG 

KAP95_2_INT GTGTGAAAGTGCAGACCCTCAAAGTC 

KAP95_3_INT CATTATGGATGGCCCTGATAAGGTC 

KAP95_4_INT GGTAAAGGATTTGAGAAATACCTGGAAAC 

mIMPβ_1_REV_INT CCAGCCACACACTGTGAGGCC 

mIMPβ _2_IN CCAGACACAAGGGTAAGAGTGGCTG 

mIMPβ_3 _INT GGCTGAAGCTGCGTATGAAGCTG 

mIMPβ_4 _INT GATATTGCTCTTGCCATTGGTGGAG 

 

2.1.3 Molecular Biology Kits 

Two kits were used for molecular purposes in this study. The QIAGEN QIAprep Spin 

MiniPrepKit and the QIAGEN QIAquick Gel Extraction kit, were used in the 

preparation of plasmid DNA and the agarose gel extraction respectively.  

2.1.4 Plasmids 

A variety of plasmids were used in this study. Table 2.6 lists the names, protein encoded 

and a brief description of the plasmids. 
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Table 2.6 Plasmids used in this study 

Plasmid Name Protein Encoded Description  

pGEX2T: SRY-12 hSRY-GST fusion protein Contains the HMG domain 

of SRY cloned into the 

BamH1 site downstream 

from the PtacI promoter 

and the GST gene, with a 

thrombin cleavage site 

located in between. An 

encoded Ampicillin 

resistance gene allows for 

bacterial selection. 

pGEX2T: GST-yKap95p Kap-95-GST fusion 

protein 
Contains yImpβ cloned 

into the BamH1 site as per 

SRY above. 

pGEX2T: GST-mImportin-

beta 

mImpβ-GST fusion 

protein 
Contains mImpβ cloned 

into the BamH1 site as per 

SRY above. 

pDEST14: His-

hSRY(HMG) 

SRY-6His fusion protein Contains the HMG domain 

of SRY and a 6x histidine 

tag cloned into the BamHI 

site downstream form the 

T7 bacteriophage 

promoter. An encoded 

ampicillin resistance gene 

allows for bacterial 

selection. 

pMCSG17: RSV Respiratory Syncytial 

virus matrix protein Full 

length 

Contains the full length 

RSV cloned into the LIC 

site, downstream from the 
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T7 bacteriophage promoter 

and S-tag domain, with a 

TEV cleavage site located 

between the S-tag domain 

and LIC site. An encoded 

ampicillin resistance gene 

allows for bacterial 

selection. 

pMCSG17: VP3 Chicken anaemia virus 

viral protein 3 Full length 

Contains full length viral 

protein 3 from Chicken 

anaemia virus in the LIC 

site as described for RSV 

above. 

pMCSG17: NS5 Dengue NS5 RNA 

polymerase domain 

containing NLS 

Contains the RNA 

polymerase domain cloned 

into the LIC site, as 

described in RSV above. 

pMCSG17: PTHrP (102) Parathyroid hormone 

related protein 66-108 

Contains parathyroid 

hormone-related protein 

isoform 1 cloned into the 

LIC site, as described in 

RSV above. 

pMCSG17: CREB cAMP response element-

binding protein bZIP 

domain 

Contains CREB cloned 

into the LIC site, as 

described in RSV above. 

pMCSG17: SOX2 hSOX2 HMG + NLS 

domain 

Contains the human HMG 

domain of SOX2 cloned 

into the LIC site, as 

described in RSV above. 
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pMCSG17: SOX9 hSOX9 HMG + NLS 

domain 

Contains the human HMG 

domain of SOX9 cloned 

into the LIC site, as 

described in RSV above. 

pMCSG17: PGRMC1(FL) Progesterone receptor 

membrane component 1 

Full Length 1-191  

Contains the Full length 

human PGRMC1 cloned 

into the LIC site, as 

described in RSV above. 

pMCSG17: PGRMC1(74) Progesterone receptor 

membrane component 1, 

74-171 

Contains Cyt B5 domain 

of human PGRMC1 

cloned into the LIC site, as 

described in RSV above. 

pMCSG17: PGRMC1(52) Progesterone receptor 

membrane component 1, 

52-191 

Contains PGRMC1 

without the 

Transmembrane domain 

cloned into the LIC site, as 

described in RSV above. 

pMCSG21: mImpβ mImpβ  Contains mImpβ cloned 

into the LIC site, 

downstream from the T7 

bacteriophage promoter 

and 6x His affinity tag, 

with a TEV cleavage site 

located between the 6x His 

tag domain and LIC site. 

An encoded spectinomycin 

resistance gene allows for 

bacterial selection. 
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pMCSG21: hImpβ hImpβ Contains hImpβ cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG21: yImpβ yImpβ Contain yImpβ cloned into 

the LIC site, as described 

in mImpβ above. 

pMCSG21: SOX9 hSOX9 HMG + NLS 

domain 

Contains human HMG 

domain of SOX9 cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG21: SOX2 hSOX2 HMG + NLS 

domain 

Contains human HMG 

domain of SOX2 cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG21: SRY SRY Contains the human HMG 

domain of STY cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG21: CREB cAMP response element-

binding protein bZIP 

domain 

Contains CREB cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG21: VP3 Chicken anaemia virus 

viral protein 3 Full length 

Contains full length viral 

protein 3 from Chicken 

anaemia virus cloned into 

the LIC site, as described 

in mImpβ above. 

pMCSG21: PGRMC1(FL) Progesterone receptor 

membrane component 1 

Contains the Full length 

human PGRMC1 cloned 
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into the LIC site, as 

described in mImpβ above. 

pMCSG21: PGRMC1(74) Progesterone receptor 

membrane component 1 

Contains Cyt B5 domain 

of human PGRMC1 

cloned into the LIC site, as 

described in mImpβ above. 

pMCSG21: PGRMC1(52) Progesterone receptor 

membrane component 1 

Contains PGRMC1 

without the 

Transmembrane domain 

cloned into the LIC site, as 

described in mImpβ above. 

pMCSG24: mImpβ mImpβ Contains mImpβ cloned 

into the LIC site, 

downstream from the T7 

bacteriophage promoter 

and GST affinity tag, with 

a TEV cleavage site 

located between the GST 

tag domain and LIC site. 

An encoded spectinomycin 

resistance gene allows for 

bacterial selection. 

pMCSG24: hImpβ hImpβ Contains hImpβ cloned 

into the LIC site, as 

described in mImpβ above. 

pMCSG24: yImpβ yImpβ Contain yImpβ cloned into 

the LIC site, as described 

in mImpβ above. 
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2.2 CELL BIOLOGY METHODS 

2.2.1 Transformation of Chemically Competent Escherichia coli 

Chemically competent E.coli cells were transformed with plasmid DNA using the heat 

shock method. Plasmid DNA (1 µL) was added to company competent bacterial cells 

(50 µL) and placed on ice for approximately 30 min, allowing the plasmid to diffuse 

across the perforated membrane. The cells are then heated to 42oC for 45 sec, then 

placed on ice for 2 min to seal the plasmid membrane. LB (500 µL) at 37oC was added 

to the cells and then incubated for 1.5 h whilst shaking at 225 rpm, allowing the cells to 

recover and for all genes including antibiotic resistance to be translated. The 

transformed cells were plated out (100 µL) onto LB agar plates with the desired 

antibiotic for screening. Plates were then incubated overnight at 37oC and examined for 

colonies the next day. Negative control plates, with no added plasmid DNA, were run 

simultaneously, this would test the efficiency and selectivity of the transformation.  

2.3 DNA WORK 

2.3.1 Plasmid Amplification 

To obtain high quantities of plasmid DNA the QIAPrep miniprep kit was used and the 

manufacturer’s instructions followed. The plasmid DNA was amplified by culturing a 

single colony of previously transformed Top10 E.coli cells in 5 mL of LB solution with 

the desired antibiotic. These cultures were incubated overnight at 37oC whilst shaking 

(225 rpm). To harvest the bacterial cells, they were spun down at 8000 rpm for 2 min, 

then resuspended in 250 µL buffer P1 (containing RNase). The E.coli cells were then 

subsequently lysed using 250 µL of buffer P2 (containing LyseBlue reagent) and the 

genomic DNA was precipitated by the addition of 350 µL of buffer N3. 

2.3.2 Plasmid Separation and Visualisation 

Separation of DNA plasmid was achieved by electrophoresis in 1-1.5% agarose gels 

containing 0.01 mg ethidium bromide per 50 mL of agarose. Gels were run using a 

horizontal slab apparatus and run at 70 V for approximately 2 h. Samples were prepared 

using 6X DNA loading dye and were run alongside Fermentas GeneRuler DNA ladder 

for size comparison. DNA fragments were visualised under fluorescent UV light and 

photographed.   
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2.3.3 Gene Amplification by Polymerase Chain Reaction (PCR) 

Target DNA sequences were amplified by PCR to be used for cloning. LIC specific 

primers were designed for each target gene, with additional nucleotides added to create 

a complementary overhang with the vector that was used in the cloning procedure. The 

additional nucleotides for the forward primers are 5' TACTTCCAATCCAATGCC3' 

and the reverse primers 5' TTATCCACTTCCAATGTTA3'.  A number of different 

types of Taq were used with a variety of different thermal cycles. These can be seen in 

tables 2.7 – 2.10.  

Table 2.7 HotStarTaq DNA polymerase reaction components 

Reactants Volume  Final Concentration 

Autoclaved distilled H2O 21 µL N/A 

HotStarTaq 25 µL 2.5 units HotStarTaq 

1xPCR buffer 

200 µM of each dNTP 

Primer FWD (10µM ) 1.5 µL 0.3 mM 

Primer REV (10µM ) 1.5 µL 0.3 mM 

Template DNA  1 µL <1 µg/50 µL 

 

Table 2.8 HotStarTaq Thermal cycle process 

Cycle step Temperature (°C) Time (m) Cycles 

Initial activation 95 15 1 

Denature 94 1 30 

Anneal 58 1 

Extend 72 3 (1 min/kb) 

Final extension 72 10 1 

Hold 4 ∞ 1 
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Table 2.9 Platinum Pfx DNA polymerase  

Reactants Volume Final Concentration 

Autoclaved distilled H20 38 µL N/A 

10x Pfx amplification buffer 5 µL 1x 

50mM MgSO4 1 µL 1 mM 

10mM dNTP mixture  1.5 µL 0.3 mM 

Forward primer 1.5 µL 0.3 µM 

Reverse primer 1.5 µL 0.3 µM 

Template DNA  1 µL <1 µg/50 µL 

Platinum Pfx DNA polymerase 0.5 µL 1.0 units 

 

Table 2.10 Platinum Pfx thermal cycle process 

Cycle step Temperature (°C) Time (s) Cycles 

Initial denature 94 120 1 

Denature 94 15 30 

Anneal 55 30 

Extend 68 180 (60 sec/kb) 

Hold 4 ∞ 1 

2.3.4 DNA Cloning by Ligation Independent Cloning (LIC) 

Ligation independent cloning (LIC) was selected as the preferred method of cloning 

based on a number of cost and efficiency factors. Aslanidis & de Jong (1990) developed 

a basic protocol, reported to be a more efficient and reliable system than conventional 

cloning protocols. Eschenfeldt et al., (2009) further developed the system by modifying 

the pMCSG7 vector. They showed that these vectors could be used for both the 

production of a single purified protein, and also co-expression and purification. These 

studies demonstrated that the LIC procedure can allow the efficent and cost effective 

insertion of a desired target gene, without having to work with restriction enzymes. This 
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allows a range of vectors to be utilised, including pMCSG17, pMCSG21 and 

pMCSG24, in medium throughput, as well as cloning of genes that may otherwise 

contain internal restriction enzyme sites. These procedures are outlined below. 

2.3.4.1 Linearization of Vector DNA 

Restriction enzyme SspI was used to linearise the vector. An SspI cleavage site is 

located within the LIC site of all the vectors. Vector DNA (approximately 15 µg) was 

incubated with 1x SspI buffer (Promega) and 160 U of SspI restriction enzyme (HC, 

GQ; Promega) at 37oC for 2 h.  

2.3.4.2 DNA Gel Extraction 

QIAGEN gel extraction kits were used. Gel extracts were weighed with 3x volumes of 

buffer QG added to 1x volumes of gel weight (100 µL ~ 100 mg). Samples were 

incubated at 50oC for 10 min with vortexing every 2 min. One gel volume of 

Isopropanol was then added before the sample was placed in the columns provided. 

Columns were spun for 1 min at 13000 rpm and repeated until the whole sample was 

spun down. Buffer QG (500 µL) was added and a further 1 min spin at 13000 rpm was 

performed. 750 µL of buffer PE was placed in the column and another 1 min spin at 

13000 rpm was performed. Buffer EB was carefully placed in the centre of the 

membrane and left to rest for 1-5 min. The column was then spun to elute the amplicon.   

2.3.4.3 T4 DNA Polymerase Treatment 

Linearised vector DNA (2.3.4.1) and extracted PCR products are treated with T4 DNA 

polymerase (LIC qualified; Novagen) with a corresponding single nucleotide, creating a 

15 base pair overhang. The linearised vector DNA was incubated with T4 DNA 

polymerase and dGTP (Promega). This permits the T4 DNA polymerase to begin the 

exonuclease activity by hydrolysing nucleotides from the 3' ends. The reaction is 

stopped once a guanosine residue is reached, with the whole process creating 15 base 

pair overhangs. The PCR product undergoes the same process with the difference being 

that T4 is added in the presence of dCTP (promega). The 15 base pair overhang created 

on the vector and the PCR product are complimentary to each other. The Reagents and 

volumes can be seen in table 2.11. Samples were incubated in a BioRad S1000 Thermal 

Cycler (BioRad) for 30 min at 22oC then heated a further 20 min at 75oC and then 4oC 

until ready for annealing as outlined in section 2.2.4.4.  
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Table 2.11 T4 treatment of vector DNA 

Product Volume 

Vector DNA 300 ng x µL (x+y=32 µL) 

T4 polymerase 10x reaction buffer 4 µL 

dGTP (100 mM) 1 µL 

DTT (100 mM) 2 µL 

Sterile Water y µL (x+y=32 µL) 

T4 DNA polymerase 1 µL 

Total Volume 40 µL 

 

Table 2.12 T4 treatment of PCR products containing target genes 

Product Volume 

PCR product plasmid 60 ng x µL (x+y=32 µL) 

T4 polymerase 10x reaction buffer 4 µL 

dCTP (100 mM) 1 µL 

DTT (100 mM) 2 µL 

Sterile Water y µL (x+y=32 µL) 

T4 DNA polymerase 1 µL 

Total Volume 40 µL 

 

2.3.4.4 LIC Annealing 

Upon completion of T4 treatment (2.3.4.3), both the PCR product and vector DNA were 

combined using approximately 1 ng of PCR product and 15 ng of vector DNA. Samples 

were placed into a sterile 1.5 mL tube and were then incubated on ice for 30 min.  
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2.3.5 DNA Linearization using Restriction Enzymes 

Linearisation of the pMCSG vectors was completed using restriction endonucleases. A 

variety of different restriction enzymes were used for a variety of reasons, each 

restriction enzyme has a reaction buffer for optimal performance. The buffer used for 

each enzyme can be seen in table 2.13. Samples were added to reagents as per table 

2.14. Samples were then heated to 37oC for 2 h. Samples were then visualised by gel 

electrophoresis as per 2.3.2.   

Table 2.13 Restriction enzyme buffers and company 

Enzyme Buffer used Company 

NdeI 10x buffer4 New England Biolabs 

BamHI 10x buffer3 New England Biolabs 

SspI 10x bufferE Promega 

 

Table 2.14 Restriction enzyme reaction volumes  

Sample Volume 

Vector DNA 15 µg 90 µL  

10x Buffer E 10 µL 

SspI  2 µL 

Total Volume 102 µL 

 

Sample Volume 

Vector DNA  5 µL  

10x Buffer 2 µL 

Sterile H2O 12 µL 
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Nde1 or BamHI 1 µL 

Total Volume 20 µL 

2.3.6 DNA Sequencing 

Recombinant plasmid DNA sequencing was used to confirm the insertion of target 

genes within the vector. Recombinant plasmid DNA samples were sent to the Australian 

Genome Research Facility. The plasmid DNA samples were sent as requested by AGRF 

and contained 0.5 µg of plasmid and 3.2 pmol of the corresponding sequencing primer. 

Samples were sent in a 1.5 mL tube at ambient temperature.  

2.4 PROTEIN WORK 

2.4.1 Protein Expression 

Protein expression was conducted by using auto induction media. Transformed cells 

(sample dependent) containing the recombinant vector were placed in 5 mL of LB 

broth, with the antibiotic required for the individual protein. Starter cultures were then 

incubated overnight at 37oC whilst shaking at 225 rpm. Auto induction media (500 mL) 

was inoculated using 1mL of the overnight starter culture. Flasks were grown overnight 

at room temperature whilst shaking at 90 rpm. Cells were harvested, once OD600 3-10 

had been reached, by centrifugation at 6000 rpm for 30 min. Pellets were then 

resuspended in wash buffer to a total of 50 mL. Resuspended cell pellets were then 

stored at -20oC until required for purification. 

2.4.2 Protein Extraction 

Resuspended pellets, made in section 2.4.1 and frozen, were lysed by completing a 

double freeze thaw cycle. Following the second thawing process cells were subjected to 

20 g of Lysozyme (Sigma) and DNase (Invitrogen). The samples were then incubated at 

room temperature for 30 min. Cell debris was then removed from soluble protein by 

spinning the sample at 12000 rpm for 30 min. The supernatant, containing the soluble 

protein, was then filtered through a 0.45 µM low protein binding filter (Millipore). 

These samples are then ready to be purified as per section 2.4.4. 
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2.4.3 Protein Gel Electrophoresis on Polyacrylamide Under Denaturing 

Conditions (SDS-PAGE) 

At every stage during the protein purification process, samples were analysed using 

SDS-PAGE. The samples, as described in table 2.15, collected at various stages during 

the purification process were run on a precast 4-12% polyacrylamide BisTris gel 

(Invitrogen) and were run using 1x MES buffer. Samples were loaded with a molecular 

marker, Precision Plus Proteins Standards (BioRad). Gel electrophoresis was run at 150 

v for 1 h. Gels were stained using Coomasie Blue Stain for approximately 3 min and 

then destained using destain buffer. Samples that were loaded onto gels are described in 

table 2.15, as well as how they were prepared prior to loading. 

Table 2.15 Samples used in Protein Gel Electrophoresis 

Sample  Sample description Sample preparation 

Whole Cell Extract 

(WC) 

Sample taken after cell 

lysis but before 

centrifugation. 

10 µL of sample to 40 µL of 

sample buffer (Invitrogen). 

Sample was boiled for 5 min, 

vortexed for 5 min and then 

centrifuged for 2 min at 14000 

rpm. 

Crude Extract 

(CE) 

Sample taken just prior to 

loading on the FPLC. 

As per Whole Cell Extract. 

Flow through (FT) The washed out unbound 

sample during affinity 

chromatography. 

As per Whole Cell Extract. 

Peak The protein elution peak 

once elution buffer has 

been added to the column. 

10 µL of sample to 10 µL of 

sample buffer (Invitrogen). 

Sample was ready to be loaded 

directly into gel. 



37 

 

TEV/Thrombin This refers to sample once 

the tag has been removed 

by either TEV protease or 

Thrombin as per section 

2.4.4.3. 

As per Peak Sample. 

S200  Sample is taken once size 

exclusion chromatography 

has occurred. 

As per Peak sample. 

Concentrated 

sample (Conc. 

Sample) 

This is the sample that 

was collected from the 

size exclusion 

chromatography after 

concentration as per 

section 2.4.4.5. 

5 µL of sample of 5 µL of sample 

buffer (Invitrogen). Sample is 

ready to be loaded directly onto 

the gel. 

 

2.4.4 Protein Purification 

2.4.4.1 Glutathione Affinity Chromatography 

The crude extract containing the soluble GST tagged protein (2.4.2) was loaded onto a 

20 mL GST-Sepharose affinity column (GE-Healthcare), attached to an AKTA FPLC, 

that had been previously equilibrated with GST buffer A (table 2.3). After injection and 

once a steady baseline is achieved, GST tagged protein that had bound to the matrix was 

eluted by the addition of GST buffer B (table 2.3). Both the flow through sample and 

the peak sample is collected for SDS-PAGE analysis as per section 2.4.3. 

2.4.4.2 Nickel Affinity Chromatography 

The crude extract containing the soluble His tagged protein (2.4.2) was loaded onto a 5 

mL Ni-Sepharose IMAC column, His Trap HP (GE Healthcare) that had been 

prewashed with His buffer A (table 2.3). The column was then washed with 10-15 

column volume washes until all unbound sample was washed out and a steady baseline 

was achieved. Bound His-tagged protein was eluted by adding His buffer B (table 2.3) 

that increased the concentration of imidazole from 20 mM to 500 mM in a 2-step slow 

increase procedure.   
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2.4.4.3 Affinity Tag removal 

As tagged recombinant proteins were purified using an AKTA purifying system, elution 

profiles were used to collect the fractions containing the desired protein. These fractions 

were pooled together and incubated at 4oC overnight with Thrombin or TEV protease 

(vector dependent) cleaving the tag.  

2.4.4.4 Size Exclusion Chromatography 

Partially purified and cleaved protein samples were loaded onto a superdex 200 size 

exclusion column (GE Healthcare) that had been pre-washed with GST buffer A (table 

2.3). Protein was eluted in GST Buffer A at a flow rate of 5 mL/min. The elution profile 

shows what fractions contain the >95% pure recombinant protein. A sample of the 

fractions that contained the purified protein were taken for analysis using SDS-PAGE, 

as per section 2.4.3 to determine exact purity. 

2.4.4.5 Protein Sample Concentration  

Purified recombinant protein (section 2.4.4.4) was concentrated down to 1 mL using an 

Amicon ultra-15 centrifugal filter (Millipore) with a 10 kDa molecular weight cut off. 

Sample is placed in a tube and spun at 3500 rpm for 30 min until a volume of 1mL was 

reached. Sample was aliquoted and stored at -80oC. 

2.4.5 Crystal Trials and Optimization 

Concentrated protein samples were crystallised using the hanging drop vapour diffusion 

technique. Screens and optimizations were conducted in 48 well (500 µL, 22 mm 

diameter) plates (Hampton Research) using 22 mm diameter siliconized coverslides 

(Hampton Research). Drops consisted of 1.5 µL of protein solution (in GST Buffer A) 

and 1.5 µL of reservoir solution. Crystal screens used include Crystal Screen I and II 

(Hampton Research), PEG/Ion Screen I and II (Hampton Research), PACT premier 

(Molecular Dimensions) and ProPLEX (Molecular Dimensions).  

All conditions were prepared for crystal optimizations in 50 mL stocks, filter sterilised 

(0.2 µm) and stored at room temperature in the dark. PEG solutions were made at a 50% 

(w/v) stock and were not filtered due to high viscosity.   
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CHAPTER 3 

MEDIUM THROUGHPUT CLONING, 

EXPRESSION & PURIFICATION OF 

RECOMBINANT PROTEINS INVOLVED IN 

NUCLEOCYTOPLASMIC TRANSPORT 

3.1 INTRODUCTION 

A large number of proteins are transported from the cell cytoplasm to the nucleus, 

performing important roles including DNA replication, gene regulation, and packaging 

of DNA into histones. The translocation across the nuclear envelope occurs through the 

nuclear pore, a process dependent on both the presence of an accessible nuclear 

localisation signal (NLS) present on the cargo protein, and importins, the receptor 

molecules that bind NLSs and mediate transport through the nuclear pore complex 

(Cronshaw et al., 2002; Forwood et al., 2008; Rout & Wente, 1994). The two families 

of receptors that recognise these NLSs are Impα, in the classical pathway, and Impβ in 

the non-classical pathway. Whilst there have been some recent reports of binding 

determinants involved in importin:NLS recognition, particularly with Impα, there is 

relatively limited information regarding the interactions with Impβ to NLS containing 

proteins (Forwood et al., 2010). To better understand this process, a wide range of 

Impβ-mediated nuclear proteins were recombinantly expressed to determine the X-ray 

crystallographic structure of these proteins in complex with Impβ. This required the 

medium to high throughput cloning of the respective genes into bacterial expression 

vectors. Traditional cloning involves the use of restriction enzymes to generate ends 

compatible with ligation into plasmid vectors, however this method can be time 

consuming as is not always efficient, and has limitations if the gene sequence contains 

any internal restriction sites. A more efficient approach and one that is amenable to 

cloning in medium to high throughput, is ligation independent cloning (LIC) (Aslanidis 
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& de Jong, 1990; Eschenfeldt et al., 2009). This cloning process was established in the 

laboratory for the first time during this project, and was used to successfully clone a 

large array of genes in different co-expression vectors.  

This chapter describes the processes and results of recombinant LIC, the expression and 

purification of Impβ in complex with a range of binding partners, and the testing of 

other expression vectors, including those containing solubilising fusion tags to optimise 

bacterial expression.  

3.2 TARGET SELECTION AND DESIGN OF OLIGONUCLEOTIDE PRIMERS 

FOR CLONING 

The proteins chosen in this study were previously determined to be imported into the 

nucleus through the direct interaction with Impβ. These proteins included a range of 

different transcription factors, including SRY (Sanchez-Moreno, Coral-Vazquez, 

Mendez, & Canto, 2008; Sim et al., 2005; Werner, Huth, Gronenborn, & Clore, 1995), 

SOX2 (Argentaro et al., 2003), SOX9 (Argentaro et al., 2003; Preiss et al., 2001), TRF 

(Forwood & Jans, 2002), PTHrP (Vargas et al., 1992), VP3 (Poon, Oro, Dias, Zhang, & 

Jans, 2005), RVP (Moseley, Filmer, DeJesus, & Jans, 2007; Rowe et al., 2016) CREB 

(Forwood, Lam, & Jans, 2001), REV (Pouton, Wagstaff, Roth, Moseley, & Jans, 2007), 

NS5 (Pryor et al., 2007). Primers were designed using the Express primer tool 

(http://tools.bio.anl.gov/bioJAVA/jsp/ExpressPrimerTool/), as per Eschenfeldt et.al., 

(2009), to incorporate LIC compatible sequences at the 3’ and 5’ end of the PCR 

products, enabling efficient cloning into the pMCSG vectors (see table 2.5 for primer 

details). This program allows the addition of nucleotides specific to the target gene as 

well as calculating an optimal Tm and primer length for LIC. The flanking nucleotides 

required to create a 15 base pair overhang complementary to that of the vector is also 

incorporated into the primer design within the program. The sense primer has an 

additional 2 nucleotides so that the sequence remains in the correct reading frame, while 

the anti-sense primer incorporates a stop codon to prevent any translation of the vector 

sequence. The gene regions to be amplified are described in table 2.6, and all contain 

the NLS region within either the entire full length protein, or a domain fragment of the 

protein, giving a total of 18 targets. 
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3.3 DNA AMPLIFICATION 

Gene regions encoding the desired fragments were amplified by PCR as described in 

section 2.3.3. From a total of 21 gene products to be amplified, 18 encoding 

transcription factors (table 3.1), and 3 encoding nuclear import receptors, a total of 16 

and 3 could be PCR amplified respectively. Amplification for most of the target genes 

was successful using reagents outlined in table 2.7 and procedure described in table 2.8.   

TABLE 3.1 TARGET CARGO PROTEINS and their corresponding size 

Target Protein Size (kDa)  Target Protein  Size (kDa) 

RSV 28  TRF (374) 8 

RVP (FL) 33  REV 13 

RVP (189) 12  PTHrP (FL) 17 

VP3 13  PTHrP (102) 5 

SOX2 11  Protamine 7 

SOX9  10  CREB 6 

SRY 10  PGRMC1 (FL) 22 

NS5 73  PGRMC1 (74) 11 

TRF (337) 12  PGRMC1 (52) 16 

3.4 LIGATION INDEPENDENT CLONING 

LIC, shown in figure 3.1, of the 16 gene products amplified in section 3.3 was 

performed as summarised in table 2.3.4. Three vectors, pMCSG17, pMCSG21, and 

pMCSG24 were chosen based on the antibiotic resistance and tags to allow for co-

expression and/or co-purification and were obtained from the Midwest Centre for 

Structural Genomics. The pMCSG17 vector contains an S-tag and an ampicillin 

resistant gene, pMCSG21 contains a His tag and encoded spectinomycin resistance, and 

pMCSG24 contains a His and GST tag and also a spectinomycin resistance gene. All 

three contain a TEV cleavage site for the tag removal after purification. 
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FIGURE 3.2 VECTOR MAPS Vectors displaying highlighted features and 

corresponding amino acid sequences. Both vectors display identical cloning 

sites containing a TEV cleavage site and a LIC region that contains an SspI 

cleavage site. pMCSG17 contains a single tag for purification, whilst pMCSG21 

contains a His tag. 
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FIGURE 3.3 SSPI TREATED VECTORS  

Each gel contains a marker, a sample of 

uncut vector used as a control, a sample 

that was treated with NdeI, and a sample 

that has been treated with the enzyme SspI 

(sample excised). 

To prepare the plasmids for cloning, a restriction digest with SspI was first performed to 

linearise the plasmid, followed by T4 DNA polymerase treatment required to create the 

required 15bp overhangs. Vectors treated with Ssp1 included pMCSG17, pMCSG21 

and pMCSG24, all of which contain the same multiple cloning site. A vector cleavage 

control sample was run at the same time using NdeI to check both the efficiency of the 

incubation time and temperature and to assist in confirming the size of the SspI 

linearised band on a 1.5% agarose gel as per section 2.3.2. Optimisation was required 

due to star activity of the Ssp1 endonuclease, producing multiple fragments despite the 

presence of only one single restriction site. Figure 3.3 shows the DNA electrophoresis 

following band excision to minimise DNA exposure to UV light. 
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3.4.1 DNA Electrophoresis and Gel Extraction 

The PCR products that were amplified (section 3.3) using the LIC specific primers 

(table 2.5) were separated by agarose gel electrophoresis (section 2.3.2) with the 

agarose gel concentration at 1%.  Samples were extracted from the agarose gel as per 

section 2.2.4.2 and the concentration measured using a UV-1800 spectrophotometer 

(Shimadzu). Readings were taken at 260 nm and concentration converted to ng/µL. 

After trialling different enzymes, PCR conditions and templates, of the 18 gene targets, 

3000 

10000 

1000 
500 

3000 

10000 

1000 

500 

3000 

10000 

1000 

500 

FIGURE 3.4 PCR PRODUCT AND GEL EXTRACTION 1% agarose gel stained with 

ethidium bromide. Amplified PCR products have been excised from gel prior to 

purification by gel extraction. 
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16 were successfully PCR amplified. The two products that could not be amplified 

included REV and PTHrP full length (figure 3.4). These samples were not continued in 

the cloning process.  

3.4.2 T4 Treatment of the Plasmid Vector and Gene Inserts  

T4 treatment of the vector and PCR amplified gene products produce complimentary 

15bp overhangs that are utilized in the ligation reaction. This treatment follows 

separation and extraction of the DNA products from an agarose gel, and absorbance 

measured to determine the concentrations of the respective samples. Typically, 

concentrations varied between 30 to 300 ng/µL.  

3.4.2.1 Vector 

The concentration of each of the plasmid vectors (pMCSG17, 21 and 24) were 

determined to be 230, 72.5, and 302 ng/µL respectively. Following published 

recommendations using 200 ng of vector in the final reaction volume, the first round of 

ligation resulted in no successfully ligated DNA products (table 3.2 shows the amounts 

of vector used in reaction) (Eschenfeldt et al., 2009). Following discussion with the 

authors of the manuscript, these amounts were increased and trialled between 300 and 

600 ng.  The reaction, using final volumes as per table 3.2, were set up as per table 2.11 

and incubated as per section 2.3.4.3.  

Table 3.2 Vector Concentrations 

Vector 
Concentration 

(ng/μL) 

Initial amount 

used in reaction  

Final amount 

used in reaction  

pMCSG17 230 0.9 µL 1.5 µL 

pMCSG21 72.5 2.8 µL 5 µL 

pMCSG24 302 0.7 µL 1 µL 

 

3.4.2.2 Target gGene 

T4 DNA polymerase treatment of PCR products was performed in the same manner and 

contained 60 ng in the final reaction (Eschenfeldt et al., 2009). Similar the vector DNA, 

this final concentration was determined from trial and error since the initial quantities 

suggested in the manuscript failed to yield successful clones. Once the concentrations 
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were adjusted the samples were subjected to T4 polymerase and dCTP as per table 2.11 

and were incubated for the same time and temperature as the vector (2.3.4.3).  

3.4.3 LIC Annealing 

Annealing of the T4 treated vector and T4 treated PCR product was performed by 

adding 15 ng of vector and 1 µL (1 ng) of PCR product. Samples were added to a 1.5 

mL tube and incubated on ice as per section 2.3.4.4. The importin gene fragments 

(mouse, human and yeast) were all annealed with both pMCSG21 and pMCSG24, and 

all genes encoding cargo proteins were incubated for annealing with pMCSG17. The 

difference in vector allowed for the subsequent experiments to occur in a medium 

throughput format, and for individual protein expression and purification if necessary.  

3.4.4 Transformation and Plasmid Amplification 

Newly formed plasmids from section 3.4.3 were transformed into chemically competent 

company Top10 E.coli cells (Invitrogen) as per section 2.2.1 with two major changes. 

Replacement of LB media with SOC media (Invitrogen) and recovery time reduced to 

45 min. These changes were made as company cells were used in place of “in-house”, 

laboratory made cells. Cells were then incubated overnight as per protocol. 

Amplification of the plasmids occurred the following day to check of the insertion of 

the correct sequence, the amplifications were completed as per section 2.3.1. Gene 

amplification was performed on 2-10 colonies as per section 2.3.3, table 2.7 and 2.8. 

Samples were screened for the insert to decide which samples would be used for 

sequencing. Samples were amplified using the specific primers to check if the desired 

samples were present, working on the basis that specific primers (table 2.5) for samples 

would only amplify if cloning of the sample was successful, with no mutations 

introduced during the cloning process. Plasmids were visualised on a 1% agarose gel as 

per 2.3.2. Positive plasmids were then ready for sequence confirmation.  

3.5 SEQUENCE CONFIRMATION 

Using the amplified plasmid of the colonies that were confirmed to have the positive 

inserts, samples were sequenced by the Australian Genome Research Facility as per 

section 2.3.6. Plasmids were sent with the corresponding forward and reverse primer. 

After 2 rounds of LIC, the list of positive samples as seen in table 3.3 were continued 

towards protein expression and purification.  
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Table 3.3 Confirmed samples in pMCSG Vectors 

pMCSG17 pMCSG21 pMCSG24 

RSV mImpβ mImpβ 

RVP hImpβ hImpβ 

VP3 yImpβ yImpβ 

NS5  

PTHrP (102) 

CREB 

SOX2 

SOX9 

 

3.6 EXPRESSION 

Expression of recombinant proteins can occur using a number of methods. As this 

process was to be a medium-high throughput style, project parameters were set out so 

that the expression process would be streamlined. Proteins were grown in auto-

induction media at room temperature and other conditions previously refined based on 

expression efficiency experiments conducted previously in the laboratory (data not 

shown).A large scale expression trial was conducted to ensure that samples would 

express prior to beginning large scale co-expression. Failing co-expression, individual 

expression of the proteins with co-purification would be used to purify complexes in a 

1:1 ratio. The samples for the large scale expression trial were prepared as per section 

2.4.1. Cells were lysed to allow for protein extraction to enable SDS-PAGE analysis to 

be conducted on the samples. This would allow for visual confirmation of the over 

expressed recombinant proteins, and allow for further work to be undertaken. Figure 3.5 

shows the large scale expression trial of a number of samples.  
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3.6.1 Co-Expression 

To ensure that a complex between the importin sample and the cargo protein was in a 

1:1 ratio, co-expression was performed. Co-expression was made possible as two 

different vectors were used. These vectors were chosen for use based on Eschenfeldt et 

al., (2009) where the vectors both had different antibiotic resistance and tags for affinity 

chromatography. After the cargo proteins had been checked for over expression in large 

scale, plasmid samples were re-transformed together with Impβ into BL21 STAR (DE3) 

cells (table 2.4) as per section 2.2.1. Both plasmids were added to the same tube of cells, 

and both antibiotics were present in the agar and expression media. Samples that were 

co-transformed contain both spectinomycin and ampicillin. Samples include 

CREB·mImpβ, RSV·yImpβ, RSV·mImpβ, VP3·yImpβ & VP3·hImpβ. Samples were 

expressed in auto-induction media as per section 2.4.1. No samples were taken for 

analysis on SDS-PAGE until purification of the samples occurred. Results and SDS-

PAGE images are shown in section 3.7 for the various proteins.  

FIGURE 3.5 LARGE SCALE EXPRESSION TRIAL Confirmed plasmids from 

section 3.5, were transformed into BL21DE3 Star cells and expressed in Auto 

Induction media at room temp. Target proteins that have overexpressed are 

highlighted in yellow boxes.  
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3.6.2 Protein Expression 

Protein samples were also prepared by purification of single proteins. Vectors that 

contained affinity tags that can be purified on the AKTA were chosen. Some proteins 

that were unable to be cloned into the pMCSG vectors were also expressed in this 

manner using vectors such as pGEX2T. These would then be mixed with the pMCSG 

vector and co-purified.  Samples were transformed into BL21 STAR (DE3) cells (table 

2.4) as per section 2.2.1. Recombinant protein was then over expressed as per section 

2.4.1 using auto induction media. Samples were not taken for SDS-PAGE analysis until 

they were undergoing purification. Results for expression are shown on the gels 

throughout section 3.7. 

3.7 PURIFICATION 

Samples were purified using the AKTA purifier as outlined in section 2.4.4. After 

protein extraction (section 2.4.2) samples were prepared for purification. Samples were 

purified based on the affinity tag present in the vector. Co-expressed samples were 

purified based on the 6x histidine tag (section 2.4.4.2). 

 

CREB·mImpβ co-expressed recombinant protein: mImpβ did not express when co-

expressed with CREB. Although CREB was expressed and was seen to be soluble, it 

was eluted in the flow through sample. This was due to CREB being in the pMCSG17, 

FIGURE 3.6 CREB MIMPβ CO-EXPRESSION 
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which is S-tagged (figure 3.6). It was decided to attempt to co-purify CREB with 

mImpβ that had been previously cloned into pGEXT2T containing a GST tag. Co-

purification of samples showed a great improvement in both the expression of the 

samples and also the purification. The sample was once again purified based on the 

mImpβ, however this time a GST tagged mImpβ was used. The samples were found to 

bind, and although the final concentrated sample did not look 100% pure, it could be 

seen in the gel filtration elution sample that there are little impurities. The extra bands 

can be due to the high concentration of the mImpβ. The mImpβ·CREB complex was 

placed into crystal trials. No crystals formed with any of the available screens. CREB 

was also trialled with yImpβ (GST tagged). Similar results were seen and the sample 

treated the same. No crystals or crystal like formations were observed.  

  

  

 

FIGURE 3.7 CO-

PURIFICATION OF 

CREB·MIMPβ A) GST 

elution profile of the 

complex, yellow box, as a 

single peak B) SDS-PAGE 

analysis of the WC samples, 

yellow box CREB and Red 

box Impβ, that were purified 

on the GST column and then 

s200. The final protein 

complex sample is displaying 

mImpβ breakdown. 

 

 

 

 

 

B 

A 
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NS5∙hImpβ complex was then attempted using the co-purification technique utilizing 

the His tag on hImpβ. The NS5 expressed in pLysS cells however it did not seem to be 

soluble when mixed with hImpβ. Figure 3.8 shows that NS5 is not visible in the whole 

cell sample. A large elution peak was present from the affinity chromatography due to 

hImpβ binding and purification. Due to time and funding constraints, no further 

purification attempts were undertaken on this complex. 

 

RSV recombinant protein was expressed independently of Impβ. Both whole cell 

extracts were mixed together and samples purified by nickel chromatography. Eluted 

sample was cleaved with TEV overnight at 4ºC and then further purified by size 

exclusion chromatography. The samples were then run on SDS-PAGE for analysis. 

Figure 3.9 shows that the RSV protein was overexpressed but was not bound to Impβ. 

The affinity His elution sample and the s200 elution was hImpβ alone.  

FIGURE 3.8 NS5∙HIMPβ CO-PURIFICATION. A) 

His profile of combined WC, elution in yellow 

box in B) s200 profile C) SDS-PAGE of 

purification, yellow box shows NS5 

overexpression in the WC, red box indicates 

where NS5 is not present in the CE. s200 peak, 

green box, is a single band of hImpβ. 

A B 

C 
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VP3 recombinant protein was also expressed independently of the Impβ. The whole cell 

was mixed with a whole cell sample yImpβ, mImpβ and hImpβ. All samples show signs 

of expression. Samples were purified based on the His tag on the Imp. A single elution 

peak was collected from the affinity chromatography. The samples were then cleaved. 

After overnight cleavage with TEV yImpβ and hImpβ samples showed signs of heavy 

precipitate. Samples were spun at 3000 rpm for 1 min to remove precipitate. A sample 

of the precipitate was also analysed. The supernatant was loaded onto the s200 column 

where a single peak was collected with both importins. The VP3∙Impβ samples were 

analysed using SDS-PAGE, see figure 3.10. None of the gel filtration peaks showed to 

contain VP3. All the VP3 disappeared in the precipitate.   

FIGURE 3.9 RSV∙HIMPβ 

PURIFICATION A) His profile 

shows a single peak, yellow box 

B) s200 profile shows 3 peaks. 

The peak in the yellow box was 

collected based on size C) SDS-

PAGE shows no complex from 

s200, green box. 

A

 

B 

C 
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A solubility test was carried out on VP3. A tube of cells was thawed and divided into 4 

equal amounts. Whole cell extract samples of VP3 were then subjected to different 

reagents. Lysozyme, 10% glycerol and fastbreak cell lysis, were individually added to a 

tube containing the whole cell. The tubes containing the whole cell and reagent were 

incubated for 30 min and centrifuged to remove insoluble material. A 10 μL sample, of 

both the whole cell and crude extract, was run on SDS-PAGE for analysis, figure 3.11. 

The SDS-PAGE shows that VP3 was soluble with lysozyme but not with glycerol or 

fastbreak cell lysis. It was decided that due to solubility issues, VP3 was no longer a 

viable target protein to work with. This also showed that VP3 was not binding to the 

importins. Stability of proteins has been shown to improve by binding between proteins. 

Other hard to purify proteins have been placed with stabilising proteins and have been 

found to remain stable. Without a binding partner VP3 was found to be non-soluble.  

FIGURE 3.10 VP3 PURIFICATION WITH 

ALL IMPβ CONSTRUCTS A) yImpβ B) 

hImpβ C) mImpβ. Samples of VP3 seen 

in the WC, yellow boxes, and red boxes 

indicate the VP3 in the precipitate in A 

and B. The VP3sample is then not visible 

in the s200 fractions, green boxes. 

C 

B A 
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PTHrP recombinant protein was expressed using the IPTG method (section 2.4.1), as 

previous expression trials using autoinduction media had failed to express large 

amounts of PTHrP (data not shown). Samples were resuspended in GST buffer A, and 

lysed using procedures described above. Whole cell samples of PTHrP were mixed with 

each of the importins and purified using the His tag on the importins. Due to the size of 

PTHrP it was difficult to assess its presence once lysozyme had been added due to 

identical molecular weights, and once cleaved it was difficult to assess if it was present 

in the final sample due to its small size (~6 kDa). Elution peaks from the His column 

were further purified by size exclusion chromatography. Single peaks were collected 

and analysed by SDS-PAGE, and samples did not appear to contain PTHrP, but rather 

appeared as importins alone (figure 3.12). Further work on PTHrP was not possible due 

to the issues discussed.  

FIGURE 3.11 VP3 SOLUBILITY TEST Samples collected show the 

solubility of VP3, yellow box, is best when cells are lysed with 

lysozyme, green arrow. Increasing the glycerol or adding fast 

break does not increase solubility. 
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Although SRY was unable to be cloned into pMCSG17, it was already in an expression 

vector, pGEX2T (table 2.6). SRY had been previously expressed in a number of cells 

and in both auto induction and IPTG induced media. The highest producing method was 

in pLysS cells using the auto induction method. This was used in this study allowing for 

large quantities of SRY to be produced. Although the purification of SRY had been 

previously trialled in the laboratory it was still purified in a number of ways. This was 

prepared to optimise the purification process. Initially it was loaded onto the GST 

column as per section 2.4.4.1.  

As the affinity tag on vector pGEX2T differed from the affinity tag on the hImpβ co-

purification was an obvious option in terms of purification that would give a high yield 

of soluble protein in a 1:1 ratio. SRY in pGEX2T was injected onto a GST-Sepharose 

affinity chromatography column (GE Healthcare) as per section 2.4.4.1 and the column 

was thoroughly washed using GST buffer A (table 2.3). The washing would remove all 

unbound proteins from the column, followed by loading of the crude extract that would 

contain excess hImpβ. Further washing of the column would remove all excess hImpβ 

that was unbound allowing any eluent to be in a 1:1 ratio. hImpβ·SRY complex sample 

was then eluted from the column using GST buffer B (table 2.3). The SDS-PAGE 

analysis in figure 3.13 shows that most of the hImpβ had washed out as unbound 

protein. The small elution peak seen in the profile in figure 3.13 did not seem to be pure 

hImpβ·SRY. Due to the purity issue and the low concentration of the eluted sample this 

sample was not considered viable for tag removal and/or further purification.  

Other methods of purification were trialled to attempt to increase the yield of complex 

as well as to increase purity. Further investigation into the binding of SRY with 

importins was conducted (SDS-PAGE analysis not shown). This was performed using 

GST tagged SRY divided into 5 tubes. Here it was subjected to 4 different binding 

partners and one tube left as a control. The control was run to check the amount of 

SRY·GST present in each sample. A tube of SRY mixed with yImpβ in His buffer was 

added. No sample was recovered. The following tube containing SRY mixed with 

mImpβ in His buffer produced a sample but it did not contain any mImpβ. The hImpβ 

produced the same results as the mImpβ sample that had been mixed with SRY. The 

final tube contained SRY mixed with His buffer. This produced a much lower yield of 

SRY than the SRY that had been used as a control. From this it was concluded that His 
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buffer affects binding between Impβ and cargo protein, in this case SRY. Due to time 

previously undertaken to purify samples, additional work was not undertaken.  

 

The best way to avoid the complex formation being affected by buffers was to purify 

the sample individually and then run His tagged samples, which are eluted in His buffer 

B  (table 2.2) over the s200 to allow for buffer exchange and then combine the tagged 

purified protein to allow the complex to be formed. This method of purification seemed 

to show some success. However it did then create other issues such as equal ratios of 

Imp to cargo protein, with slight GST contamination. With these complications aside, a 

sample of SRY·hImpβ was obtained at a concentration of 19.5 mg/mL. Figure 3.14 

shows the SDS-PAGE analysis of the complex.  

FIGURE 3.13 SRY·HIMPβ CO-PURIFICATION 

USING GST-SEPHAROSE AFFINITY 

CHROMATOGRAPHY A) GST profile shows the 

first flow through belonging to SRY·GST, yellow 

arrow, and the second flow though belonging to 

hImpβ·His tagged, green arrow B) Samples 

analysed from purification can be seen on the 

SDS-PAGE in the boxes corresponding to the 

arrows. 
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Analysis was completed by SDS-PAGE showed that although the complex was >95% 

pure there were still some impurities. To further purify the complex, a small 1 mL GST 

Sepharose affinity chromatography column was placed at the bottom end of the s200 

column. This would theoretically remove all GST from the final protein complex as it 

eluted from the column. Analysis of this showed that although all the GST had not been 

completely removed, the final complex showed greater purity. Complex samples of 

hImpβ·SRY and yImpβ·SRY were both obtained at high concentrations of 35 mg/mL 

and 20 mg/mL respectively. Figure 3.15 shows the samples during purification as per 

table 2.15. Due to the purity of the complexes produced, they were placed in all 

available crystal trials.  

Crystal trials were set up using the hanging drop vapour diffusion technique with 300 

µL of reservoir solution and 1.5 µL of sample mixed with an equal amount of reservoir 

solution, as per section 2.4.5. A total of 8 plates, each with 48 conditions in each were 

incubated at 23oC.The yImpβ·SRY complex had a single condition in the 8 available 

sparse matrix screens available that showed signs of non-amorphous precipitation after 

7 days, with crystalline precipitate appearing within 14 days. Further optimisations were 

carried out based on the condition containing PEG3350, TRIS pH7, and MgCl2 with a 

250

150

100

75

50

37

25

20

15

10

FIGURE 3.14 SRY·HIMPβ 

COMPLEX. Concentrated sample 

at 19.5 mg/mL. Sample shows a 

large GST tag still present, red 

box. SRY can be seen in the 

yellow box. 
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varied pH and a range of PEG concentrations. No microcrystals were able to be re-

produced with any of the conditions.  

The hImpβ·SRY complex also showed signs of microcrystals within 7 days in Proplex 1 

condition 16 (0.2 M Sodium Chloride, 0.1 M MES pH 6.5, 10% PEG4000). These 

crystals were optimised but no microcrystals were able to be optimised with any of the 

attempts.  

 

3.8 DISCUSSION 

The classical pathway for nuclear import suggests that both Impα and Impβ are required 

for efficient transportation of cargo proteins through the nuclear pore complex. 

However there are a number of proteins that have been shown to achieve efficient 

transportation without the need for the adaptor protein, Impα. These proteins include 

CREB, NS5, RSV, RVP, VP3, SOX2, SOX9, TRF, PTHrP, SRY, and protamine. These 

were the target genes to be included in the medium to high throughput cloning, 

FIGURE 3.15 HIMPβ·SRY YIMPβ·SRY COMPLEXES ON SDS-PAGE Both 

gels show a complex of high purity, >90%. Final complex hImpβ·SRY (red 

box), yImpβ·SRY (yellow box). Green arrows point to the SRY present 

within both complex samples.  
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expression, purification and crystallisation in complex with Impβ. From a total of 

eighteen genes attempted to be cloned into the various expression vectors for 

crystallisation, a total of eight were cloned and fully sequenced, as seen in table 3.3.  

The system that was chosen was based on results by Eschenfeldt et al., (2009). Here it 

was shown that recombinant protein co-expression and purification was efficient for 

producing a complex in a 1:1 ratio. When selecting the expression vectors it was also 

important to find vectors that not only allowed for quick and efficient cloning, but also 

offered flexibility for expression with varying importins and cargo protein. Many 

problems, although not uncommon in protein crystallography, were encountered with 

the recombinant expression and purification of these samples using the protocols 

outlined by Eschenfeldt et al., (2009). Various other expression methods were also 

trialled either using different expression vectors, such as pGEX, and/or expression 

techniques. Samples that worked successfully, including SOX2 and SOX9, SRY and 

NS5, are described in other sections.  

CREB∙Impβ - Although there was strong evidence to suggest that co-expression using 

both the pMCSG21 and pMCSG17 vectors together would allow for the 1:1 expression 

and purification of protein complexes (Eschenfeldt et al., 2009), it was shown to be 

ineffective for CREB. The protein was poorly expressed, and therefore purification for 

crystallographic purposes was not possible. A number of different avenues were trialled 

to optimise expression, including trialling different cell types and media, without 

success. A previous member of the laboratory also examined the effect of expression at 

different temperatures (data not shown), however this did not assist in increasing the 

expression levels. The co-expression of CREB in pMCSG17 with Impβ in a different 

vector, pGEX2T, proved to be more successful. A similar result was seen with co-

expressed CREB∙Impβ, and a protein complex that was >90% pure was achieved as 

seen in figure 3.7. Both samples obtained were placed into all available crystal screens 

(Crystal Screen 1, Crystal Screen 2, PEG/Ion 1, PEG/Ion 2, ProPlex 1, ProPlex 2, 

PACT Premier 1 and PACT Premier 2), but failed to produce crystals. No further work 

was completed with CREB·Importin complexes due to time and funding constraints. 

Future work may include the expression of recombinant protein to give an increased 

final concentration that may produce crystals that are of diffraction quality.  
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NS5∙Impβ - It was well documented that the transportation of NS5 into the nucleus via 

the nuclear pore was mediated completely by Impβ (Pryor et al., 2007). The target gene 

within NS5 RdRp fragment that includes the NLS (251-896) was cloned into 

pMCSG17. Trials using co-transformation and expression were performed within our 

research group by an honours student that I supervised, but failed to yield a protein 

complex. The work completed with this target gene included co-purification with the 

hImpβ. The gel in figure 3.8 shows that the NS5 RdRp did not express in the cells. The 

project was given to a fellow lab member that I was co-supervising to test the 

expression of the protein in a variety of conditions including different cell lines, 

different media base and also different temperatures. What was shown was that NS5 

will only over express in Rosetta cells in IPTG media that is induced when the cells 

have been cooled to 16oC (data not yet published). At this stage, this construct was 

discontinued as work with the optimisation of the protein expression and solubility was 

ongoing. Additional work using smaller domain constructs are described in later 

chapters. 

RSV∙Impβ - The cargo protein was expressed independently of the Impβ in the 

pMCSG17, and the whole cells were then combined and purified via affinity 

chromatography. The eluted sample showed no evidence of RSV, but rather, the RSV 

was found in the flow through during the washing stages of the purification, highly 

indicative of poor binding. This poor binding precluded the ability to study this complex 

by crystallographic approaches, and was discontinued from further study.  

VP3∙Impβ - Similar to RSV, Chicken Anaemia Viral Protein 3 (VP3) full length was 

recombinantly expressed in the absence of Impβ, and the whole cell mixed with hImpβ, 

mImpβ and yImpB. The sample of VP3 proved to be insoluble in normal conditions of 

expression therefore no complex was formed with any of the Impβ. The solubility test 

that was carried out showed there was no solution within the time frame that was 

proposed to deliver the complex in for the solubility of VP3. The target gene was no 

longer used for further experiments due to problems with solubility. Further work that 

could be done with VP3 would include investigating different vectors, lowering the 

temperature of the cells during the inducing phase and using different media bases.  

PTHrP∙Impβ - Previously a small PTHrP peptide (residues 69-94) had been solved in 

complex with Impβ. This structure showed the PTHrP binds to the HEAT repeats 2-11 
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of Impβ with the PTHrP shown to run parallel along Impβ. As we knew that others had 

shown a success rate in the binding, it was now important to try and see the binding and 

interactions of a large portion of the protein (1-144) as opposed to a small peptide (69-

94). Another interest was also to see the binding interactions of the PTHrP with the full 

length Impβ (1-876) not just the first 11 HEAT Repeats (1-485). The interactions that 

were shown were primarily electrostatic. The Impβ is lined with Gln and Asn residues 

that were found to bind to the extended PTHrP by hydrogen-bonds. By having the full 

length Impβ and a longer fragment of the PTHrP, we could see how these bonds 

changed over the course of the structure. PTHrP in pMCSG17 was difficult to purify 

due to the tag, and it was difficult to detect on SDS-PAGE due to its size. Full 

purifications were conducted with all 3 Impβ and no final product showed to contain 

PTHrP, therefore no further work was undertaken. Work in the future could be to re-

clone the PTHrP fragment into a pGEX GST fusion vector where the protein size is 

increased and the purification carried out without the need of combining it with Impβ 

before purification. pGEX is also known to improve solubility of samples. The buffers 

that pGEX vectors would use during purifications may also play a role in binding and 

after expression. Future work involving PTHrP would need to begin with a change in 

vector to assist with expression and solubility, this may also assist with binding.  

SRY∙Impβ - The target gene of SRY (58-140) was not able to be cloned into 

pMCSG17. However SRY that had previously been cloned into pGEX2T had been 

optimised for expression in earlier experiments. This optimisation included different 

expression cells, different media bases and different temperatures. A further round of 

optimisation allowed for the final over-expression of SRY in the pGEX2T to be as high 

yielding as possible. The Impβ that was cloned into pMSCG21 was used to try to 

achieve a complex closer to a 1:1 ratio than previously obtained.  

To overcome dissociation issues encountered with the complex, different buffers were 

trialled to enhance complex formation. Many of the complexes that had previously 

formed with Impβ show to use a buffer with a lower salt concentration than that in His 

buffer B (300 mM). The samples were washed after the initial salt purification and the 

buffers exchanged by placing the sample over the size exclusion column. Samples of 

SRY and Impβ bound (figure 3.15) once the NaCl had been reduced to <50%. Micro 

crystals were produced but were not able to be further optimised. To allow for better 
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quality crystals, an increased purity and higher concentration prep of the SRY∙hImpβ 

sample would be required. Other ways this could be achieved would be to change the 

method of purification. This could be done by attempting to re-clone the SRY HMG 

domain into pMCSG21 and using the His tag to purify, or trying to re-clone into 

pMCSG24 which has a GST tag to help with the solubility of SRY and also a His tag 

for better purification. Other methods may include changing buffers to help stabilise 

SRY once purified. Further work on SRY∙Impβ complex is discussed in Chapter 4.  
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CHAPTER 4 

YEAST IMPORTIN BETA IN COMPLEX WITH 

SRY 

4.1 INTRODUCTION 

Sex-determination in mammals is a genetically controlled process mediated by the sex 

determining region-Y (SRY) on the Y-chromosome. The role of SRY in sex 

determination was first discovered in 1991, and due to its ability to mediate male or 

female development in undifferentiated embryos, it has since been referred to as the 

“genetic switch”.  Over the past decade, considerable research efforts have focused on 

determining the molecular mechanisms by which SRY mediates sex differentiation.  

Crucial experiments such as transfection of SRY into female embryos which cause male 

differentiation, identification of the DNA binding region within the SRY protein, and 

the three dimensional structure of SRY in complex with DNA, have provided important 

insights into these cellular mechanisms.  

The DNA binding domain within SRY is called the High Mobility Group Box (HMG) 

box domain (encompassing residues 57-136). This region is responsible for changing 

the conformation of DNA (Werner, Huth, Gronenborn, & Clore, 1995) leading to helix 

unwinding and minor groove expansion. Most importantly, this interaction causes a 

sharp bend in the DNA of 60-85o (Forwood, Harley, & Jans, 2001; Sim et al., 2005; 

Werner,. et. al., 1995; Wilhelm, Palmer, & Koopman, 2007). The interaction is 

stabilised by both electrostatic and hydrophobic interactions (Forwood et al., 2001; Lu, 

Rawlings, Zhao, & Wang, 2007; Werner et al., 1995), and this binding influences 

transcription by allowing distantly bound proteins to become localised to the promoter 

regions and influence transcription (Forwood et al., 2001; Ross & Capel, 2005; Werner 

et al., 1995).  

Werner et al. (1995) performed multidimensional NMR spectroscopy to determine the 

structure of the SRY∙DNA complex which provided valuable insights into its function 
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as a transcription factor. Most notably were the residues within SRY that were 

responsible for binding DNA.  

FIGURE 4.1 THE PRIMARY STRUCTURE OF SRY is 204 amino acid residues in 

length. The HMG-Box responsible for DNA binding is located between residues 

57-136 and located in the central part of the protein. There are two nuclear 

localisation signals that flank this region, the N-NLS and the C-NLS.  

 

As shown in figure 4.1, SRY contains a highly conserved HMG domain that is common 

throughout both the HMG-1 and the HMG-2 family. This section consists of 80 residues 

and the minor groove of DNA (Forwood et al., 2001; Werner et al., 1995). SRY binds 

specifically to an eight-base pair recognition site (A/TA/TCAA/TG) located within the 

MIS promoter of DNA (Lefebvre, Dumitriu, Penzo-Mendez, Han, & Pallavi, 2007; Oh, 

Li, & Lau, 2005; Wilhelm et al., 2007). While SRY contains a conserved HMG-Box, 

the rest of SRY is not conserved amongst other species. 

Since the function of SRY requires it to be localised to the nucleus, the protein harbours 

signal sequences to mediate its translocation across the nuclear envelope (Sweitzer & 

Hanover, 1996). Interestingly, SRY contains two distinct NLSs that mediate nuclear 

delivery. These NLSs both flank the HMG box and have been shown to act independent 

of each other. Both NLSs are able to target β-galactosidase to the nucleus. However the 

actual reasons as to why SRY has two NLS segments remains unclear; it has been 

suggested that dual NLS segments is necessary in order for the translocation process to 

be efficient (Forwood et al., 2001; Jans, 1995).  

The two NLSs appear to utilise distinct import pathways. The N-terminal NLS directs 

nuclear localisation through a calmodulin-mediated pathway, independent of nuclear 

imports, whilst the C-terminal NLS uses the Impβ non-classical nuclear import 

pathway. The mechanism in which Impβ and SRY bind still remains to be elucidated. 

This chapter describes approaches used to attempt the X-ray crystallographic 

determination of the Impβ∙SRY complex, including optimisation of recombinant 

N C 
N-NLS (65-77) 

Calmodulin binding 
C-NLS (130-136) 

Importin- Binding 

59 130 HMG domain 
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expression and purification, and preliminary structural data that establishes a strong 

platform for the high resolution structure of the yImpβ∙SRY complex. 

4.2 CLONING, EXPRESSION AND HARVESTING OF RECOMBINANT SRY AND 

IMPORTIN-BETA 

The SRY plasmid used for the sample preparation, encoding residues 58-148, was 

originally in pGEX4T1. Previous work conducted using this plasmid showed low 

expression of the SRY protein and also displayed very high instability, even when the 

GST tag was present. It was decided to sub-clone the gene into the pMCSG21 vector, 

allowing expression as a 6-His tagged fusion protein. The gene fragment of SRY 

encoding residues 58-148, and full length Impβ were both cloned into pMCSG21 vector 

as per section 2.3.4.4 using the Ligation Independent Cloning (LIC) method. The 

fidelity of the DNA construct was confirmed via sequencing (section 2.3.6). Both SRY 

and the Impβ were recombinantly expressed in E.coli BL21 (DE3) cells and 

overexpressed in auto-induction media (table 2.2). Cells were grown at room 

temperature for 24 h, harvested via centrifugation at 6000 rpm and resuspended in His 

buffer A (table 2.3).  

The whole cell extract for both constructs were lysed via two freeze thaw cycles with 

the addition of lysozyme and DNase and were both incubated at room temperature for 

30 min as per section 2.4.2. The cell debris was removed by centrifugation and the 

crude sample was passed through a 0.22 micron filter.  

4.2.1 Purification 

The filtered crude extract, containing recombinant SRY protein, was purified, figure 

4.2, using nickel affinity chromatography. The crude extract of SRY was injected onto a 

nickel column, unbound sample removed by washing with His buffer A (table 2.3), and 

eluted using an increasing gradient of His buffer B (table 2.3) over five column 

volumes. Fractions containing the eluted SRY were further purified by size exclusion 

chromatography to remove impurities and buffer exchange in GST buffer A, seen in 

figure 4.2 B. The sample was of high purity (>90%) and sufficient quantity to be 

combined with purified Impβ.  
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Recombinant Impβ, also containing a His-tag and TEV cleavage site, was purified using 

the same procedure as SRY (mImpβ figure 4.2 C and yImpβ figure 4.3). The purified 

fractions that were pooled from the size exclusion chromatography were combined in a 

molar excess of SRY and incubated on ice overnight with the addition of TEV protease 

to cleave the His-affinity tag from both proteins. Following a 12 h incubation period, 

the complex sample was re-purified by size exclusion column to remove all the 

proteolysed tags and any minor impurities, breakdown products, and unbound proteins, 

including the excess SRY (section 2.4.4.4). 

 

FIGURE 4.2 PURIFICATION AND SDS-

PAGE OF SRY•MIMPβ COMPLEX A) FPLC 

size exclusion profile of the purified SRY 

complex. The yellow box highlights the elution 

of the complex from the gel filtration column. 

The green box indicates flowthrough of excess 

SRY. B) SDS-PAGE analysis of the SRY 

complex purification. C) SDS-PAGE analysis 

of the mImpβ purification. The yellow box 

highlights the fractions prior to concentration. 

The final sample was concentrated to 50 

mg/mL and of > 90% purity. 
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Interestingly, following the 12 h incubation there was no noted precipitation, as 

previously observed in the absence of the binding partner Impβ. As seen in figure 4.2 

and 4.3, the proteins remained stable throughout the purification, and the final 

concentrated samples were of high purity (>95%) for both SRY∙yImpβ and 

SRY∙mImpβ, and were both measured on the nanodrop and found to be at a final 

concentration of 25 mg/mL and 44 mg/mL respectively. 

4.2.2 Crystallisation 

Both protein samples were screened for crystallisation against all eight available crystal 

screens as per section 2.4.5. Whilst conditions produced promising phase separation 

within a few days, neither samples resulted in crystals in the first week of trials.  

  

FIGURE 4.3 PURIFICATION 

AND SDS-PAGE ANALYSIS 

OF SRY•YIMPβ COMPLEX  

A) Size exclusion 

chromatography of the final 

complex, yellow box. Green 

box indicates where unbound 

SRY would elute, B) SDS-

PAGE of final pure complex, 

located within the yellow 

box, had a concentration of 

25 mg/mL. 
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SRY∙mImpβ - micro crystals appeared after 4 months, as shown in figure 4.4. These 

crystals were optimised, and produced large crystals within two weeks (see figure 4.5). 

The crystals ranged in shape and size based on the pH of the buffer. Further 

optimisation of the crystals was undertaken, figure 4.6 A, and similar sized crystals also 

formed. A range of crystals were sent to the Australian Synchrotron for screening and 

data collection.  

 

A 

B 

FIGURE 4.4 CRYSTAL OPTIMISATION 

SRY•MIMPβ A) Original Crystals in 

100 mM MES pH6.5, 1 M ammonium 

sulfate B) Table used to optimise the 

growth of the crystals. Crystals were 

seen after 12 weeks and were sent to 

the Australian Synchrotron to check if 

they were protein or salt.   
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SRY∙yImpβ - After 8-12 weeks small crystals were seen in one condition. A single hit 

was obtained for this sample in condition 44 of the PACT premier 2 screen. 200 mM 

sodium sulfate, 100 mM BisTris Propane pH8.5, 20% PEG3350. Further optimisation 

and crystal formation took approximately 8-12 weeks, and the crystal size increased 

with optimisation, figure 4.7.  One crystal was flash frozen in cryoprotectant of mother 

liquid substituted with 25% glycerol and sent to the Australian Synchrotron MX2 

beamline for diffraction.  
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D8 E4 E7 

F1 

B4 B8 C5 C7 

D6 

FIGURE 4.5 OPTIMISED 

CRYSTALS of mImpβ∙SRY were 

produced from the table in figure 

4.4 and letter and number in the 

corner indicate which wells they 

were produced in. 
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FIGURE 4.6 OPTIMISED CRYSTALS 

further optimisation gave similar 

crystals A) the optimisation 

template B) crystal images, white 

letters and numbers correspond to 

the well that they were produced in.  

B 

B7 B8 C1 

A 



 

74 

 

 

 

4.3 DATA COLLECTION  

Flash frozen crystals of both complexes, from section 4.2, were sent to the Australian 

Synchrotron and diffracted on the MX2 beamline using BLU-ICE software (McPhillips, 

McPhillips, Chiu, Cohen, Deacon, Ellis, Garman, Gonzalez, Sauter, Phizackerley, et al., 

2002), figure 4.8. The best diffraction for SRY∙mImpβ was at 14 Å. In contrast, 

diffraction of SRY∙yImpβ extended to 3.3 A, and a full 180o of diffraction data was 

collected at 1o oscillations. To allow for the visualisation of the structure the data was 

integrated using iMosFlm. Integration data was then scaled and converted using Scala 

(Evans, 2011) and Truncate (Winn et al., 2011). Phases were then determined using 

 

  

FIGURE 4.7 CRYSTAL OPTIMISATION of SRY·yImpβ after two optimisations, 

figure A) final optimisation conditions, adapted from previous optimisations, 

figure B & C) diffraction quality crystals produced from conditions in A.  
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molecular replacement and density, fitting SRY, was built in manually and refined 

using COOT and REFMAC (Emsley et al., 2010; Murshudov et al., 2011).  
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E D 

A C B 

FIGURE 4.8 OPTIMISED CRYSTALS can be 

seen in figure A. B) Crystal from A mounted 

at the Australian Synchrotron during data 

collection C) is after 90o rotation of crystal in 

B. D & E) are the Diffraction Patterns for the 

crystal in B and C respectively. E shows that 

the diffraction is not as strong as D and 

together with figure C it shows that the crystal 

is showing radiation damage.  
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4.4 STRUCTURE DETERMINATION AND REFINEMENT 

Diffraction images were integrated and scaled to a maximum resolution of 3.3 Å in 

iMOSFLM (Collaborative Computational Project, 1994), with an Rmerge of 0.1019 

(current data statistics are summarized in table 4.1) (Adams et al., 2010). Refinement to 

acceptable and publishable values of less than 0.3 Rfree have stalled, not uncommon for 

poorly diffracting crystals. Possible reasons include incorrect space group and/or 

disordered crystals. Better diffracting crystals are required for structure determination, 

but could not be pursued during the timeframe of this study. 

Table 4.1 Data Collection and Refinement Statistics for SRY∙yImpβ  

Wavelength 1.008 

Resolution range (Å) 34.66  - 3.3 (3.418  - 3.3)a 

Space group C 2 2 21 

Unit cell dimensions (Å) a=130.4 b=168.56 c=171.6 α=90 β= 90 γ=90 

Total reflections 54302 (5351)a 

Unique reflections 27867 (2754)a 

Multiplicity 1.9 (1.9)a 

Completeness (%) 0.97 (0.97)a 

Mean I/sigma(I) 5.82 (1.25)a 

Wilson B-factor 81.88 

R-merge (%)b 0.1019 (0.6378)a 

R-meas 0.1441 (0.902)a 

CC1/2 0.991 (0.493)a 

CC* 0.998 (0.813)a 

Reflections used in refinement 27859 (2754)a 

Reflections used for R-free 1391 (123)a 

R-work 0.2701 (0.3642)a 

R-free 0.3335 (0.4208)a 
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CC(work) 0.924 (0.547)a 

CC(free) 0.949 (0.299)a 

Number of non-hydrogen atoms 8880 

  macromolecules 8831 

Protein residues 1159 

RMS(bonds) 0.010 

RMS angles (o) 1.79 

Ramachandran favored (%) 82 

Ramachandran allowed (%) 12 

Ramachandran outliers (%) 5.9 

Rotamer outliers (%) 9.8 

Clashscore 41.76 

Average B-factor (Å2) 114.53 

  macromolecules 114.79 

  solvent 67.46 
a
Numbers in parenthesis are for the highesthest-resolution shell  

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  

4.5 DISCUSSION 

SRY requires the use of Impβ for successful translocation from cytoplasm to the 

nucleus. For SRY to be transported to the nucleus, it harbours two NLSs that flank the 

HMG domain. The C-terminally located NLS binds to Impβ directly, and does not 

require the nuclear import receptor Impα. The interface and binding determinants 

between SRY and Impβ still remains to be resolved and x-ray crystallography is the best 

experimental approach to provide this information at atomic resolution. 

The results from this study show that the recombinant expression and purification of 

yeast and mouse Impβ and SRY can be achieved successfully through recombinant 

expression in E. coli. This was achieved through an iterative process of optimisation to 

produce a pure complex, stable at high concentrations. Purification attempts in buffers 
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containing high salt (300 mM), phosphate buffer (pH 8.0), and imidazole (500 mM) 

were shown to be unsuccessful. In contrast, buffers with lower salt concentrations (125 

mM) allow complex formation, highlighting the importance of buffer screening to 

promote protein preparations suitable for crystallography. Purification profiles 

presented in figure 4.2 and 4.3 show a single peak where the complex eluted from the 

final size exclusion. SDS-PAGE analysis of both samples, figure 4.2 and 4.3, showed 

the samples were of high purity, and of good standard for crystallography screening 

trials. Whilst crystallisation of the SRY complex was successful in terms of identifying 

and optimising conditions to produce large protein crystals, poor diffraction prohibited a 

final high resolution structure within the time constraints of this study. Interestingly, the 

low resolution model (3.3 Å) that was achieved showed that only a short segment of the 

full length yImpβ that was cloned and expressed was visible. Of the full length protein, 

comprised of 861 amino acid residues, only a small fragment 638-861 could be 

visualised. This was confirmed by running a sample of the yImpβ∙SRY complex before 

crystallisation and a small sample once it had crystallised. The results were consistent 

with showing that the protein had degraded, and that proteolysis must have taken place 

prior to crystallisation. The poor resolution, a result of the poor diffraction of the 

crystals, precluded a full detailed map of the interface. 

This work has established new methods for protein expression and purification, and 

allow complex formation of two proteins. Additionally, constructs of SRY and Impβ 

that will be important in future projects. The cloning and expression of a smaller yImpβ 

fragment would help ensure that the commonly observed flexibility is removed, this 

would allow for quicker and more consistent crystallisation of SRY·Impβ complex and 

FIGURE 4.9 SRY·YIMPβ Impβ (grey) and small fragment portion (638-862) 

of the SRY (orange) appears at the N-terminus of Impβ. 
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help increase the resolution of the final structure. Due to time restrictions this part of the 

project was not able to be performed, and work is ongoing within the research group.  
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CHAPTER 5  

IMPORTIN ALPHA SOX COMPLEX 

5.1 IMPORTIN ALPHA SOX2 

SOX2 is a transcription factor containing a High Mobility Group (HMG) domain and is 

important for self-renewal and maintenance of embryonic stem cells. Its ability to 

maintain stem cells in a pluripotent state is reliant on its interaction with a range of 

cellular factors. Following its production in the cytoplasm, SOX2 must be actively 

transported to the nucleus, where it is able to bind DNA within the minor groove. This 

binding between the SOX2 and DNA results in the modification of the DNA 

architecture, causing transactivation by cooperative transcription factors such as Oct3/4 

(Rizzino, 2009). The nucleocytoplasmic transport processes that directs proteins to the 

nucleus have been well characterised in the literature; in the classical pathway, nuclear 

cargo proteins are bound by Impα, which in turn, is bound by Impβ to mediate docking 

and translocation through the nuclear pore complex as described in Chapter 1. SOX2, 

figure 5.1, has been well classified in the literature to utilise the non-classical pathway, 

passing the need to bind Impα, and binding directly to Impβ (Collignon et al., 1996; 

Kaur et al., 2010; Kiefer, 2007). With initial work showing a lack of binding between 

Impβ and both SOX2 and SOX9 (data in appendix 1), this chapter describes opposing 

evidence to these studies, including the high resolution X-ray structure of Impα bound 

to the NLS region of SOX2. These findings will provide an enhanced understanding of 

the mechanism by which SOX2 gains access to the nucleus, and in turn, knowledge of 

its cellular role in mediating stem cell differentiation. 

FIGURE 5.1 STRUCTURE OF SOX2. SOX2 is comprised of 317 AA and contains 

a central HMG domain (red). This is flanked by two NLS segments, an nNLS 

and a cNLS. The cNLS is believed to bind to Impβ with no need of the adaptor 

protein Impα. 

N C 

nNLS cNLS 

38 113 
1 317 
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5.1.1 Cloning and Recombinant Expression of Recombinant SOX2 HMG 

Domain and Importin-Alpha 

SOX2 HMG domain, encoding residues 39-127, was cloned into the pMCSG21 vector 

as per section 2.3.4 using the LIC method (Eschenfeldt et al., 2009), and the fidelity of 

the DNA construct confirmed through sequencing (section 2.3.6). SOX2 was 

recombinantly expressed in E. coli BL21(DE3) cells and over-expressed in 

autoinduction media (table 2.2) grown at room temperature for 24 h. Cells were 

harvested via centrifugation at 6000 rpm and resuspended in His buffer A (table 2.3).  

Impα, lacking the Impβ binding (IBB) domain (residues 70-529) due to its binding 

ability within the major binding site and inhibiting the ability for the NLS to bind Impα, 

had previously been cloned into the pET30a His-tagged expression vector by Dr Mary 

Christie. High level of expression had been previously optimised in E.coli BL21DE3 

cells and were expressed in autoinduction media (table 2.2) at room temperature for 24 

h, then harvested via centrifugation at 6000 rpm. Cells were then resuspended in His 

buffer A (table 2.3).  

Cells for both constructs were lysed via two freeze thaw cycles and the addition of 

Lysozyme and DNase, incubated for 30 min at room temperature, as per section 2.4.2. 

Cells were then centrifuged for the removal of unwanted cellular debris. The crude 

extract sample was clarified through a 0.22micron filter, and purified by affinity and 

size exclusion chromatography.   

5.1.2 Purification of the Protein Complex 

Recombinant SOX2 protein was first purified using affinity chromatography. The 

sample prepared in section 5.1.1 was placed over a nickel column and unbound sample 

washed using His buffer A (table 2.3). The protein was eluted using a gradient of His 

buffer B (table 2.3) over 5 column volumes, and fractions containing SOX2 were 

pooled and further purified by size exclusion chromatography. This latter purification 

step provided both an additional purification but also buffer exchange and assessment of 

the molecular weight of the native protein. This sample was of high purity (>90%) as 

determined by SDS-PAGE (figure 5.2) and was ready to be combined with purified 

ImpαΔIBB. Profiles from the FPLC are seen in figure 5.2 showing a single peak of 

sample that was collected.  
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Recombinant ImpαΔIBB was purified using affinity chromatography (section 2.4.4.2) 

and size exclusion chromatography by the same procedures described by SOX2. The 

His tag was not removed from this construct as there is no cleavage site in the pET30a 

vector, and previous studies have confirmed that the affinity tag does not interfere with 

crystallisation.  

Once both proteins were purified individually, the complex was formed by combining 

the proteins in a molar excess of SOX2. Tag cleavage occurred by incubating the 

combined pure proteins with TEV for 12 h at 4oC (section 2.4.4.3). SOX2 did not have 

His tag removed prior to mixing with Impα to limit the amount the protein precipitation. 

The complex was then purified through size exclusion chromatography to remove the 

His Tag, any minor impurities, breakdown products, and unbound proteins, including 

excess SOX2 (section 2.4.4.4) as seen in figure 5.2. Protein was concentrated down to 

15 mg/mL and stored at -80oC (section 2.4.4.5).  

FIGURE 5.2 PURIFICATION OF SOX2•MIMPαΔIBB A) Size exclusion profile of 

mImpαΔIBB alone, in pink, before it is mixed with the SOX2. The blue profile 

shows a visible shift to the left indicating an increase in size. There is also a clear 

peak at 240 mL, green arrow, where the unbound SOX2 has eluted B) SDS-

PAGE analysis of the purification, a visible drop is seen in the SOX2 after TEV 

has cleaved the His tag, red arrows. The green arrow is a sample taken where the 

green arrow is on the profile. The final sample, yellow box, shows the complex is 

> 90% pure.  

A B 
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Samples at various steps of the purification were taken and run on SDS-PAGE for 

visualisation of the complex (figure 5.2).  

5.1.3 Crystallography 

To identify conditions that induced crystallisation, the protein sample purified in 5.1.2 

was screened across eight available crystal screens as per section 2.4.5 using the 

hanging drop vapour diffusion method. The protein complex was also placed into initial 

screens using previously described conditions for Impα (Teh, Tiganis, & Kobe, 1999) in 

complex with other cNLS that had been previously solved. The initial screen ranged 

from 500-1000 mM of Sodium citrate at pH6, pH7, pH8 and 10 mM DTT. The wide 

range was used to account for different concentrations in the protein and slight 

differences in buffers. Some crystals were produced in the sodium citrate conditions and 

the sample was further optimised at a much narrower range of concentrations to 

increase the crystal size and quality, with some containing a small amount of seed 

stocks of the mImpαΔIBB sample to allow for better nucleation of crystals. Other 

crystals also formed from the initial screening using the commercial kits. Conditions 

consisting of Na/K hydrogen phosphate at pH6.5 and pH7 from the pro-plex 2 

molecular dimensions kit produced crystals that were further optimised. Other crystals 

produced, that were optimised, were found in 1.5 M ammonium sulfate with either 100 

mM HEPES at pH7 and 100 mM Tris at pH8.  

Diffraction quality crystals were obtained after 2 weeks, from 750 mM sodium citrate 

(pH7) and 10 mM DTT, using the vapour diffusion hanging drop method. Crystals were 

then cryoprotected in the mother liquor supplemented with 25 % glycerol before being 

flash frozen in liquid nitrogen.  Diffraction quality crystals were also obtained after 2-4 

weeks in 1.36 M Na/K phosphate buffer pH7, using the same method as the sodium-

derived crystals. These crystals were cryoprotected in the mother liquid and 

supplemented with 20% glycerol, flash cooled in liquid nitrogen, and sent to the 

Australian Synchrotron for data collection. Diffraction quality crystals were obtained 

within a week for conditions containing 1.22 M Ammonium sulfate, 100 mM Tris or 

100 mM HEPES both at pH7. These crystals were cryoprotected in the mother liquid 

supplemented with 15% glycerol and flash frozen in liquid nitrogen. 
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5.1.4 Data Collection 

5.1.4.1 X-ray diffraction 

Flash frozen crystals from section 5.1.3 were sent to the Australian Synchrotron and 

diffracted on the MX 2 beamline using BLU-ICE software (McPhillips, McPhillips, 

Chiu, Cohen, Deacon, Ellis, Garman, Gonzalez, Sauter, Phizackerley, et al., 2002), 

(figure 5.3). Diffraction data was collected at 1o oscillations for a total of 180o for all 

crystals. The crystal displayed the expected P212121 orthorhombic symmetry as previous 

FIGURE 5.3 SOX2•IMPα A) Crystal 

that was diffracted at the Australian 

synchrotron, B) The best diffracting 

crystal C) After 90o oscillation with 

their diffraction pattern in D and E.  

A 

B C 

E D 
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mImpαΔIBB∙cNLS structures, and also displayed similar unit cell parameters, a=77.43, 

b= 89.7, c= 95.82, α=90, β=90, γ= 90. As such these indicated that the full HMG 

domain that had been cloned and expressed was not present in the structure, but rather 

just the NLS segment of SOX2. To allow for the visualisation of the structure, the data 

was integrated using iMosFlm (Collaborative Computational Project, 1994). These 

reflection intensities were then scaled and converted to usable structure factors using 

Scala (Evans, 2011) and Truncate (Winn et al., 2011). At this stage it was decided that 

the better data set was from the crystals that were produced in the sodium citrate. Data 

was integrated using iMosFLM, phases determined using molecular replacement, and 

the missing atoms for the SOX2 NLS built in and refined using COOT (Emsley, 

Lohkamp, Scott, & Cowtan, 2010) and REFMAC (Adams et al., 2010; Murshudov et 

al., 2011) (table 5.1). 

Table 5.1 Data Collection and Refinement Statistics for SOX2∙mImpαΔIBB  

Wavelength 0.9537 

Resolution range (Å) 30.16 - 2.6 (2.693 - 2.6)a 

Space group P 21 21 21 

Unit cell (Å) a=77.43 b=89.7 c=95.82 α=90 β=90 γ=90 

Total reflections 40057 (3544)a 

Unique reflections 20406 (1868)a 

Multiplicity 2.0 (1.9)a 

Completeness (%) 0.96 (0.89) a 

Mean I/sigma(I) 10.23 (1.85)a 

Wilson B-factor 39.39 

R-merge (%)b 0.04936 (0.3995)a 

R-meas 0.06981 (0.565)a 

CC1/2 0.997 (0.567)a 
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CC* 0.999 (0.851)a 

Reflections used in refinement 20404 (1867)a 

Reflections used for R-free 1047 (99)a 

R-work 0.2207 (0.3652)a 

R-free 0.2383 (0.3912)a 

CC(work) 0.955 (0.595)a 

CC(free) 0.936 (0.684)a 

Number of non-hydrogen atoms 3418 

  macromolecules 3418 

Protein residues 445 

RMS(bonds) 0.007 

RMS angles (o) 1.32 

Ramachandran favored (%) 98 

Ramachandran allowed (%) 1.8 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 3.7 

Clashscore 7.08 

Average B-factor (Å2) 45.88 

  macromolecules 45.88 

a
Numbers in parenthesis are for the highesthest-resolution shell  

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  
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5.1.5 Structure Determination and Interactions 

Large, strongly diffracting crystals that were grown and optimised using vapour 

diffusion hanging drop in sodium citrate conditions as described in section 5.1.4. These 

Crystals diffracted to 2.6Å resolution using synchrotron radiation. Collection of 180o of 

data was possible from a single crystal, which was resistant to radiation damage and 

showed no signs of deterioration of diffraction quality as shown in figure 5.3 with an R 

merge of 0.04936 (0.3995 in the highest resolution shell). 

TABLE 5.2 SOX2•IMPα INTERACTIONS the three tables list all the contacts that were 

observed between SOX2 and mImpαΔIBB in the crystal study determined in this 

study using PISA (Krissinel & Henrick, 2007).  
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To determine the phases and allow model building, molecular replacement and rigid 

body refinement was undertaken to generate an initial electron density map. Clear 

density could be observed joining the major and minor NLS-binding grooves of the 

Impα and allowed for the manual building of the SOX2 NLS. The final structure 

allowed visualisation of the mImpαΔIBB residues 72 to 497 and the SOX2 7-25 

residues, showing the NLS binding to ImpαΔIBB in a bipartite fashion. 

5.1.6 Discussion 

Large strongly diffracting crystals were grown in sodium citrate, based on conditions 

described in section 5.1.3. Using synchrotron radiation, crystals diffracted to 2.6 Å 

resolution as per section 5.1.4 and were resistant to radiation damage which allowed 

180o of diffraction data to be collected from the single crystal without deterioration in 

diffraction quality. Following ridged body refinement, simulated annealing maps 

revealed clear density in the major and minor binding sites of Impα, enabling residues 

of SOX2 to be modelled, as presented in, figure 5.4.  

A final high resolution structure model, comprised of Impα residues 72-497 and SOX2 

7-25 (SOX2HMKEHPDYKYRPRRKTKTL25), with good stereo chemistry will be 

deposited to the PDB (table 5.1). Commonly within bipartite NLS fragments, the linker 

region between the fragments that bind Impα are not visible due to the flexibility. 

Interestingly, in this structure a visible electron density that permits modelling of the 

ARM 1 

ARM 2 

ARM 3 

ARM 4 
ARM 6 

ARM 8 

ARM 10 

ARM 5 
ARM 7 

ARM 9 

FIGURE 5.4 STRUCTURE OF THE COMPLEX BETWEEN SOX2•MIMPαΔIBB 

the grey sticks are the SOX2 seen to bind across both the minor and major 

binding site. The mImpαΔIBB is the grey cartoon backbone. The full linker 

region can be seen. Figures were produced using PyMOL (DeLano 

Scientific LLC). 
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linker, as presented in the final model (figure 5.4). 

Like many other Impα structures, the 427 amino acids are arranged into 10 ARM 

repeats (section 1.2) and the structure exhibits a similar arrangement to previously 

reported Impα structures. The binding between Impα and SOX2 displays classical 

binding through an extensive array of contacts involving residues contained within 

ARM repeats 2 through to 7. This is shown by a number of contacts located in both the 

minor (figure 5.5) and major (figure 5.6) NLS binding sites within the Impα and 

SOX2NLSKYRPRRKTKTL25 and SOX2NLSKE10 respectively. All contact sites are listed in 

table 5.2 and produced using PISA (Krissinel & Henrick, 2007). A feature of the major 

site is the hydrogen-bond between SOX2NLSPro10, and the side chains of Trp231 and Arg238 

of mImpαΔIBB. This insertion of SOX2NLSPro10 between the P0 and P1 NLS positions is 

only seen in a few classical bipartite NLSs. This interaction is mediated by the salt 

bridge between the side chains of SOX2NLSArg17 and Asp270, as well as the main chain 

T
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FIGURE 5.5 STRUCTURE OF THE

COMPLEX BETWEEN SOX2·IMPαΔIBB 

the grey sticks are the SOX2 and the 

black sticks are the interactions at 

specific locations within the 

mImpαΔIBB (grey cartoon backbone). 

All these interactions occur within the 

minor binding pocket. Figures were 

produced using PyMOL (DeLano 

Scientific LLC). 
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hydrogen bonding between SOX2NLSPro18 and Arg238. At the P2 binding site there are a 

number of interactions, a salt bridge is formed between SOX2NLSArg20 and Asp192, and 

hydrogen bonds between SOX2NLSArg20 and Ala148/155/152/192. At the P3 binding site, 

hydrogen bonds are observed between SOX2NLSLys21 and Asn188 and Trp184. Binding site 

P4 shows to have hydrogen bond interactions between SOX2NLSThr22 and Ser149. At 

binding pocket P5 contains hydrogen bond between SOX2NLSLys23 and ASN146 and 

Trp142. The minor binding site involves hydrogen-bonds interactions between 

SOX2NLSLys9 and Asn361, Glu396 and Trp357; and salt bridges between SOX2NLSLys9 and Glu396. 
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FIGURE 5.6 STRUCTURE OF THE COMPLEX BETWEEN SOX2·IMPαΔIBB the grey 

sticks are the SOX2 and the black sticks are the interactions at specific locations 

within the mImpαΔIBB (grey cartoon backbone). All these interactions occur 

within the major binding pocket. Figures were produced using PyMOL (DeLano 

Scientific LLC). 
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The interface observed between SOX2 and Impα NLS consolidate known binding site 

information of Impα. Interestingly in all, with the exception of one NLS structure, 

binding to Impα within the minor groove are reported to contain a KR in positions 

P1/P2. In the SOX2 structure, a KE is observed, with K in SOX2 displaying both salt 

bridge and hydrogen bonds as commonly seen and the E bound in position P2 having a 

hydrogen bond interaction with Impα at THR322.  

5.2 IMPORTIN ALPHA SOX9 

SOX9 is 509 amino acid protein containing a HMG domain flanked by a N-terminal 

and C-terminal NLS binding domain (figure 5.7). It functions as a transcription factor 

that is important in many pathways involved in genetic sex determination (Rizzino, 

2009). It is known to be upregulated by SRY at approximately six weeks into 

embryonic development once expressed and in the nucleus. SOX9 is expressed in the 

presertoli cells in the genital ridge causing cells to differentiate into sertoli cells. SOX9 

is also known to upregulate transcription factors and cell signalling molecules such as 

fibroblast growth factor and steroidogenic factor -1 and is also known to initiate the 

transcription of the anti-Müllerian hormone gene. These combined functions require 

access to the nucleus of the cell. The translocation from the cytoplasm to nucleus is 

crucial in these cycles allowing for the binding to DNA. As mentioned in section 1, the 

nucleocytoplasmic process has been well characterised throughout literature. This 

section describes the high resolution X-ray structure of Impα bound to the NLS region 

of SOX9, showing the interaction between them.  

N C

nNLS cNLS 

103 182 1 509 

FIGURE 5.7 STRUCTURE OF SOX9 made up from 509 AA and contains a central 

HMG domain (red). This is flanked by 2 NLS segments. The cNLS is believed to 

bind to Impβ with no need of the adaptor protein Impα. 
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5.2.1 Cloning and Expression 

SOX9 HMG domain, encoding residues 104-183, was cloned into pMCSG21 as per 

section 2.3.4 using the LIC method, and the fidelity of the DNA construct was 

confirmed through sequencing (section 2.3.6). Recombinatly expressed SOX9 was 

achieved using E.coli BL21(DE3) cells. Overexpression in autoinduction media (table 

2.2) occurred over 24 h at room temperature. Cells were harvested via centrifugation at 

6000 rpm and were resuspended in His buffer A (table 2.3). ImpαΔIBB was cloned and 

expressed as per section 5.1.1.  

The whole cell pellets for both the constructs were lysed via two freeze thaw cycles and 

the addition of lysozyme and DNase as per section 2.4.2. Cells were then centrifuged 

for the removal of unwanted cellular debris, and the sample clarified using a 0.22 

micron filter.   

5.2.2 Purification of Protein Complex 

Recombinant protein was purified independently of mImpαΔIBB using affinity 

chromatography.  The sample was purified by His affinity chromatography and 

unbound sample was washed using His buffer A (table 2.3). The elution from the 

affinity column was applied to a size exclusion column, and a highly pure sample, 

>95% pure, as seen in figure 5.8, was then able to be combined with the purified 

mImpαΔIBB.  

Recombinant mImpαΔIBB was purified as stated in section 5.1.2. As seen in figure 5.8, 

once the highly pure SOX9 was combined directly with the ImpαΔIBB, no further 

impurities can be seen. The His tag was not removed from the SOX9 at this stage to 

assist with solubility of the SOX9. 

Once the samples were combined they were incubated for 12 h with TEV at 4oC 

(section 2.4.4.3). The TEV was used to cleave the His tag from the SOX9 as the His tag 

from the mImpαΔIBB does not require removal as mentioned in section 5.1.2. There 

was a molar excess of SOX9 to make sure that the mImpαΔIBB was saturated. The 

complex was purified in a final step through the s200 size exclusion column as per 

section 2.4.4.4 for the removal of the tag and also to remove the excess SOX9 that had 

not bound to the mImpαΔIBB. All other impurities could also be removed at this point. 

Protein was concentrated (section 2.4.4.5) to a final concentration of 13 mg/mL. The 

sample was aliquoted and stored at -80oC.  
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Samples were collected for analysis on SDS-PAGE at various stages of the purification 

process. Figure 5.8 shows the samples that were taken for analysis.  

5.2.3 Crystallography 

Once the sample was confirmed to be a pure complex at a high concentration, it was 

screened against all eight available crystallography screening kits listed in section 2.4.5. 

Samples were screened using the hanging drop vapour diffusion method. The protein 

complex was also screened against previous conditions of mImpαΔIBB complexes, 

incorporating conditions ranging from 500-1000 mM sodium citrate in a range of pH 

from 6-8 with 10 mM DTT. The larger range was chosen to account for the different 

buffers and also protein concentration.  

High quality crystals were obtained within 5 days in the sodium citrate screen. Crystals 

were further optimised with crystals ranging from 650-800 mM sodium citrate pH 6 

with 10 mM DTT. The best crystals were grown in 735 mM sodium citrate pH6, figure 

5.9 A and B showing the two different crystals that were diffracted. These crystals were 

cryoprotected in the mother liquid that was supplemented with 15% glycerol and flash 

frozen in liquid nitrogen. Mounted crystals can be seen in figure 5.9.  

 s200 Noelia Exp304 mImpa DN IBB003:10_UV  s200 Noelia Exp303 Sox9 mImpa DN IBB001:10_UV  s200 Noelia Exp303 SOX2mImpa DN IBB001:10_Logbook

  0

100

200

300

400

mAU

100 120 140 160 180 200 220 240 260 ml

FIGURE 5.8 PURIFICATION OF SOX9•MIMPαΔIBB A) the Size exclusion profile 

of the mImpαΔIBB alone, in pink, before it is mixed with the SOX9. The blue 

profile shows a visible shift to the left indicating an increase in size. There is 

also a small peak at 240 mL, green arrow, where unbound SOX9 is expected to 

elute B) SDS-PAGE analysis of the purification, a visible drop is seen in the 

SOX9 after TEV has cleaved the His tag, red arrows. The Final sample, yellow 

box, shows the complex is > 90% pure.  

A B 
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5.2.4 Data Collection 

5.2.4.1 X-ray diffraction 

Flash frozen crystals from section 5.2.3 were sent to the Australian Synchrotron and 

diffracted on the MX2 using BLU-ICE software (McPhillips, McPhillips, Chiu, Cohen, 

Deacon, Ellis, Garman, Gonzalez, Sauter, & Phizackerley, 2002), diffraction patterns 

seen in figure 5.9 D and E. Diffraction data collected 108o at 1o oscillations for both the 

crystals sent. The crystal displayed the desired and expected P21 21 21 orthorhombic 

symmetry. This is consistent with all previous mImpαΔIBB∙cargo complex structures, 

discussed in Chapter 1. The cell parameters were also very similar to the previous 

structures, a=79.485 b=89.852 c=100.563 α=90 β=90 γ=90. This was a good indication 

that only the NLS was present in the structure and not the full HMG domain that had 

been cloned. To allow for the visualisation of the structure, the data had to be integrated 

using iMosFlm (Collaborative Computational Project, 1994), it was then scaled. Scaled 

data was then converted to usable structure factors using Scala and Truncate. Data was 

integrated using iMosFlm an, phases were determined using molecular replacement and 

the missing density for the SOX9 NLS was built in manually and further refined with 

COOT and REFMAC (Emsley et al., 2010; Murshudov et al., 2011). Table 1 was 

produced in Phaser once the structure had been refined, table 5.3 (Adams et al., 2010). 
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B C 

E D 

FIGURE 5.9 SOX9•IMPα A) Crystal that 

was diffracted at the Australian 

Synchrotron, B) The best diffracting 

crystal C) After 90o oscillation with 

their diffraction pattern in D and E. 

Diffraction shows no sign of radiation 

damage.  
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Table 5.3 Data Collection and Refinement Statistics for SOX9∙mImpαΔIBB 

Wavelength 0.9537 

Resolution range (Å) 39.74 - 2.2 (2.279 - 2.2)a

Space group P 21 21 21 

Unit cell (Å) a=79.485 b=89.852 c=100.563 

 α=90 β=90 γ=90 

Total reflections 74512 (7350)a 

Unique reflections 37257 (3674)a 

Multiplicity 2.0 (2.0)a 

Completeness (%) 1.00 (1.00)a 

Mean I/sigma(I) 17.65 (4.54)a 

Wilson B-factor 31.12 

R-merge (%)b 0.02204 (0.1624)a 

R-meas 0.03117 (0.2297)a 

CC1/2 0.999 (0.931)a 

CC* 1 (0.982)a 

Reflections used in refinement 37249 (3675)a 

Reflections used for R-free 1859 (180)a 

R-work 0.2109 (0.2312)a 

R-free 0.2409 (0.2899)a 

CC(work) 0.958 (0.875)a 

CC(free) 0.930 (0.801)a 
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Number of non-hydrogen atoms 3418 

  macromolecules 3418 

Protein residues 445 

RMS(bonds) 0.020 

RMS angles (o) 1.96 

Ramachandran favored (%) 97 

Ramachandran allowed (%) 2.5 

Ramachandran outliers (%) 0.68 

Rotamer outliers (%) 4 

Clashscore 4.77 

Average B-factor (Å2) 41.75 

  macromolecules 41.75 

a
Numbers in parenthesis are for the highesthest-resolution shell 

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  

5.2.5 Structure Determination and Interactions 

Large strongly diffracting crystals were grown and optimised using vapour diffusion 

hanging drop in sodium citrate conditions as described in section 5.2.3. These crystals 

diffracted to 2.2 Å resolution using synchrotron radiation. Collection of 180o of data 

was possible from a single crystal, which was resistant to radiation damage and showed 

no signs of deterioration of diffraction quality as shown in figure 5.9.  

To determine the phases and allow model building, molecular replacement and rigid 

body refinement was undertaken to generate an initial electron density map. Clear 

density could be observed joining the major and minor NLS-binding grooves of the 

Impα and allowed for the manual building of the SOX9 NLS. The final structure 

allowed visualisation of the mImpαΔIBB residues 72 - 497 and the SOX9 7-25 residues, 

showing the NLS binding to ImpαΔIBB in a bipartite fashion, figure 5.10. 
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5.2.6 Discussion 

Large strongly diffracting crystals were grown in sodium citrate, based on conditions 

described in section 5.2.3. These crystals diffracted to 2.2 Å resolution as per section 

5.2.4 and were resistant to radiation damage which allowed 180o of diffraction data to 

be collected from the single crystal without deterioration in diffraction quality. 

Following ridged body refinement, simulated annealing maps revealed clear density in 

the major and minor binding sites of Impα, enabling residues of SOX9 to be modelled, 

as presented in, figure 5.10.  

A final high resolution structure model, comprised of Impα residues 72-497 and SOX9 

7-25 (SOX9HMKEHPDYKYRPRRKTKTL25), with good stereo chemistry will be 

deposited to the PDB (table 5.1). Commonly within bipartite NLS fragments, the linker 

region between the fragments that bind Impα are not visible due to the flexibility. 

Interestingly, in this structure a visible electron density that permits modelling of the 

linker, as presented in the final model (figure 5.10). 
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FIGURE 5.10 STRUCTURE OF THE COMPLEX BETWEEN SOX9·IMPαΔIBB the grey 

sticks are the SOX9 seen to bind across both the minor and major binding site. The 

mImpαΔIBB is the grey cartoon backbone. The full linker region can be seen. 

Figures were produced using PyMOL (DeLano Scientific LLC). 
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Like many other Impα structures, the 427 amino acids are arranged into 10 ARM 

repeats (section 1.2) and the structure exhibits a similar arrangement to previously 

reported Impα structures. The binding between Impα and SOX2 displays classical 

binding through an extensive array of contacts involving residues contained within 

ARM repeats 2 through to 7. This is shown by a number of contacts located in both the 

minor (figure 5.11) and major (figure 5.12) NLS binding sites within the Impα and 

SOX9NLSKYRPRRKTKTL25 and SOX9NLSKE10 respectively. All contact sites are listed in 

table 5.4 and produced using PISA (Krissinel & Henrick, 2007). At the P2 binding site 

there are a number of interactions, a salt bridge is formed between SOX9NLSArg20 and 

Asp192, and hydrogen bonds between SOX9NLSArg20 and Ala148/155/152/192. At the P3 

binding site, hydrogen bonds are observed between SOX9NLSLys21 and Asn188 and Trp184. 

Binding site P4 shows to have hydrogen bond interactions between SOX9NLSThr22 and 

Ser149. Binding pocket P5 contains hydrogen bond between SOX9NLSLys23 and ASN146, 

ASN146, and Ser105. The minor binding site involves hydrogen-bond interactions 

between SOX9NLSLys9 and Asn361, Glu396 and Trp357, Asn361; and salt bridges between

SOX9NLSLys9 and Glu396.  

The interface observed between SOX2 and Impα NLS consolidate known binding site 

information of Impα. Interestingly in all, with the exception of one NLS structure, 
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FIGURE 5.11 STRUCTURE OF THE COMPLEX BETWEEN SOX9·IMPαΔIBB the grey 

sticks are the SOX9 and the black sticks are the interactions at specific locations 

within the mImpαΔIBB (grey cartoon backbone). All these interactions occur 

within the minor binding pocket. Figures were produced using PyMOL (DeLano 

Scientific LLC). 
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binding to Impα within the minor groove are reported to contain a KR in positions 

P1/P2. In the SOX9 structure, a KE is observed, with K in SOX9 displaying both salt 

bridge and hydrogen bonds as commonly seen and the E bound in position P2 having a 

hydrogen bond interaction with Impα at T322. All the interactions between SOX9 and 

mImpα follow the previously determined binding pattern. 

TABLE 5.4 SOX9·IMPα INTERACTIONS the three tables list all the contacts that were 

observed between SOX9 and mImpαΔIBB in the crystal study determined in this 

study using PISA (Krissinel & Henrick, 2007).  
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FIGURE 5.12 STRUCTURE OF THE COMPLEX BETWEEN SOX9·IMPαΔIBB the 

grey sticks are the SOX9 and the black sticks are the interactions at specific 

locations within the mImpαΔIBB (grey cartoon backbone). All these 

interactions occur within the major binding pocket. Figures were produced 

using PyMOL (DeLano Scientific LLC). 
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CHAPTER 6 

IMPORTIN ALPHA PRP20 COMPLEX 

6.1 INTRODUCTION 

The information presented in this chapter was published in PLosONE (Roman, Christie, 

Swarbrick, Kobe, & Forwood, 2013). 

A distinguishing feature of all eukaryotic cells is the containment of their genetic 

material within a stable and segregated nuclear organelle. This in turn requires the 

active, bidirectional transport of proteins and RNA across the nuclear envelope, a 

central process to a range of important cellular events including DNA replication, cell 

differentiation, and diseases including cancer and viral replication. In the classical 

nucleocytoplasmic transport pathway, the nuclear import receptor importin-α (Impα) 

recognises a nuclear localisation signal (NLS) displayed on a cargo protein, and this 

dimer, through interaction with importin-β (Impβ), is docked and translocated across the 

nuclear pore complex through interaction with nucleoporins (Chook & Süel, 2011; 

Cingolani et al., 2002; Cingolani et al., 1999). Once in the nucleus, the 

Impα:Impβ:cargo complex is dissociated by RanGTP, and the Imps are recycled back to 

the cytoplasm for a further round of import (Forwood et al., 2008; Lonhienne et al., 

2009). 

The initial interaction of the nuclear import pathway between Impα and the nuclear 

import cargo has been studied by a range of structural and functional approaches as per 

Chapter 1. The usual nomenclature for describing the interactions between Impα and 

NLSs (Chang, Couñago, Williams, Bodén, & Kobe, 2012; Chang, Couñago, Williams, 

Bodén, & Kobe, 2013) designates residues binding in the minor site as P1', P2' etc., and 

residues binding the major site as P1, P2 etc. The consensus sequences correspond to 

K[K/R]X[K/R] (corresponding to positions P2–P5; [K/R] represents Lys or Arg, and X 

represents any amino acid) for monopartite and [K/R][K/R]X10–12[K/R]3/5 

(corresponding to positions P1–P2 for the N-terminal basic cluster) cNLSs) for bipartite 

NLSs (Marfori et al., 2012). 
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The directionality of the nuclear transport process is governed by the differential 

localisation of Ran across the nuclear envelope (reviewed in Strambio-De-Castillia, 

Niepel, & Rout, 2010; Wagstaff & Jans, 2009; Wozniak, Burke, & Doye, 2010). 

Specifically, the nucleotide bound state of Ran results in conformational changes in two 

surface loops of the protein, termed switch I and switch II, which in turn mediates its 

ability to dissociate importin:cargo  complexes in the GTP-bound form (Lee et al., 

2005; Lonhienne et al., 2009). This is achieved through the asymmetric distribution of 

Ran regulatory proteins across the nuclear envelope, which modulate the nucleotide 

bound state of Ran; Ran guanidine exchange factor (RCC1/Prp20), predominately 

localised to the nucleus, maintains Ran in a GTP bound form that binds Imps with high 

affinity and dissociates the complex upon nuclear entry; whilst RanGTPase activating 

protein (RanGAP), cytoplasmically located, maintains Ran in a GDP bound 

conformation. Thus, nuclear localisation of Prp20 plays a vital role in establishing the 

directionality of the nuclear localisation process. 

Previous studies have elucidated the region within Prp20 responsible for its nuclear 

localisation (Fleischmann et al., 1991; Hahn, Maurer, Caesar, & Schlenstedt, 2008; 

Ryan, McCaffery, & Wente, 2003), however the detailed mechanism of its import 

remained to be fully determined. The NLS region is contained within the N-terminal 25 

residues, and interacts with Impα. This chapter, using X-ray crystallography, elucidates 

the binding interface between Impα and the NLS region of Prp20. 

6.2 EXPRESSION AND PURIFICATION 

Mouse ImpαΔIBB (residues 70–529) was overexpressed using thio-β-D-galactose 

(IPTG) method as outlined in section 2.4.1 with one small change in protocol. Post 

addition of IPTG the sample was only grown for a further 3 h at 30oC.   

The sample was purified using a nickel-nitrilotriacetic acid (Ni-NTA) column (GE 

Healthcare), where cells were lysed by freeze-thawing in the presence of 20 mg of 

lysozyme, and cleared bacterial cellular extract injected onto a 5 mL HisTrap HP 

column (GE Healthcare) in His buffer A (50 mM phosphate buffer, 300 mM NaCl, 20 

mM  imidazole, pH 8; AKTApurifier FPLC (GE Healthcare)), washed, and eluted with 

His buffer B (50 mM phosphate buffer, 300 mM NaCl, 500 mM imidazole, pH 8). Peak 

fractions were pooled and loaded onto a HiLoad 26/60 Superdex 200 column (GE 

Healthcare) containing 20 mM Tris pH 7.8, 125 mM NaCl, for size exclusion 
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chromatography, where peak fractions were collected and added to a GST column 

loaded with GST-tagged Prp20 (S. cerevisiae RanGEF) NLS (residues 3–23, 

KRTVATNGDASGAHRAKKMSK23). Prp20 NLS was overexpressed as a GST-fusion 

protein using the autoinduction method as previously described in (Marfori et al., 2012). 

GST:Prp20 NLS was injected and immobilised on a GSTrap FF column (GE 

Healthcare), washed extensively in binding buffer containing 50 mM Tris pH 7.8, 125 

mM NaCl. Purified ImpαΔIBB was then passed over the column containing GST:Prp20 

NLS, washed, and eluted in binding buffer containing 10 mM glutathione. The GST-tag 

was removed by overnight treatment of thrombin at 4°C, and the complex purified by a 

further round of size exclusion chromatography. The complex, in 20 mM Tris pH 7.8, 

and 125 mM NaCl, was then concentrated to 20 mg/mL (Amicon, MWCO 10 kDa, 

Millipore), aliquoted, and flash-frozen in liquid nitrogen and stored at -80°C. 

6.3 CRYSTALLOGRAPHY 

Single rod shaped crystals, measuring 200x50x50 µm, were obtained in 500 mM 

sodium citrate pH 6–8, 10 mM DTT after 2 d, harvested with a cryoprotectant 

composed of 80% mother liquid and 20% glycerol, and flash frozen with liquid 

nitrogen.  

Figure 6.1 Diffraction Image (left) and Rmerge statistics across batches (right) 

demonstrating crystal resistance to radiation damage during data collection. 

6.4 DATA COLLECTION AND ANALYSIS 

X-ray Diffraction data was collected at the Australian Synchrotron (MX2) Beamline 

using BLU-ICE software (McPhillips, McPhillips, Chiu, Cohen, Deacon, Ellis, Garman, 

Gonzalez, Sauter, & Phizackerley, 2002). 180o of diffraction data (0.5o oscillations) 
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were integrated, scaled, and converted to structure factors using MosFlm (Battye, 

Kontogiannis, Johnson, Powell, & Leslie, 2011), Scala (Evans, 2011) and Truncate 

(Winn et al., 2011).  

6.5 STRUCTURE DETERMINATION AND REFINEMENT 

Diffraction images were integrated and scaled to 2.1 Å resolution in iMOSFLM, with an 

Rmerge of 6.7% (data statistics are summarized in table 6.1). Impα residues 72–497 

from the nucleosplasmin NLS complex structure (PDB ID 3UL1) (Marfori et al., 2012) 

were used as the search model for molecular replacement to generate phases and an 

initial electron density map, with the test set reflections transferred from the search 

model dataset. Both rigid body and restrained refinement were performed using 

Refmac. Prp20 backbone was built manually through iterative cycles of COOT and 

REFMAC (Emsley et al., 2010; Murshudov et al., 2011).  

Table 6.1. Crystallographic data of Prp20∙mImpα 

Space group  P 21 21 21 

Unit cell dimensions (Å)  a = 78.91, b = 89.92, c=99.70 

Resolution range (Å) 36.37–2.10 (2.16–2.10)a 

Total reflections 294,256 (24,607)a 

Unique observations  53,834 (3,413)a 

Completeness (%) 100 (100)a 

Multiplicity 7.0 (7.2)a 

Rmerge (%)b 0.07 (0.30)a 

Average I/ơ (I) 16.7 (6.0)a 

Mosaicity  0.6 

REFINEMENT 

Rcryst/ Rfree (%)c 16.7 (18.9)/20.1(20.4) 

Bond length RMSD (Å)  0.022 
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Bond angle RMSD (°)  2.09 

Average B factor (Å2) 34.80 

Ramachandran plot (%)d 

Favoured  99 

Outlierse 0.23 

aNumbers in parenthesis are for the highest resolution shell. 

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  

cRcryst = ∑hkl(||Fobshkl|-|Fcalchkl||)/|Fobshkl|, where |Fobshkl| and |Fcalchkl| are the observed and calculated 

structure factor amplitudes. Rfree is equivalent to Rcryst but calculated with reflections (5 %) omitted from 

the refinement process. 

dCalculated with the program PROCHECK. 

eAsn239 is Ramachandran outlier in all Impα structures. 

6.6 DISCUSSION 

Large, strongly diffracting crystals were grown in a citrate-containing solution, based on 

conditions as described in section 6.3. Using synchrotron radiation, crystals diffracted to 

2.1 Å resolution, as per section 6.5 and were resistant to radiation damage, permitting 

180° of data to be collected from a single crystal without deterioration in diffraction 

quality (figure 6.1). Following rigid body refinement and simulated annealing, analysis 

of both 2Fo–Fc and simulated annealed omit maps revealed clear density in the major 

and minor NLS-binding sites of Impα, enabling residues of the Prp20 NLS to be built 

(figure 6.2).  

A final structural model, comprised of Impα residues 72 to 497, bound to Prp20 NLS 

residues KR4 and RAKKMSK23, and 126 water molecules, with good stereochemistry 

has been deposited to the PDB (PDB ID 4OIH) (table 6.1). Residues 6–15 of Prp20 

could not be discerned from the electron density, a common observation for bipartite 

NLSs with long linker regions (Marfori et al., 2012) and these residues were omitted 

from the final model. The 425 residues comprising ImpαΔIBB are structured into 10 

ARM repeats, with an overall arrangement similar to that of available Impα structures 

(e.g. RMSD for the equivalent Cα residues from the structures with PDB IDs EJY, 
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1EJL, 1PJM are 0.28, 0.29, and 0.30 Å, respectively). The interaction between Impα 

and the Prp20 NLS is made through an extensive array of contacts involving residues 

contained with ARM repeats 2 through 7, utilising both the major and minor NLS 

binding sites of Impα to contact Prp20NLSRAKKMSK23 and the canonical Prp20NLSKR4 

motif, respectively, and exhibiting a total of 1,091 Å2 buried surface area. One notable 

feature of the major site is the insertion of Prp20NLSAla18 between the P0 and P1 NLS 

positions, noted in only a few classical bipartite NLSs. This results in hydrogen-bonding 

interactions between the Prp20NLSAla18, and the side chains of Trp231 and Arg238 of 

ImpαΔIBB (figure 6.3). The interaction at the P0-binding site is mediated by a salt 

bridge between the guanidinium side chain of Prp20NLSArg17 and the carboxylate side 

chain of Asp270, as well as hydrogen bonding between the main chain of Prp20NLSArg17 

and the side chain of Arg238. At the P1-binding site, the main chain of Prp20NLSLys19 

forms hydrogen bonds with the side chain of Asn235 [ND2] (table 6.2). The prominent 

P2-binding site displays multiple interactions involving a salt bridge between the 

ammonium side chain of Prp20Lys20 and the carboxyl side chain of Asp192, as well as 

hydrogen bonding between side chain of Prp20NLSLys20 and the oxygen of the side chain 

of Thr155 and the main chain of Gly150. At the P3-binding site, hydrogen bonds and 

hydrophobic interactions are observed between the main chain of Prp20NLSMet21 and side 

chains of Trp184 and Asn188. At the P5- binding pocket, the main chain of Prp20NLSLys23 

interacts with the side chains of Ser105, Trp142, and Asn146, while Prp20NLSLys23 main 

chain N is hydrogen-bonded with the side chain of Asn146. 
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The minor site involves hydrogen-bond interactions between the side chain of 

Prp20NLSLys3 with the side chain of Thr328, and main chain of Val321 and Asn361, whilst 

the P2′-binding site shows multiple interactions involving a salt bridge between the 

guanidinium of Prp20NLSArg4 and the carboxylate of Glu396; and hydrogen bonding 

between the Prp20NLSArg4 side chain and the main chain of Ser360, and the main chain of 

Prp20NLSArg4 with the side chain of Asn361. 

The interface observed between Impα and the Prp20 NLS side chain and main chain 

residues both consolidate known binding site information of Impα, as well as provide 

FIGURE 6.2 CARTOON OVERVIEW of the Impα (in ribbon):Prp20 (stick model) 

complex structure (top) superimposed on the Fo-Fc annealed omit map (green; 

calculated using Phenix (Adams et al., 2010), contoured at 2.0σ) Figures were 

produced using PyMOL (DeLano Scientific LLC). 
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additional new interactions previously not described (Chang et al., 2012; Chang et al., 

2013; Fontes et al., 2003; Fontes et al., 2000; Marfori et al., 2012; Marfori et al., 2011). 

The P0-binding site, generally comprised of Asn235, Arg238, and involving hydrophobic 

interactions, in our structure involves the interaction with Arg238, however the 

interaction between Asn235 is disrupted, and instead replaced by a strong salt interaction 

between Arg17 and Asp270. Consistent with our structural observations, mutation of 

Prp20NLSArg17 to Thr resulted in reduced binding to Impα (Hahn et al., 2008). The P1’-

binding pocket generally accommodates a long positively charged NLS side chain, 

despite the fact that the interaction generally involves only nonspecific interactions with 

the main chain of the NLS. Indeed, our structure is consistent with this general 

observation, with the Prp20NLSLys19 only interacting through its main chain with the side 

chain of Asn235. Analysis of Impα bound to NLSs has previously revealed P2 as the 

most critical position in the NLS. The binding pocket is predominantly comprised of 

Gly150, Thr155 and Asp192 on Impα, and the pocket appears best suited for binding a 

lysine residue; these structural observations have been confirmed through site-directed 

mutagenesis studies, where mutagenesis of the K to A at the P2 position not only 

abolished nuclear localisation of the protein, but also reduced the affinity for Impα ~300 

fold. Consistently, substitution of Prp20NLSK20 to Thr severely disrupts Prp20 interaction 

with Impα to approximately 20% of that of the wild-type protein (Hahn et al., 2008). 

That the larger arginine side chain is less energetically favourable in the P2 position and 

has been demonstrated through a K128R substitution in the SV40 TAg cNLS, which 

resulted in a ~3 kcal/mol decrease in binding free energy. This high conservation of P2 

lysine is rationalized through the specific and extensive hydrogen-bonding interactions 

with Impα; the terminal nitrogen atom of the lysine side chain coordinates with the main 

chain carbonyl group of Gly150, with the hydroxyl in the side chain of Thr155, and with 

the negatively charged side chain of Asp192. These precise interactions were also 

observed in our structure. Furthermore, Prp20NLSMet21 occupies the P3 position in our 

structure, and interacts with the side chains of Trp184 and Asn188. This is consistent with 

nuclear import assays in yeast, which showed no defects in Prp20 import when Met21 

was substituted to a Thr residue (Hahn et al., 2008). The P4-binding site exhibits a 

slight preference for arginine, because it is able to make the most favorable interactions 

with ARM repeats 1 and 2; however a greater tolerance within this binding pocket has 

been noted than for the P2 position, and consistently, the energy contribution from this 

pocket is ~1/4 of the contribution of the P2 residue.
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FIGURE 6.3 STRUCTURE OF THE COMPLEX between Prp20 NLS (grey sticks) and Impα (grey cartoon backbone and black sticks), highlighting 

interactions at specific positions. The first two panels highlight the interactions at the minor site (NLS residues K3 and R4), and the remaining binding 

sites highlight the interactions at the major site (NLS residues RAKKMSK23). Figures were produced using PyMOL (DeLano Scientific LLC). 
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The minor site P1′ and P2′ positions contain the ‘KR’ motif in nearly all Impα:NLS 

structures solved to date, with the replacement to non-KR residues commonly resulting 

in cytoplasmic localisation of the protein. The P1′-binding pocket is generally defined 

by residues Thr328 and Asp361, and whilst a lysine is preferred over arginine in this 

binding cavity (which was observed in our structure), because an arginine side chain at 

this position is too long to make optimal interactions with the Impα side chains, arginine 

can still be accommodated, e.g. in the case of CBP80 (Marfori et al., 2012). The P2′-

binding pocket is defined by residues Ser360 and Glu396 within ARM repeats 7 and 8. 

Conversely to P1′, whilst a lysine can be accommodated at this position, an arginine 

side chain is able to make more favourable contacts to the Impα minor binding site, and 

the Prp20 NLS therefore contains the most favoured arrangement KR motif at P1′ and 

P2′ positions, forming both specific side chain salt bridges, and main chain hydrogen-

bonding interactions. Mutations of these residues have shown a weaker interaction to 

Impα and defects in nuclear localisation in yeast cells (Hahn et al., 2008). 

 

Overall, our structure defines the binding mechanism of the bipartite Prp20 NLS with 

the nuclear import receptor Impα. This interaction has not been described previously, 

and importantly, provides new structural information relating the mechanism of Impα 

NLS recognition. The linker region, separating the positively charged clusters within the 

Table 6.2. NLS binding to the major and minor sites of Impα Italics indicate that 

the sequence could not be discerned from the electron density and was omitted from 

the model. References for the PDB ID 3UKW (Marfori et al., 2012), 1PJM (Fontes, 

Teh, Jans, Brinkworth, & Kobe, 2003), 1EE5 (Conti & Kuriyan, 2000), 3UKY 

(Marfori et al., 2012), 2JDQ (Tarendeau et al., 2007). 
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bipartite NLS of Prp20, whilst longer than many bipartite NLS linkers, does not perturb 

the ability of these clusters to interact with the major and minor sites of Impα in a 

manner characteristic of other bipartite NLSs. Whilst insertion of a residue between the 

classical P0 and P1 disrupted the classical binding observed at P0, this was 

compensated by additional binding observed in the close vicinity, and highlights both 

the flexibility of NLS recognition contained within Impα, and difficulty in precisely 

predicting NLSs. 
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 CHAPTER 7  

IMPORTIN ALPHA DENGUE NLS 

7.1 INTRODUCTION 

Dengue virus (DENV) is a globally important pathogen that belongs to the Flaviviridae 

family and the flavivirus genus and is aetiological agent of dengue fever and dengue 

shock syndrome that can cause subclinical conditions through to death. It accounts for 

close to 200 000 deaths per year, an increase of 30-fold in the past 50 years, putting 

more than 40% of the world’s population at risk. Transmission of the disease is through 

the saliva injected by both the Aedes aegypti and Aedes albopictus mosquitos. 

Confinement of mosquitos remains problematic due to easy adaptation within urban 

environments (Guzman et al., 2010; World Health Organisation, 2011a, 2011b). 

There are currently no effective vaccines or anti-virals to combat DENV, and vaccine 

development has been hampered by the fact that there are four distinct DENV serotypes 

(DENV1, DENV2, DENV3 and DENV4) (Fraser, Rawlinson, Wang, Jans, & Wagstaff, 

2014; Gubler, 2002; Pryor, Wright, Jans, 2006). Each serotype is capable of causing 

dengue fever, and reinfection with a different form can cause the more severe form of 

infection, dengue haemorrhagic fever or dengue shock syndrome. Homology between 

the four serotypes is approximately 65%. Infections with more than one of the serotypes 

can mediate antibody-dependant enhancement (ADE), resulting in a more severely 

enhanced form of the disease (Guzman et al., 2010; Lescar et al., 2008; Rawlinson, 

Pryor, Wright, & Jans, 2006).  
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DENV is approximately 10.7 kilobases in length and is composed of a positive sense 

single stranded RNA genome. The viral genome encodes three structural; C, prM and E 

which form the main constituent of the infectious virion; and seven non-structural 

proteins (NS1, NS2a, Ns2b, NS3, NS4a, NS4b and NS5) that form part of the 

cytoplasmic replication process, see figure 7.1. The Non-Structural protein 5 (NS5) is 

105 kDa and highly conserved, see figure 7.2. NS5 displays 73% homology across all 

four serotypes (Falgout, Pethel, Zhang, & Lai, 1991; Fraser et al., 2014; Pryor et al., 

2007; Rawlinson et al., 2006). The life cycle of the DENV depends heavily on the NS5, 

reflecting the high sequence conservation. Within the NS5 there two functional 

domains, the N-terminal (residues 1-273) domain contains the methyltransferase 

fragment and the C-terminal domain (274-900) harbours the RNA-dependant RNA 

polymerase (RdRp). Both domains are vital for viral RNA processing. Within the C-

terminal RdRp domain there is an interdomain or a linker region spanning from residue 

320-405, it is within the interdomain that interaction between NS5 and the host cells 

occurs. The linker region is further divided into two sections, an α binding domain and 

β binding domain. NS5 is produced during the viral replication cycle, and has a wide 

range of functions including stabilisation and modulation of the host cell, but primarily 

is responsible for viral RNA replication. It has been shown that NS5 may also play a 

key role in the nucleus of infected cells, and understanding this process may lead to a 

platform for inhibitor and/or possible drug targets (Fraser et al., 2014; Perera & Kuhn, 

2008; Pryor et al., 2007; Rawlinson et al., 2006).  

 C E NS1 NS3 NS5 

NS4b NS4a NS2a NS2b prM 
N C 

FIGURE 7.1 SINGLE POLYPEPTIDE DENGUE GENOME Depiction of the dengue virus 

genome. The structural proteins C, prM and E found towards the N terminal with all 

5 non-structural proteins found along the rest of the polypeptide. All the way to the 

C terminal.  
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This chapter will present the structure of DENV3 NS5 NLS in complex with the 

importin responsible for its nucleocytoplasmic transport. The complex has been 

determined using X-ray crystallography and the structure has been resolved at high 

resolution. Furthermore this chapter will present the high resolution binding site of a 

new inhibitor bound to Impα. 

7.1.1 Cloning and Recombinant Expression of Recombinant DENV3NLS 

and Importin-Alpha 

DENV3 NS5 NLS, encoding residues 371-407, was ordered from DNA 2.0 and placed 

into the vector pGEX4T. The fidelity of the DNA construct was confirmed by the 

company. DENV3 NS5 NLS was recombinantly expressed in E. coli BL21(DE3) cells 

and over-expressed in autoinduction media (table 2.2). Cells were grown at room 

temperature for 24 h, harvested via centrifugation at 6000 rpm and resuspended in His 

buffer A.  

Impα, lacking the Impβ binding (IBB) domain (residues 70-529) to prevent 

autoinhibition had previously been cloned into the pET30a His-tagged expression 

vector by Dr Mary Christie. High level expression had been previously optimised in 

E.coli BL21(DE3) cells and were expressed in autoinduction media (table 2.2) at room 

temperature for 24 h, then harvested via centrifugation at 6000 rpm. Cells were then 

resuspended in His buffer A (table 2.3).  

 Methyltransferase RdRp Interdomain 

N C 

1 900 273 

βNLS α/βNLS 

320 405 368 

FIGURE 7.2 NS5 GENERAL STRUCTURE The NS5 with N terminal 

methyltransferase region and the RNA Dependant RNA polymerase (RdRp) C-

terminal domain. The RdRp domain contains the interdomain made up of the NLS. 

βNLS binding partners include Impβ, NS3 and CRM1. The α/β NLS is the binding 

fragment for the αβheterodimer.  



 

118 

 

Cells for both constructs were lysed via two freeze thaw cycles and the addition of 

lysozyme and DNase to complete lysis and reduce the viscosity of the sample. The 

extract was centrifuged to remove cellular debris and the crude sample clarified through 

a 0.22 micron filter, and purified by affinity and size exclusion chromatography.   

7.1.2 Purification of the Protein Complex 

Recombinant ImpαΔIBB was purified using affinity chromatography (section 2.4.4.2). 

The sample prepared in section 7.1.2 was placed over a nickel column and unbound 

sample washed using His buffer A (table 2.3). The sample was then eluted using a 

gradient of His buffer B (table 2.3) over 5 column volumes and the protein eluted, with 

the fractions containing ImpαΔIBB collected and pooled. The His Tag was removed 

through TEV proteolysis (section 2.4.4.3), and the protein re-purified through size 

exclusion chromatography to remove the His Tag and any minor impurities or 

breakdown products, but also to allow buffer exchange and assessment of the molecular 

weight of the native protein (figure 7.3). 

Recombinant DENV3 NS5 NLS protein was first purified using affinity 

chromatography. The sample prepared in section 7.1.2 was placed over a GST 

sepharose column and unbound sample washed using GST buffer A (table 2.3). Once 

the OD reading was below 10 mAu the purified tag free ImpαΔIBB was added to the 

column at 0.5 mL/min to allow it time to interact with the DENV3 NS5 NLS (figure 7.3 

A). The column was then washed until the UV reading was stable and protein complex 

eluted using a block of GST buffer B (table 2.3) over 5 column volumes, and fractions 

containing DENV3 NS5 NLS∙mImpαΔIBB were pooled together.   

The GST tag, that was present on the DENV3 NS5 NLS, had to be removed overnight 

with thrombin for 12 h at 4oC (section 2.4.4.3). A sample was then run on SDS-PAGE 

to check if the tag had complete cleavage. An additional thrombin aliquot was added to 

the sample and it was further incubated for 3 h at 4oC. The complex was then purified 

through size exclusion chromatography to remove the His Tag, any minor impurities 

and breakdown products (section 2.4.4.4) as seen in figure 7.3.  

To remove the GST portion that was unable to be separated on the S200 column, the 

sample was further purified (figure 7.3 C) over the GST column. The flow through 
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sample, containing the complex, was collected pooled and concentrated. The final 

protein concentration was 15 mg/mL and stored at -80oC (section 2.4.4.5).  

Samples at various steps of the purification were taken and run on SDS-PAGE for 

visualisation of the complex (figure 7.3). 

7.1.3 Crystallography 

To identify conditions that induced crystallisation, the protein sample purified in section 

7.1.3 was not screened in any available crystal screens as it was decided to use the 

previously described conditions (Teh et al., 1999) for mImpαΔIBB using the hanging 

drop vapour diffusion method (section 2.4.5). The initial screen ranged from 500-1000 

mM of sodium citrate at pH6, pH7, pH8 and 10 mM DTT. The wide range was used to 

account for different concentrations in the protein and slight differences in buffers. 

Some crystals were produced in the sodium citrate conditions within 24 h and so the 

sample was further optimised at a much narrower range of concentrations to increase 

the crystal size and quality. The sample was also placed in ammonium sulfate 750 mM -

1.5 M and HEPES pH7-7.5, crystals can be seen in figure 7.5.  

Diffraction quality crystals formed within 24 h, from 700-850 mM sodium citrate at all 

three pH levels. Protein was further optimised between 700-800 mM sodium citrate and 

pH6-8 with 10 mM DTT, see optimisation table figure 7.4, using the vapour diffusion 

hanging drop method. Diffraction quality crystals were then cryoportected in the mother 

liquor supplemented with 25 % glycerol before being flash cooled in liquid nitrogen.
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FIGURE 7.3 FPLC PROFILES A) GST purification 

green arrows is where the FT was taken from the 2 pink 

lines is where the clean mImpαΔIBB was injected over 

the top of the DENV3 NS5 NLS. The yellow box 

indicates the eluted sample that was placed on the s200. 

B) The profile trace of the complex, the yellow box 

indication the fractions that were taken. The peak that 

contains the complex sample is indicated by the green 

arrow C) GST clean up profile trace. D) SDS-PAGE of 

the purification corresponding to samples from whole cell 

till the end of the first GST purification cycle. E) SDS-

PAGE of the s200 purification, final concentrated 

complex in the yellow box.  
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.  

 

 Diffraction quality crystals were also obtained after 2-4 weeks in 1.35-1.5 M 

ammonium sulfate, 100 mM HEPES pH7.  These crystals were not further optimised, 

but cryoprotected in the mother liquid and supplemented with 20% glycerol, flash 

cooled in liquid nitrogen, and sent to the Australian Synchrotron for X-ray data 

collection.  

 

FIGURE 7.4 DENV3 NS5 NLS•MIMPαΔIBB CRYSTALS OPTIMISATION Protein was 

further optimised in Sodium Citrate conditions ranging from 700-850 mM sodium 

citrate pH6-8, with 10 mM DTT Two drops were placed on every coverslip one with 

seeding made from mImpαΔIBB.  
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7.1.4 X-ray Data Collection 

Flash cooled crystals from section 7.1.3 were sent to the Australian Synchrotron and 

diffracted on the MX2 beamline using BLU-ICE software (McPhillips, McPhillips, 

Chiu, Cohen, Deacon, Ellis, Garman, Gonzalez, Sauter, & Phizackerley, 2002), (figure 

7.5). Diffraction data was collected for a total of 180o at 1o oscillations. The crystals 

displayed the expected P212121 orthorhombic symmetry as previous mImpαΔIBB∙cNLS 

structures, and also displayed similar unit cell parameters. To allow for the visualisation 

of the structure the data was integrated using iMosFlm (Battye et al., 2011). These 

reflection intensities were then scaled and converted to usable structure factors using 

Scala (Evans, 2011) and Truncate (Winn et al., 2011). The most complete data set after 

the initial analysis was from the crystals that were produced in the sodium citrate. Data 

was integrated using iMosFLM (Battye et al., 2011), phases determined using molecular 

FIGURE 7.5 MIMPαΔIBB DENV3NLS CRYSTAL AND DIFFRACTION PATTERN  

A) Crystal of the mImpαΔIBB DENV3NLS complex in 1 M sodium citrate pH7 at 

the Synchrotron. B) The crystal from A after 180o rotation during data collectioin. 

C) Diffraction image taken of crystal in A. D) Diffraction image correspond to the 

crystal in figure B. 

A B 

C D 
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replacement, and the missing atoms for the DENV3 NLS built in manually and refined 

using COOT (Emsley et al., 2010) and REFMAC (Murshudov et al., 2011) (table 7.1).  

Table 7.1 Data Collection and Refinement Statistics for DENV3 NS5 

NLS∙mImpαΔIBB 

Wavelength 0.951 

Resolution range (Å) 38.91 - 2.1 (2.175 - 2.1)a 

Space group P 21 21 21 

Unit cell (Å) a=78.92 b=89.44 c=100.33 α=90 β=90 γ=90 

Total reflections 78413 (7869)a 

Unique reflections 40674 (4102)a 

Multiplicity 1.9 (1.9)a 

Completeness (%) 0.96 (0.99)a 

Mean I/sigma(I) 10.92 (2.06)a 

Wilson B-factor 28.32 

R-merge 0.04638 (0.3695)a 

R-meas 0.06559 (0.5226)a 

CC1/2 0.998 (0.69)a 

CC* 0.999 (0.904)a 

Reflections used in refinement 40667 (4102)a 

Reflections used for R-free 1987 (196)a 

R-work 0.1893 (0.2542)a 

R-free 0.2210 (0.2928)a 

CC(work) 0.958 (0.823)a 
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CC(free) 0.954 (0.752)a 

Number of non-hydrogen atoms 3645 

  macromolecules 3328 

Protein residues 436 

RMS(bonds) 0.005 

RMS angles (o) 0.97 

Ramachandran favored (%) 98 

Ramachandran allowed (%) 2.1 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 0.27 

Clashscore 4.15 

Average B-factor (Å) 36.22 

  macromolecules 35.75 

  solvent 41.13 

a
Numbers in parenthesis are for the highesthest-resolution shell  

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  

7.1.5 Structure determination and interactions 

Large strongly diffracting crystals that were grown and optimised using vapour 

diffusion hanging drop in sodium citrate conditions as described in section 7.1.3 

diffracted to 2.1 Å resolution using synchrotron radiation. Collection of 180o of data at 

0.5o oscillation was possible from a single crystal, which was resistant to radiation 

damage and showed no signs of deterioration of diffraction quality as shown in figure 

7.5. Following rigid body refinement, clear density could be observed only in the major 

NLS-binding grooves of the mImpαΔIBB. This density allowed for the manual building 

of the DENV3 NS5 NLS, providing a final structure shown in figure 7.6. The figure 
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shows DENV3 NS5 NLS, residues 383-392, binding to the mImpαΔIBB, residues 72-

496, in the major binding pocket in a monopartite fashion.  

 

The structure exhibits an overall similar visual arrangement of previously reported Impα 

structures that bind primarily to the major binding site. The binding between the Impα 

and DENV displays classical binding shown by a number of contacts located in the 

major NLS binding sites within the Impα, all contact sites can be seen in table 7.2 that 

was produced using PISA (Krissinel & Henrick, 2007). All the contact sites between 

mImpαΔIBB and DENV3 can be seen in figure 7.7.  

Like with all Impα∙cargo complexes, the highly conserved binding in the p2 site occurs 

with a LYSDENV3 NS5 NLS 388. This residue shows tight hydrogen bonds with THR155 

GLY150ASP192, and also has a salt bridge interaction with the mouse alpha at position 

ASP192, with the ASP being highly conserved, binding within all the known structures 

of mImpα∙cargo that display monopartite binding. This shows that the binding follows 

all previously deposited structures.  

As mentioned in section 1.2, the other binding positions of Impα also have preferences 

for long basic amino acids, however they are not as highly specific or conserved.  

ARM 1 

ARM 2 

ARM 3 

ARM 4 
ARM 6 

ARM 8 

ARM 10 

ARM 5 
ARM 7 

ARM 9 

FIGURE 7.6 STRUCTURE OF THE COMPLEX between DENV3 NS5 NLS•ImpαΔIBB 

the grey sticks are the DENV3 NS5 NLS and the mImpαΔIBB is the grey cartoon 

backbone. The DENV3 NS5 NLS is bound within the major binding site. Figures 

were produced using PyMOL (DeLano Scientific LLC). 
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With the elucidation of the high resolution structure of the DENV3 NS5 

NLS∙mImpαΔIBB complex future work could include complex formation and 

crystallisation with the RdRp domain, or the full length protein. Also the elucidation of 

a high resolution structure of the trimer DENV3 NS5∙Impα∙Impβ. These high resolution 

structures would assist with further work in producing an effective vaccine by allowing 

for further inhibitor targets.  

TABLE 7.2 DENV3 NS5 NLS AND MIMPαΔIBB INTERACTIONS determined in this study 

using PISA (Krissinel & Henrick, 2007) 
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7.2 DENGUE WITH INHIBITORS 

As previously mentioned, the viral RNA polymerase of DNV NS5 plays a key role in 

the viral replication of DENV. It also plays a key role within the infected cells nucleus. 

There have been many attempts at producing vaccines of different types targeting 

different areas using different compounds, however we are still yet to find an effective 

vaccine. The nuclear transport cycle therefore lends itself as an excellent target for drug 

design, since inhibiting the ability for DENV to translocate to the nucleus reduces viral 

replication. Binding an inhibitor that prevents the formation of the complex between 
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Figure 7.7 Structure of the complex between DENV3 NS5 NLS•ImpαΔIBB 

the grey sticks are the DENV3 NS5 NLS and the black sticks are the interactions 

at specific locations within the mImpαΔIBB (grey cartoon backbone). All 

interactions occur within the major binding site. Figures were produced using 

PyMOL (DeLano Scientific LLC). 
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Impα and DENV3 NS5 will prevent the initial interaction and translocation across the 

nuclear pore (Fraser et al., 2014; Wagstaff, Rawlinson, Hearps, & Jans, 2011; Wagstaff, 

Sivakumaran, Heaton, Harrich, & Jans, 2012). Studies by our collaborator Professor 

David Jans, shows that gossypol inhibits the translocation of DENV3 NS5 into the 

nucleus, and identification of the interface between DENV3 NS5 and gossypol would 

be of high interest.  

7.2.1 Recombinant Expression and Purification of Recombinant Importin-

Alpha 

Impα was expressed and purified as previously described in 7.1.2 and 7.1.3. Once the 

protein had been purified in the size exclusion column it was concentrated to a final 

concentration of 15 mg/mL and frozen away at -80°C.  

7.2.2 Crystallography 

To identify optimal crystallisation conditions, the purified protein from section 7.2.1, 

was not screened in any available crystal screening kits. It was placed directly into 

previously described conditions (Teh et al., 1999) for mImpαΔIBB using the hanging 

drop vapour diffusion method (section 2.4.5). The initial screen used to crystallise the 

sample ranged from 500-1000 mM of sodium citrate at pH6, pH7, pH8 and 10 mM 

DTT. The wide range was used to account for different protein concentrations and slight 

differences in buffers. Some crystals were produced in the sodium citrate conditions 

within 24 h and so the sample was further optimised at a much narrower range of 

concentrations to increase the crystal size and quality, the sample was also placed into 

750 mM -1.5 M ammonium sulfate and HEPES pH 7-7.5. These conditions are 

conditions that are also previously known to induce crystallisation of the 

mImpαΔIBB∙cargo protein complex. As the cargo that is bound to the mImpαΔIBB is 

generally a very short fragment, mImpαΔIBB crystallised alone well in these 

conditions.  

Diffraction quality crystals formed within 24 h, from 700-850 mM sodium citrate in all 

three pH. Protein was further optimised between 700-850 mM sodium citrate and pH 6-

8 with 10 mM DTT using the vapour diffusion hanging drop method.  

The drops that had diffraction quality crystals were then subjected to 0.5 µL of 10% w/v 

of gossypol in 100% DMSO. The crystals were left to soak for 24 h. Diffraction quality 

crystals that had been soaked for 24hrs and displayed a significant colour change, figure 
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7.8. Crystals were then mounted and cryoportected in the mother liquor supplemented 

with 20 % glycerol, before being flash cooled in liquid nitrogen.  

 

7.2.3 X-ray Data Collection 

Flash cooled crystals from section 7.2.2 were sent to the Australian Synchrotron and 

diffracted on the MX 2 beamline using BLU-ICE software (McPhillips, McPhillips, 

Chiu, Cohen, Deacon, Ellis, Garman, Gonzalez, Sauter, & Phizackerley, 2002). 

Diffraction data was collected for a total of 180o at 1o oscillations. The crystals 

displayed the expected P212121 orthorhombic symmetry as previous mImpαΔIBB∙cNLS 

structures, and also displayed similar unit cell parameters. To allow for the visualisation 

of the structure the data was integrated using iMosFlm (Battye et al., 2011). These 

reflection intensities were then scaled and converted to usable structure factors using 

Scala (Evans, 2011) and truncate (Winn et al., 2011). Data was integrated using 

iMosFLM (Battye et al., 2011), phases determined using molecular replacement, and 

the missing atoms for the Gossypol built in and refined using COOT (Emsley et al., 

2010) and REFMAC (Murshudov et al., 2011) (table 7.3). 

FIGURE 7.8 MOUNTED IMPαΔIBB CRYSTAL in A) it contains no Gossypol and in 

B) crystal grown in the same condition soaked and in 10% w/v Gossypol for 24 h.  

A B 
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Table 7.3 Data Collection and Refinement Statistics for Gossypol∙mImpαΔIBB. 

Wavelength 0.9876 

Resolution range(Å) 36.64  - 2.5 (2.589  - 2.5)a 

Space group P 21 21 21 

Unit cell (Å) a=78.8, b= 90.66 c=99.58 α=90 β=90 γ=90 

Total reflections 49755 (4678) a 

Unique reflections 25068 (2389) a 

Multiplicity 2.0 (2.0) a 

Completeness (%) 0.99 (0.95)a 

Mean I/sigma(I) 14.01 (2.94) a 

Wilson B-factor 43.96 

R-merge (%)b 0.03143 (0.2377) a 

R-meas 0.04445 (0.3362) a 

CC1/2 0.999 (0.858) a 

CC* 1 (0.961) a 

Reflections used in refinement 25061 (2390) a 

Reflections used for R-free 1276 (128) a 

R-work 0.1890 (0.2689) a 

R-free 0.2179 (0.3186) a 

CC(work) 0.966 (0.828) a 

CC(free) 0.964 (0.749) a 

Number of non-hydrogen atoms 3363 

  macromolecules 3244 
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Ligands 38 

Protein residues 426 

RMS(bonds) 0.008 

RMS angles (o) 1.13 

Ramachandran favored (%) 98 

Ramachandran allowed (%) 1.7 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 1.4 

Clashscore 3.63 

Average B-factor (Å2) 39.37 

  macromolecules 39.21 

Ligands 64.71 

Solvent 33.94 
a Numbers in parenthesis are for the highesthest-resolution shell  

bRmerge = ∑hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an individual measurement of 

the reflection with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection.  

7.2.4 Structure Determination and Interactions  

Large and strongly diffracting crystals grown and optimised via hanging drop vapour 

diffusion technique in sodium citrate were sent to the Australian Synchrotron and 180o 

of data was collected at 1o oscillations. The crystals were resistant to radiation damage 

and showed no signs of deterioration or diffraction quality. Collection of data was 

possible from a single crystal, giving a final structure of 2.5 Å. Similar to related crystal 

structures, these crystals displayed a P212121 orthorhombic symmetry and similar unit 

cell parameters. To identify any possible additional electron density that may account 

for the gossypol binding, the reflection data was measured and integrated using 

iMosFlm (Battye et al., 2011). These reflection intensities were then scaled and 

converted to usable structure factors using Scala (Evans, 2011) and Truncate (Winn et 
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al., 2011). Data was integrated using iMosFLM (Battye et al., 2011), phases determined 

using molecular replacement, and the missing atoms for the Gossypol built in and 

refined using COOT (Emsley et al., 2010) and REFMAC (Murshudov et al., 2011) 

(table 7.3) 

 

Gossypol did not appear to be sitting within the major or minor binding pocket as 

predicted. However gossypol can be clearly seen on the underside of ARM1 of 

mImpαΔIBB. Figure 7.9 shows where the gossypol (black sticks) is sitting and the 

DENV3 NS5 NLS (grey sticks) is sits within the mImpαΔIBB (grey cartoon backbone). 

Figure 7.10 shows a surface mesh representation of the complex showing the interface 

with ImpαΔIBB.  

ARM 1 

ARM 2 

ARM 3 

ARM 4 

ARM 6 

ARM 8 

ARM 10 

ARM 5 ARM 7 

ARM 9 

FIGURE 7.9 STRUCTURE OF THE DENV3 NS5 COMPLEX between DENV3 NS5 

NLS•ImpαΔIBB and gossypol•ImpαΔIBB the grey sticks are the DENV3 NS5 

NLS the black sicks are the Gossypol and the mImpαΔIBB is the grey cartoon 

backbone. The DENV3 NS5 NLS is bound within the major binding site. The 

second structure overlapped is the gossypol. Figures were produced using PyMOL 

(DeLano Scientific LLC). 
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To understand how gossypol would disrupt and inhibit the binding between mImpα and 

DENV, structural elucidation of the DENV3 NS5 RdRp domain in complex with 

mImpα is necessary. Models, supported by SAXS measurements, have been produced, 

as depicted in figure 7.11. The gossypol binding site is located adjacent to the NLS 

binding site. We hypothesise that additional contacts made between the nuclear import 

receptor and the NLS protein may occur in the gossypol binding region. 

It is plausible that this will therefore disrupt nuclear targeting of viral proteins such as 

the NS5 polymerase of DENV, and prevent its replication and/or infection. To allow for 

a comprehensive understanding of the mode of inhibition and further assist in future 

vaccine developments, a high resolution structure of the NS5·Impα·Impβ complex is 

required. These studies are ongoing within our research group. 

FIGURE 7.10 GOSSYPOL·IMPαΔIBB COMPLEX INTERFACE between the mesh and 

blue sticks shows where the gossypol sits in relation with mImpαΔIBB the red 

cartoon/surface area. A) Full image B) Zoomed in portion near ARM 1. Figures 

were produced using PyMOL (DeLano Scientific LLC). 

A B 



 

134 

 

 
FIGURE 7.11 MODEL OF GOSSYPOL·MIMPαΔIBB·NS5 RDRP with a surface 

envelope. Gossypol (labelled GSP) is seen in magenta located near the major 

binding site where the NLS can be seen bound to mImpαΔIBB (red). Figures 

were produced using PyMOL (DeLano Scientific LLC). 

 



 

135 

 

CHAPTER 8 

FUTURE DIRECTIONS 

CONCLUSION 

A detailed understanding of the nuclear import pathways, both classical and non-

classical, has played a pivotal role in the understanding of various genetic disorders and 

diseases. The importins play a critical role in the transport of cargo molecules through 

the NPC. By binding directly to the cargo protein or by acting as an adaptor, these 

receptor proteins are able to assist a range of cargo proteins with nuclear translocation 

through the NPC. 

This study aimed to elucidate the detailed binding between importin transport proteins 

and a range of cargo. This was achieved be cloning target genes using a medium 

throughput, ligation independent cloning procedure. Once cloned into the expression 

vectors, they were expressed and purified. In total, the structures of five complexes were 

resolved by x-ray crystallography.  

SRY·Impβ complex showed that the flexibility within Impβ caused the complex to 

deteriorate and due to time restrictions a shorter less flexible Impβ would need to be 

cloned and purified to produce a higher resolution structure. This work is ongoing 

within the research group.  

SOX2 and SOX9 in complex with Impα structures of high resolution were elucidated. 

These structures showed that although literature states that SOX2 and SOX9 utilise the 

non-classical pathway and bond directly with Impβ, they would very clearly only bind 

to Impα. Early work that was completed, Appendix 1, shows that binding to Impβ did 

not occur. Future work for these proteins involves mutating the binding sites to assess 

whether they cause disruptions in the binding to Impα and force Impβ binding and also 

forming a trimeric structure of SOX·Impα·Impβ. By attempting to solve the trimeric 

complex the interface and interactions between all three proteins would give a much 

better understanding of their translocation. 

A high resolution structure of Prp20·Impα complex was solved. This structure has been 

deposited (PDB ID 4OIH) and published in PLosOne (Roman, Christie, Swarbrick, 
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Kobe, & Forwood, 2013). This structure showed classical binding of Prp20NLS with 

Impα nuclear receptor. This interaction had not been previously described and it 

provided new information relating to the mechanism of Impα NLS recognition. The 

binding pattern highlighted the fexibility of NLS recognition contained within Impα, 

and also the difficulty in precisly predicting NLSs.  

The final chapter produced two high resolution structures  DENV NS5 

NLS·mImpαΔIBB and mImpαΔIBB·gossypol. The structure of the NLS revealed a 

monopartite binding pattern and displayed the highly conserved binding pattern of Impα 

at binding position P2. Once this structure had been solved, further work investigating 

inhibitors of DENV were tested. A high resolution structure of the ImpαΔIBB and an 

inhibitor, gossypol, was then solved. This structure and the DENV NS5 NLS·mImpα 

currently has a manuscript being prepared. Work with DENV is ongoing within the 

research group and includes looking at different serotypes of DENV, trialling other 

inhibitors, producing a structure with full length DENV NS5·ImpαΔIBB and also a 

trimer involving NS5·Impα·Impβ.      
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APPENDIX 1 

 

 

 

 

 

 

 

 

A) SDS-PAGE analysis of SOX2 purification mixed with purified hImpβ. B) Size 

exclusion profile of the SOX2 and hImpβ complex. The yellow box in (A) is the 

hImpβ eluent and corresponds with the yellow arrow in (B). The Green box shows 

the SOX2 elution and corresponds to the green arrow in B. C) SDS-PAGE analysis 

of SOX9 purification mixed with purified hImpβ. D) Size exclusion profile of the 

SOX9 and hImpβ complex. The yellow box in (C) is the hImpβ eluent and 

corresponds with the yellow arrow in (D). The Green box shows the SOX9 elution 

and corresponds to the green arrow in (D). No binding can be seen between either 

SOX protein and hImpβ. 
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