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Abstract   

Soluble production of recombinant proteins is required for the study of structure 

and function of these proteins as well as for future therapeutic applications. 

Unfortunately, many proteins have a propensity to be expressed as insoluble proteins 

when expressed in a heterologous host, including Escherichia coli. The use of solubility 

tags is one of the strategies to overcome this difficulty.  

The first aim of this thesis was to design and investigate new candidate fusion 

tags for protein expression in E. coli and as potential carrier mediated protein 

crystallization aids. Two fusion tag protein candidates had previously been identified 

from the Protein Data Bank (PDB) and literature searches based on criteria such as 

shape, size, ease of expression and crystallisation and the location of termini. These new 

fusion tags were the receiver domain of Myxococcus xanthus social motility protein 

FrzS (PDB code 2GKG) and the calponin homology domain from human β-spectrin 

(PDB code 1BKR). These tags proteins were fused to chosen human model proteins and 

peptides to assess expression, solubility and purification. Three groups of model 

proteins were selected for investigation: two weakly expressed proteins of unknown 

structures that display solubility issues (human Bardet Biedl protein 5, ubiquitin specific 

protease 20 zinc finger domain), two highly expressed proteins of known structures 

(ubiquitin carboxyl-terminal hydrolase isozyme L1, ubiquitin carboxyl-terminal 

hydrolase isozyme L3) and two peptides which are difficult to express without solubility 

tags, as the peptides have a high susceptibility for degradation. These two peptides 

(Ataxin residues 278-29 and α-synuclein residues 58-79) have been successfully 

obtained using Maltose binding protein (MBP) fusions. These proteins were expressed 
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as soluble proteins and were more amenable for purification when 2GKG and 1BKR 

tags were inserted at the fusion partners amino-terminal end. The results obtained in 

terms of solubility and purification with these novel tags compared favourably with 

results obtained using the widely used solubility tag Maltose binding protein (MBP) 

tag. Thus, these our two novel fusion tags have the ability to produce soluble proteins 

almost near to that level obtained by using MBP tag when they fused with these chosen 

model proteins and peptides. The fusion proteins produced were also investigated for 

protein crystallization, but no crystals have been obtained till now.    

The second aim of this thesis was to design and investigate a new fusion tag 

utilizing the ubiquitin protein due to its high stability and solubility. Ubiquitin was 

engineered by insertion of a histidine tag into the loop between strands 3 and 4 to be 

used as affinity and solubility tag. The ubiquitin modified with a histidine tag inserted 

between the strands 3 and 4 (UBHIS3S4) was expressed and purified alone in a high 

yield but when fused to two model proteins BBS5(1-270) and USP20 ZNFUBP (1-108) 

showed relatively a low yield. These results suggested that UBHIS3S4 protein was not 

favourable for use as affinity and solubility tag in these two instances.  

In addition, the ubiquitin protein was designed and evaluated as protein scaffold 

due to its high stability and solubility. A peptide sequence from a constrained peptide 

library had previously been identified by next generation phage display technology that 

interacts with the N-terminal domain of the ubiquitin specific protease 11 (USP11) 

residues (1-244). This peptide sequence was inserted between strands 3 and 4 of 

ubiquitin to assess the suitability of ubiquitin as a scaffold for peptide display. The 

modified ubiquitin was expressed and purified and binding studies with USP11 (1-244) 
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were performed by isothermal titration calorimetry which confirmed the binding. The 

results suggested that ubiquitin is suitable as a scaffold to display peptides which are at 

least 9 amino acids length between strands 3 and 4. Use of ubiquitin as a protein scaffold 

could serve as the basis for the production of peptidomimetic drugs and for different 

studies on drug discovery as anticancer drugs. 
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 Chapter 1: Introduction  

Proteins are essential molecules that play a wide range of different biological 

functions in all organisms (1). All living organisms synthesise proteins as key 

components of their biological metabolism and function. Proteins can be classified 

according to their function such as antibodies, enzymes, structural components, transport 

and storage proteins (2). Native and recombinant proteins are beneficial to the 

biopharmaceutical, biotechnological and the agricultural industries (3). Products from 

these industries benefit the medical industry, human nutrition, the production of 

detergents, polymers, leather, paper, and plastics (4). Recombinant proteins are currently 

produced commercially using different system of expression such as bacteria, insect cells, 

yeast cells and mammalian cells (5). The commercial production of recombinant proteins 

requires expression and an efficient protein purification process (Figure 1). Generally, 

recombinant protein production at a large-scale in the milligrams range of pure protein is 

difficult due to proteins having different physicochemical properties and their natural 

tendency to aggregate when over-expressed (6).  

Maintaining the proteins native structural state is important for biological activity. 

The native structure is acquired through the process of protein folding (7) (Figure 

2),where proteins fold through the interaction of polar residues (hydrogen bonds), 

oppositely charged residues (ionic interactions) and non-polar residues (hydrophobic 

interactions)(8). There is consensus that protein folding results from the presence of 

relatively hydrophobic residues such as alanine, valine and others which should be 

shielded from an aqueous environment, this is termed as hydrophobic collapse (9). This 

hydrophobic collapse tends to cause hydrophobic residues to be buried in the core of the 
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protein structure. The surface of the protein exposed to the solvent is then occupied by 

polar and charged residues such as asparagine, glutamine, glutamic acid and lysine (10). 

Improper folding of many proteins has been correlated with pathological diseases such 

as Parkinson's and Alzheimer’s (11). However, it should be noted that many biologically 

active proteins when in their native state do not adopt a structural fold. These proteins are 

commonly known as intrinsically disordered proteins (IDPs). IDPs have gained particular 

interest due to their physiological roles, such as cell signalling and transcription (12). 

 

Figure 1. Flowchart showing the process of recombinant protein production started by cloning then expression 

and purification. Figure adapted from (13).  
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Figure 2. Graphical representation showing the protein folding. During folding, hydrophobic amino acids 

(represented as green spheres) form the protein core while hydrophilic amino acids (represented as pink 

spheres) form water exposed surfaces of the protein Figure adapted from (14).  

1.1 Challenges and factors affecting the production of 

recombinant protein  

Recombinant protein production from expression systems faces many 

challenges. For example, the choice of expression host can affect recombinant protein 

expression, as a bacterial expression system lacks suitable chaperone molecules and 

post-translational modifications. These render bacterial expression system incompatible 

for the folding of some eukaryotic origin proteins such as those that harbour disulfide 

bridges. The lack of suitable pathways in the bacterial host can contribute to the 

aggregation process (15).    
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The exposure of purified recombinant proteins towards physical and chemical 

stresses can affect the stability of the proteins native state by influencing the tertiary 

structure. This would subsequently lead to an unfolding of the polypeptide chain (16).  

Physical conditions such as temperature, pH and protein concentration can 

induce physical instabilities in the proteins (17) (Figure 3). These physical variables can 

cause reversible and irreversible protein aggregation. However, a change in pH and 

temperature may also alter an aggregate from being irreversible to reversible (18).  

Proteins are stable and retain their native conformation at a narrow range of pH 

values, which is a characteristic of the protein. Outside the range of optimal pH, the 

proteins could potentially undergo transitions from their native conformations which 

may lead to aggregation (19). Also a change in pH, would redistribute the charge present 

in the protein and thus affect the attraction or repulsion interactions between molecules. 

During bio-processing or purification, a recombinant protein may encounter changes in 

pH which could adversely affect its stability (20).  

Temperature plays a crucial role for recombinant protein production, as every 

protein retains stability below a characteristic specific melting temperature (Tm). When 

proteins are subjected to conditions above their specific melting temperature, they 

undergo structural unfolding making them susceptible to aggregation (21). Increasing 

temperature results in increased frequency of intermolecular collisions and breakage of 

hydrogen bonds, leading to aggregation (22).  
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The protein concentration is a significant factor for protein stability as higher 

protein concentrations increase intermolecular protein-protein interactions, which 

potentially initiates the process of aggregation (23). 

Additionally, chemical changes and the protein structure degradation can be 

induced by acylation, oxidation, deamination and hydrolysis of peptide bonds (24). 

Alterations in the chemical structure of a protein lead to a change in polarity and 

charges, thus influence the attraction or repulsion forces between residues of protein 

monomers. For example, the presence of unpaired cysteine residues makes them 

susceptible to form intermolecular disulphide bonds between polypeptide chains and 

aggregates (25). Tyrosine residues are also known to undergo oxidation to form 

covalent dityrosine bonds, these chemical changes are generally irreversible in nature 

(26) 

  

Figure 3.Diagram represents misfolding of native protein under certain circumstances such as pH and 

temperature change. Figure adapted from (27)   

 

 



6 

 

1.2 Characterization of recombinant protein production 

Characterization methods for recombinant proteins are wide and diverse. They 

range from simple visual inspections to sophisticated analytical evaluations that require 

specialised expertise. The nature and size of protein influences the choice of analytical 

technique to be utilized. Furthermore, each method is able to assess a certain particular 

aspect of the protein. These include protein size, morphology or protein concentration 

(28). Different analytical tools used to detect and characterise protein can be broadly 

categorized according to chromatographic, light scattering, and spectroscopic methods. 

These methods differ from each other in terms of their respective detection principles, 

the detection size ranges and duration of analysis (29).   

1.3 Strategies to control stability of the recombinant protein 

production      

1.3.1 Bioinformatical assessment and control of protein 

aggregation 

Computational methods such as in silico molecular simulations are currently used 

to estimate the stability of a specific protein sequence (30). These computational 

methods are able to identify sequences and motifs which are prone to aggregation. They 

are valuable in understanding the mechanisms, precursors and inducers underlying the 

aggregation (31). Recent efforts are aimed at early use of computational tools to identify 

promising protein molecules which possess desirable conformational stability or those 

that have a tendency to aggregate through silico techniques (32).   
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1.3.2 Modification of genes of interest by site directed 

mutagenesis to control aggregation  

Site-directed mutagenesis can be used to control protein aggregation. This 

approach focuses on changing the residues from being hydrophobic to hydrophilic to 

enhance the solubility of proteins. However, one of the challenges in utilizing a site-

directed mutagenesis technique arises when there is limited structural information. This 

can make it difficult anticipating hydrophobic residues which are useful potential targets 

for mutagenesis (33).  

1.3.3 Expression systems  

Both prokaryotic and eukaryotic expression systems are utilised for recombinant 

protein production. Eukaryotic expression systems are mostly targeted at therapeutic 

protein production, as these proteins often contain post-translational modifications (34). 

However, prokaryotic expression systems remain the most desirable choice as they are 

the cheapest and quickest expression systems.  

Bacterial expression systems, including Escherichia coli strains are limited by 

their inability to carry out post-translational modifications (35). This can hinder correct 

folding of the polypeptide chain. In addition, inclusion bodies inside the cytoplasm of 

the bacteria will potentially develop as a result (36). Recombinant protein recovery from 

inclusion bodies in their native conformational state requires solubilisation under 

denaturing conditions and then to undergo a process of refolding  (37). Furthermore, a 

large number of mutant E. coli strains have been designed for recombinant protein 

expression. One of the commercially available strain is the BL21 E. coli strain, which 
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has been shown to be ideal for routine protein expression. Deficiencies of lon and OmpT 

proteases in  BL21 E. coli strain as a result of genetic modifications leads to reduced 

proteolysis of expressed recombinant proteins and subsequently increased protein 

stability (38). 

1.3.4 Alterations in expression conditions  

Several approaches such as a reduction in growth temperature and a change in 

growth media composition have shown promise in achieving initial soluble expression 

of recombinant proteins. A reduction in growth temperature is an important factor as 

higher temperatures increase hydrophobic interactions and thus can increase 

aggregation during protein expression (39).  

The supply of nutrients in growth media is essential for production of properly 

folded and active recombinant protein. This relationship is dependent on the type of the 

expressed proteins and requirements for specific co-factors in the composition of the 

growth media. These specific co-factors may include metal ions such as iron-sulphur as 

well as polypeptide cofactors (34). 

1.3.5 Using fusion tags  

One solution used to control protein aggregation and subsequently obtain soluble 

pure proteins is using fusion tags. Tags which enhance recombinant protein yield, can 

be classified into two classes. The first class are affinity tags which are used for fast and 

effective proteins purification. The second class are solubility tags which promote target 

protein folding and solubility (40). Both classes of tags may be used in combination or 
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many tags combine these two characteristics in order to overcome aggregation problems 

and provide an easy route to purification (Figure 4).   

Protein expression, respective stability, resistance to proteolytic degradation as 

well as solubility can be potentially improved through the implementation of fusion 

tags. Currently, there is a diverse range of fusion tags available ranging from large 

proteins to small peptides, each with their own inherent specific properties.  Despite 

their use, research is still focused on the production of new fusion tags as the folding 

and solubility of all target proteins still remains a challenge (41). 

 

Figure 4 Schematic of a plasmid  encoding a target protein and fusion tag.  

An ideal solubility tag should improve the expression and purity of the target 

protein. This is obtained through facilitating folding and enhancing the solubility of 

fused proteins without any detrimental effect on their respective tertiary structure and 

biological activity (42). The solubility tag should also be suitable for a number of 

different proteins and are therefore typically small stable proteins. 
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1.3.5.1  Mechanisms of solubility tag effects on fusion proteins  

Different propositions have been made to explain the mechanism behind how solubility 

tags improve the solubility of fusion partners.  

One mechanism suggests that as a result of the fusion of proteins micelle-like 

structures are formed (Figure 5). This subsequently results in the separation of target 

proteins, which are susceptible to aggregation away from the solvent. Simultaneously, 

the domains of the soluble proteins face outward (43).  

 

Figure 5. Possible mechanism of solubility tag as micelle. The solubility tag (indicated in yellow) and target 

protein (indicated in red). During this mechanism, separation of the target protein from the solvent occurs 

while the domains of the soluble protein simultaneously face outward by micelle-like structures.  

A second possible mechanism is the attraction to chaperones by solubility tags. 

During this mechanism, a protein partner is driven by the fusion tag into a folding 

pathway that is mediated by a chaperone (44).  

A third proposed mechanism is the solubility tags exert intrinsic chaperone-like 

activity increasing protein folding of the fusion proteins (45) (Figure 6).   
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Figure 6. Graphical representation showing that a solubility tag displays intrinsic chaperone activity to protect 

its fusion protein from aggregation. Figure adopted from (46) 

A fourth suggested mechanism is the ability of solubility tags to affect net charges. 

For example, the highly acidic SET tag inhibits the occurrence of aggregation through 

repulsive electrostatic interactions and reduces its tendency for globular conformation. 

It was reported that globular proteins (solubility tags) with an intrinsic high net acidity 

better enhance the solubility of fusion proteins (47). Different examples of fusion tags 

and their respective characteristics are discussed below.  

1.3.5.2  Examples of existing fusion tags   

1.3.5.2.1.1  Poly-histidine tag  

A poly-histidine tag is a small tag which consists of typically 6-8 histidine 

residues and has been commonly used for recombinant protein production through the 

utilisation of immobilised metal affinity chromatography. The strongest interaction is 

exhibited between the amino acid histidine and immobilised metal ions such as Cu2+, 

Zn2+ Co2+ and Ni2+. This is a result of electron donor groups present on the histidine 

imidazole ring which interact with immobilised transition metal ions to form 

coordination bonds (48). The insertion of the His tag can be performed at the N or C-
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terminus, this property allows the use of these tags in all commonly used expression 

systems e.g. bacteria, mammalian, insects and yeast (49).  

1.3.5.2.1.2  Glutathione S-transferase tag  

Glutathione S-transferase fusion proteins are the most commonly utilised tool in 

the field of protein purification (50). The GST tag was first described in 1988 and 

originates from Schistosoma japonicum (51). The purification of fusion proteins can be 

obtained by using GST tag one-step affinity chromatography methodology based on 

incubating a crude lysate of the fusion protein with immobilised glutathione. The elution 

of bound fusion protein can be performed through the addition of 10 mM reduced 

glutathione in non-denaturing conditions. By protecting fusion proteins from 

intracellular proteolytic cleavage, the GST tag assists their stabilisation (52). In some 

cases, due to its large size the GST tag can affect the fusion protein’s activity requiring 

the GST tag to be cleaved from the fusion protein. The cleavage of the GST tag can be 

carried out by using site-specific proteases such as thrombin or Tobacco Etch virus 

(TEV) (53). Similar to the His tag, the insertion of GST tag can be at either  the N or C-

terminus of the protein and thus allowing its utilization in different expression systems 

such as bacteria, yeast, mammalian cells, and insect cells (54).  

1.3.5.2.1.3  Maltose-binding protein (MBP) tag   

In 1988, the maltose-binding protein (MPB) tag was first described as a facilitator 

for peptide expression and purification in E. coli (55). Proteins fused with MBP tags 

can be purified in a one-step affinity chromatography method utilizing amylose resin. 

The elution of bound fusion proteins uses a buffer containing 10 mM maltose. The MBP 

tag improves the expression of the fusion proteins by protecting them from being 
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degraded by the translocation to unique cellular locations containing low protease 

levels. (56). The insertion of a MBP tag can improve the solubility of fusion proteins in 

different expression systems including eukaryotic and prokaryotic systems (57). The 

MBP tag can be inserted at either the N or C-terminus of a protein and is commonly 

utilised in conjunction with small affinity tags e.g. Histidine tag (58).  

1.3.5.2.1.4     NusA, TrxA and DsbA tags     

Some other examples of tags which are able to improve the solubility of fusion 

proteins are N-utilization substances (NusA), Thioredoxin (TrxA) and Disulfide 

isomerase (DsbA). These tags should be combined with affinity tags such as the 

Histidine and MBP tags to purify their fusion partners (50). The NusA tag increasing 

the solubility of fusion proteins as it able to promote hairpin folding and termination 

(59). In addition, expressed insoluble proteins in E. coli becomes soluble when the 

NusA tag is inserted in the N-terminus (60). Thiorexdin and DsbA tags improve the 

expression and solubility of fusion proteins by improving their translation efficiency 

and tertiary structure folding, both tags can be inserted at the N or C-terminus of the 

fusion proteins (61). 

1.3.5.3  Fusion tag applications  

A major application of fusion tags is in drug discovery research such as the study 

of recombinant protein structures (e.g. protein crystallography) and the study of protein-

ligand interactions e.g. isothermal titration calorimetry. These techniques requires 

relatively large amounts of protein in the milligrams range of pure protein (62). Fusion 

tags provide a high yield of pure proteins while sometimes also assisting in protein 

crystallography through carrier-assisted crystallisation of fusion proteins. For instance, 
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the Maltose binding protein (MBP) tag has been used to crystallise many proteins and 

peptides by promoting the rigidity and compactness of MBP-fused proteins and thus 

forming crystals (63).  
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1.4 Background to this study 

1.4.1 Novel potential solubility of new suggested tags (2GKG and 

1BKR tags)  

For the purpose of enhancing the solubility, expression and purification of 

recombinant proteins new solubility tags were chosen and evaluated as the existing tags 

cannot be used for all proteins due to different physiochemical properties of the proteins. 

This requirement is driving a need for new tags, which can be utilised to express various 

proteins, as the expression and purification of each recombinant protein can be 

investigated with different tags. For example, the use of large tags e.g. the maltose-

binding protein (MBP) can improve the recombinant proteins solubility more than the 

small tags as it increases the efficient translation of the fusion proteins (64). However, 

in some cases large tags can interfere with the fusion protein stability and activity during 

the purification leading to better use of small tags than large tags (65).  

When regarding the use of tags for crystallization, some tags can promote 

crystallization of the fusion proteins more than others such as the presence of the MBP 

tag has been shown to crystalize many proteins due to its large size and favourable 

surface properties which improves the crystal packing and promotes the formation of 

fusion protein crystals (66). 

The aim of this study was to identify and evaluate new fusion tags with the aim 

of improving expression, solubility and crystallization of different proteins. The choice 

and evaluation of new fusion partners is dependent on different aspects and factors such 

as the amino acid composition and the size of the solubility tag. The nature of the fusion 

partner is also important and must be considered, as some fusion partner require large 
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or small tags. In some cases, the large fusion partner needs small tags better than large 

tags. The large size tags have wide range of amino acid content exerting biochemical 

load on the host cell which affect fusion partner stability (67).  

The location of tags is also a factor which should be taken into consideration. 

Depending on their insertion either at the N or C-terminus, different effects on the fusion 

partners can be gained. Generally, tags placed at the N-terminus are considered to be 

more advantageous compared to those placed at the C-terminus. This is due to the 

accurate significance at the initiation sites of translation on the tag from which fusion 

proteins can gain benefit and hence allow increased efficiency (58).   

This study was carried out to identify and choose new solubility tags from the 

Protein Data Bank (PDB) by employing specific criteria in order to potentially increase 

the expression yield, solubility, purification and assist in crystallisation of different 

proteins. We hypothesised that the Protein Data Bank should provide a rich resource for 

identifying smaller stable protein folds that may be suitable as solubility tags and 

potentially for carrier driven crystallisation to minimize any impact on a protein’s 

function by steric hindrance. This aim was suggested because Simon Caulton a PhD 

student in Ingrid Dreveny group made attempts to express, purify and crystallise USP20 

domains through the implementation of different tags such as MBP and Thioredoxin. 

However, the soluble protein yields were low with no crystals being produced with these 

tags. This created motivation for identification and choice of new solubility tags to 

improve the expression yield, solubility, purification and assist in crystallisation of the 

USP20 domains and can be used in the future with other proteins. The PDB was used 
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to identify new tags as its previously utilized to identify novel solubility tag such as 

Mocr tag (68).  

The criteria that were used to identify new protein tags included: 

 (1) Proteins of less than 400 amino acids, as the presence of a large tag can interfere    

with protein function and stability (69).  

(2) No disulphide bonds in the protein structures to ensure that the proteins produced 

under reducing conditions, as reducing conditions are important for proteins production 

in E. coli. This is because E coli doesn’t have the ability to assist the efficient 

stabilization of SH groups or reorganization of correct disulfide bonds which decrease 

the expression of the target protein (70).  

(3) Non-existent ligands in the structure as the presence of ligand binding may change 

the protein conformation. This would suggest an increased flexibility of the protein 

which would negatively affect the formation of subsequent crystals (71).  

(4) Proteins have high X-ray diffraction resolution data of less than 1.6 Å, as higher 

resolution structures indicate that the protein is structurally stable with low flexibility 

and tight packing, which may be beneficial for crystallisation of any fusion proteins 

(72). 

 (5) Proteins expressed in the E. coli expression system as several fusion proteins use E. 

coli expression system which is the cheapest and fastest system to produce significant 

amounts of recombinant proteins for crystallization (73). 
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After applying all the previous criteria, potential fusion partners were 447 

initially. Then, the Pymol software and literature reviews were used to further evaluate 

their characterises by other factors such as globularity, distribution of charges and B-

factors values (74) (75).    

Globularity is important for crystallisation as it decreases conformational 

flexibility (76). Distribution of surface charges should be relativity even as the presence 

of large unpolar regions or with a highly positive or negative charge may be more prone 

to aggregation or interference with protein function (77).  

The atoms displacement about its average position is described by a B factor, as 

higher B values are characteristic of increased movement and higher flexibility which 

is not favourable for crystallisation (78), as consequence proteins with regions of high 

B-factors were avoided.  

Two of the PDB entries have been selected for use as solubility tags; the human 

β-spectrin calponin homology domain, (PDB code: 1BKR) (79) and the Myxococcus 

xanthus social motility protein FrzS receiver domain, (PDB code: 2GKG) (80). These 

two tags were selected as they have reasonable surface charge distributions without 

extremely charged or hydrophobic patches (Figure 7). 1BKR is an alpha-helical protein 

and the 2GKG consists of a central beta-sheet encapsulated in helices (Figure 8).   
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Figure 7. Distribution of 1BKR and 2GKG surface charges. The negative charges are in red colour, the positive 

charges are in blue colour and the white regions are neutral. (made in Pymol software). 

 

 

Figure 8. Cartoon diagram of the crystal structure of two candidate tags A) 1BKR, B) 2GKG (made in Pymol 

software) 
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1.4.2 Chosen model proteins used for investigation with the novel 

tags 

This study investigated these two tags and aimed to evaluate their effectiveness 

when fused with selected weakly expressed proteins (of unknown structures), highly 

expressed proteins (known structures) and peptides of known structure which are 

difficult to express without solubility tags, as the peptides have a high susceptibility for 

degradation.  

Proteins of known structure were chosen in order to study the ability of these 

novel tags to improve protein expression yield and potentially crystallize these proteins 

in different space groups (crystal packing) that may be better suited for compound 

soaking. The chosen proteins were ubiquitin carboxyl-terminal hydrolase isozyme L1 

UCHL1 (PDB code 2ETL) (81) and ubiquitin carboxyl-terminal hydrolase isozyme L3 

UCHL3 (PDB code 1UCH) (82).  

UCHL1 protein is one of the UCHS enzymes, which is a deubiquitinating cysteine 

protease enzyme that selectively expressed in the brain (83). The UCHL1 protein 

represents 1-2 percent of the overall brain protein (84). Respective genetic mutations in 

UCHL1 may be associated with Parkinson disease (85). The crystal structure of UCHL1 

enzyme was previously solved at 2.4 Å resolution (Figure 9). 
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Figure 9. Cartoon diagram of the crystal structure of UCHL1 with the PDB code: 2etl (made using Pymol 

software). The N terminus represented in green colour while the C terminus represented in yellow colour. 

The second model protein was UCHL3 protein, which shares 54% homology with 

UCHL1but UCHL3 is different from other UCHs, as it can work as C-terminal 

hydrolase with both NEDD8 and ubiquitin (86). The crystal structure of UCHL3 protein 

was solved at 1.8 Å resolution (Figure 10). 

 

Figure 10. Cartoon diagram of the crystal structure of UCHL3 with the PDB code:1UCH (made using Pymol 

software). The N terminus represented in red colour while the C terminus represented in yellow colour. 
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The second group of model proteins that was investigated were peptides. 

Producing peptides recombinantly comprising of less than 100 amino acids in E. coli is 

a difficult task due to their susceptibility for degradation (87). The peptides have been 

selected in order to evaluate whether the new tags that can overcome this challenge. 

Two peptides from proteins associated with neurodegenerative disease were chosen. 

These peptides corresponded to ataxin-3 residues (278-291) and α-synuclein residues 

(58-79). They have been produced previously and their crystal structures were solved 

via fusion to maltose binding protein (MBP) tag. These two peptides were chosen by 

specific criteria; (1) the peptides structures were previously solved through fusion with 

MBP, (2) at high resolution within the range of 1.5 and 2.5Å and (3) were of human 

origin. 

The Ataxin-3 peptide is involved in the pathogenesis of neurodegenerative disease 

of spinocerebellar ataxia type 3 (88). One such disease defined by the ataxin-3 protein 

self-aggregation is Machado-Joseph disease (89). The structure of ataxin-3 consists of 

a globular N-terminal domain described as the Josephin domain. Aggregation of the 

Josephin domain results in curvilinear protofibrils. The C-terminal unstructured 

domain, is dynamically disordered and consists of three ubiquitin interacting motifs 

which are separated by polyglutamine residues (90). As the polyglutamine regions 

expands to consist of more than 50 residues, a second stage of ataxin-3 aggregation 

occurs giving the formation of long straight amyloid fibrils (91). The crystal structure 

of a C-terminal Ataxin-3 peptide (278-291) that comes before the polyQ region was 

solved at 2.2-Å resolution when fused to MBP tag (92) (Figure 11). The isoelectric point 

of MBP-ataxin (278-291) is 5.58 with a 42.9 kDa monomeric molecular weight and 

comprise 392 amino acids. (PDB code: 4YS9).  
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Figure 11. Cartoon diagram of the crystal structure of MBP-ataxin (278-291) PDB code: 4YS9 (made using 

pymol software). The MBP tag represented in red colour while ataxin (278-291) represented in green colour. 

The second chosen model peptide was α-synuclein (residues 58-79) peptide, 

which is a characteristic feature of Parkinson’s disease. The Lewy bodies which present 

in Parkinson’s disease is mainly made up of α-synuclein (residues 58-79) peptide (93). 

The aggregation of the peptide forms synucleinopathies, which were found to be present 

in various human neurodegenerative diseases (94). The mechanisms behind the 

conversion of α-synuclein in its functional native state to the aggregates of amyloid are 

still unexplained (95). The crystal structure of the α-synuclein peptide (58-79) peptide 

was solved by fusion with maltose binding protein(MBP) tag at 1.6 Å resolution (96) 

(Figure 12 ) (PDB code: 3Q28). 
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Figure 12. Cartoon diagram of the crystal structure of MBP- α- synuclein (58-79) PDB code: 3Q28 (made 

using Pymol software). The MBP tag represented in red colour while α-synuclein peptide (58-79) represented 

in violet colour. 

The third group investigated were model proteins that were difficult to express 

and purify, whose structures have not yet been solved, to study the efficacy of the novel 

tags in terms of expression, solubility and crystallization when fused with these model 

proteins. The chosen proteins were a predicted zinc finger domain of ubiquitin specific 

protease 20 USP20ZNFUBP (1-108) and the predicted pleckstrin homology domains 

(PH domains) of Bardet-Biedl syndrome 5 protein BBS5 (1-270).   

The ubiquitin specific protease 20 (USP20) is a deubiquitinating enzyme, which 

is implicated in various cellular pathways, such as the regulation of DNA-damage 

response pathway, as well as checkpoints in the cell cycle (97). USP20ZNFUBP (1-

108) is a zinc finger domain which is part of USP20 protein. Zinc finger domains are 

functional and generally fold independently, the structure is stabilized by coordination 

with zinc ions via histidine and cysteine residues (98). Zinc finger domains in proteins 

are structurally diverse and have important roles in DNA to protein interactions and 
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membrane association (99). The isoelectric point of USP20 ZNFUBP (1-108) is 6.39 

with a monomeric molecular weight of 12 kDa. 

The second model protein was the Bardet-Biedl syndrome 5 protein BBS5 PH 

domains (residues 1-270) that is membrane-associated. BBS5 is a protein encoded by 

the BBS5 gene which is directly linked to Bardet-Biedl syndrome (100). The disease is 

a result of genetic mutations in the gene BBS5 and is characterised by severe pigmentary 

retinopathy, kidney malformation and mental illness. Also, Bardet-Biedl syndrome 

patients may have diabetes mellitus, hypertension and congenital heart disease (101) 

(102). The isoelectric point of BBS5 (1-270) is 8.9 with a monomeric molecular weight 

of 30.7 kDa. 
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1.4.3 Design and investigate the suitability of the ubiquitin protein 

for protein affinity, solubility and protein scaffolds 

In addition, to the candidate tags identified from the Protein Data Bank a well 

characterised highly thermostable protein was also investigated for improvement of the 

expression and purification of difficult to express proteins. Currently fusion tags that 

improve the expression and solubility cannot be used for all proteins. Thus, novel small 

tags that are unlikely to interfere with a protein function are required. This is driving 

the research into the discovery of new tags. We have investigated the ubiquitin protein 

for its suitability as a fusion tag. This protein has high stability and solubility which 

suggest it would be suitable as a fusion tag, as many studies have shown that the protein 

stability and solubility are important criteria for a fusion tag when looking at improving 

expression, solubility and crystallization of the fusion proteins (103). Previous research 

has shown that a Small Ubiquitin-like Modifier (SUMO) tag when fused with different 

proteins and peptides had a comparable performance with many commonly used affinity 

tags including glutathione S‐transferase and maltose‐binding protein (MBP) (104) (56) 

105). A SUMO tag exhibited similar performance to that observed for MBP and GST 

tags with different proteins such as matrix metalloprotease‐13 (MMP13) and green 

florescent protein. This result indicated that the SUMO tag can be used as fusion tag 

due to its high solubility and stability (106). Ubiquitin protein has also been shown to 

be capable of being used as a fusion tag as it can enhance the fusion partner's translation 

effectiveness (58), Therefore, we assumed  that ubiquitin protein can be used as fusion 

tag, as it is one of the more stable and soluble protein which can be used as affinity and 

solubility tag. 
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A second aim of this research was to determine whether the ubiquitin protein can 

act as protein scaffolds for the insertion of large peptides, which can then be used for 

high affinity target binding due to its high stability and solubility. Previous research has 

shown that this protein can be used for high affinity target binding and it has been shown 

to be a well suited scaffold protein which can be adapted to specific tasks as therapeutic 

purposes (107). 

 In this study, we have engineered the ubiquitin protein so it could be used an 

affinity tag, solubility tag and tested the suitability of this protein as a protein scaffold 

for high affinity target binding via a large extension of a loop region with a peptide. 

1.4.3.1  Ubiquitin as affinity, solubility tag 

With the aim of producing a new enhancing solubility tag, a loop region of the 

ubiquitin protein was modified according to specific design (Figure 13). Ubiquitin as a 

highly stable and soluble protein is expected to promote the solubility and expression 

of many target fusion proteins (108). To unfold ubiquitin temperatures above 90°C are 

needed (109). The Ubiquitin protein as a fusion tag was investigated with chosen model 

proteins, which are weakly expressed, in order to hopefully see an improvement in terms 

of protein yield.  
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Figure 13. Cartoon diagram of the crystal structure of ubiquitin protein (PDB code 1UBI). The figure 

represents the loop between strands 3 and strand 4 in yellow colour (made using Pymol software). 

1.4.3.2  Ubiquitin as a protein scaffold   

A vast range of biotechnological applications such as research, diagnostics and 

therapy have implemented engineered protein scaffolds as a valuable tool (110). These 

protein scaffolds have favourable properties, including a small size and the possibility 

to be conjugated and modified with diverse sequences that can then interact with a 

variety of protein targets with high affinity (111).    

It has been shown that the next-generation phage display technology is useful for 

efficient selection of target-specific peptides which bind to the deubiquitinating enzyme 

USP11 residues 1-244 (112). USP11 has been implicated in cancer (DNA damage repair 

by homologous recombination) and viral-host interactions (e.g. human papilloma 

virus). Consequently, it is considered a promising drug target. Therefore, peptides that 

specifically bind USP11 to compete with substrates or other binding partners may form 

the basis of the development of peptidomimetic drugs (113).   
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In this study, the ubiquitin protein was used to incorporate a constrained peptide 

that has been identified as interacting with the USP11 N-terminal DUSP-UBL domains 

from a S-S constrained phage display peptide library into one of ubiquitin’s loop regions 

between strands 3 and 4. Incorporation of this region into the ubiquitin scaffold was 

investigated by isothermal titration calorimetry technique with USP11 residues 1-244 

(a region that does not interact with ubiquitin).   
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1.5 The aims of this study  

 The overall aims of this study were to:  

1.1 Investigate two novel tags identified from the PDB, with codes: 1BKR (calponin 

homology domain from human β-spectrin) and 2GKG (Myxococcus xanthus social 

motility protein FrzS), to evaluate if they can be used as solubility tags and if they are 

suitable for crystallization studies by acting as carrier proteins. These tags were 

expressed, purified and crystallized using different chosen model proteins and peptides. 

1.2 Compare the effectiveness of these two novel tags with the effectiveness of the 

maltose binding protein (MBP) tag, when fused with chosen proteins with specific 

criteria as discussed previously. The MBP tag was used in our study as it is commonly 

used as a reference soluble tag in many studies with novel tags (114).   

2. Design and investigate the suitability of the ubiquitin protein as affinity and solubility 

tag in terms of improving solubility when fused with difficult to express proteins such 

as the membrane associated BBS5 and USP20ZNFUBP, which have a tendency to 

aggregate. 

3. Investigate the suitability of ubiquitin protein as a protein scaffold allowing 

incorporation of long peptides into loop regions of the protein between strands 3 and 

strand 4.   
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1.6 Specific aims  

For design and evaluation of two novel tags 1BKR and 2GKG and if they can be used 

as solubility tags:  

 To reclone the sequences of 1BKR and 2GKG into expression vectors with an N-

terminal affinity tag (Histidine tag) followed by the multiple cloning site (MCS) such 

that, the two tags can be fused to proteins of interest with a linker of three alanine 

residues to limit the linker length which should aid crystallization of the fusion proteins 

(115). 

 To evaluate the expression, purification, stability and solubility of the 1BKR and 

2GKG proteins without any fusion of target proteins to confirm that these proteins 

have high expression levels, high solubility and stability in isolation (116). Then to also 

test the crystallisability of the tags alone.   

 To evaluate the expression, purification and crystallization of the novel tags fused 

with different chosen model proteins and peptides. 

For comparison, the effectiveness of the two novel tags was to be compared with the 

effectiveness of the maltose binding protein (MBP), when fused to selected proteins: 

 To initially compare the tags in terms of expression, solubility and purification using 

small scale 100 mL bacterial cultures under auto-induction conditions. The small scale 

cultures using qualitative SDS-PAGE as an indicator of the expected yields of proteins 

produced at a large scale. The reasoning for auto-induction as a basis of comparison is 

its ability to screen efficiently the expression and solubility of various clones 

simultaneously (117).  
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 To then compare the same proteins as above in a large scale 2 litres bacterial culture 

and using isopropyl β-D-1-thiogalactopyranoside (IPTG) induction. This allows 

comparisons to be made quantitatively and facilitates high-yields of soluble proteins for 

subsequent crystallisation trials for each model protein.   

For design and investigation of the suitability of ubiquitin protein, as a protein affinity 

and solubility tag: 

 To insert a 6xHistidine tag as affinity tag into the ubiquitin protein loop between 

strands 3 and strand 4 (UbHIS3S4) that is highly variable in length and sequence 

amongst proteins adopting an ubiquitin-like fold. 

  To evaluate the expression and purification levels of the UbHIS3S4 protein without 

any fusion protein. 

 To fuse UbHIS3S4 protein with two difficult to express and purify proteins (BBS5 

and USP20ZNFUBP) and evaluate the expression, purification and crystallization of 

these two fusion proteins 

For the investigation of the suitability of ubiquitin protein as a protein scaffold for the 

incorporation of long peptides into loop regions of the protein: 

 To clone the peptide of interest into the loop region of the ubiquitin protein between 

strands 3 and strand 4 (UBpeptideS3S4) 

 To express and purify the UBpeptideS3S4 protein in 2 litres bacterial culture to obtain 

a high yield for interaction studies using isothermal titration calorimetry technique 

 To express and purify the USP11 N-terminal region (residues 1-244) in 2 litres 

bacterial culture to obtain a high yield for isothermal titration calorimetry technique 
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 To use isothermal titration calorimetry technique for interaction studies between 

USP11 (residues 1-244) and the ubiquitin protein with the identified peptide insertion 

(UBpeptideS3S4). 
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 Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Sigma-Aldrich (Darmstadt, Germany) supplied most of the chemicals used in 

this research. Molecular Dimensions supplied the crystallization screens. 

2.1.2 Enzymes 

All the enzymes were provided by New England Biolabs, e,g. NotI, HindIII, Xho1, 

BamHI, alkaline phosphatase, DpnI, T4 DNA polymerase, T4 DNA ligase, Pfu 

polymerase and alkaline phosphatase. 

2.1.3 Bacterial Strains   

Nova Blue and B21(DE3) Escherichia coli strains were used for this study. Nova 

Blue cells have been used for cloning and site-directed mutagenesis experiments, while 

for protein expression E. coli B21(DE3) cells have been used. 

2.1.4 Plasmids  

For this study, the expression vector used for this research was pRSF13 vector, 

this vector includes a lactose operon controlled by a promoter of T7 RNA. The vector 

pRSF13 includes an open reading frame encoding resistant to antibiotics for kanamycin 

resistance. The restriction sites were designed to follow insertion of either the 1BKR or 

2GKG genes. The histidine tag, solubility tag and target gene were inserted at multiple 

cloning sites. The multiple cloning sites consists of eight sites used for in-frame cloning, 
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they are in this order 5’-3’ NotI, NheI, KpnI, BamHI, EcoRI, SacI, HindIII and XhoI. 

Cloning into the first two Not I or NheI restriction enzyme sites resulted in a fusion 

containing a three-alanine linker called the fixed arm linker.  

All the oligonucleotides used for PCR amplification, site- directed mutagenesis, 

free cloning restrictions sites and sequencing are listed in table 1. Highlighted in green 

in the table are the bases which correspond to the restriction enzymes used for ligation 

and cloning purposes.  All oligonucleotide primers were synthesised by Sigma-Aldrich 

(Damstardt, Germany). 
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Table 1.Oligo deoxy ribonucleotides primers  were used in this study. 

2.1.5 DNA ladders  

100 base pairs and 1 Kilo base DNA size ladders utilized in this study were supplied 

by NEB New England Bio lab. 

2.1.6 Media 

Luria-Bertani (LB) medium 10 g/L tryptone, 5 g/L yeast extract and 10 g/L 

sodium chloride was provided as a dried powder by Sigma-Aldrich.  

2.1.7 Media for auto induction  

Per 500 mL media: 5 g of N-Z amine, 2.5 g yeast extract and 1 mL MgSO4 

of 1 M solution were used. 

 Salts: For each 500 mL of culture, these solutions were added 12.5 mL of 1 M solution 

Na2HPO4, 12.5 mL of 1 M solution KH2PO4, 25 mL of 1 M solution NH4Cl, and 2.5 mL of 1 

M solution Na2SO4. 

Sugars consist of Glycerol (100%) 62.5 mL, D-Glucose 1.12 g, a-Lactose 

(monohydrate) 9 g and top up with autoclaved distilled water to 250 mL. 

2.1.8 Cell strains 

For storage of cell strains, a glycerol stock solution consisting of 50% (v/v) 

glycerol and LB medium was used. 
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2.1.9 Preparation of agarose gel 

 Agarose gel was made by 0.4 grams of agarose in 40 mL of 1x TAE (40mM Tris, 

20mM Acetate and 1mM EDTA and typically has a pH around 8.6) solution. After the 

1% (w/v) of agarose gels was made, the melting agarose was transferred in a gel plastic 

box and mixed with 5 µL of NANCY-520 stain and a suitable comb at the top end was 

inserted. 

2.1.10 Minipreparation Buffers plasmid for DNA isolation  

 Resuspension solution consist of 10 mM EDTA ,50 mM Tris-HCl, pH 8.0 and 100 

mg/mL RNase A. 

 lysis solution: 200 mM sodium hydroxide and 1% (w/v) sodium dodecyl sulfate  

 Neutralization buffer: 3 M potassium acetate, pH 5.5. 

 Wash buffer: 1 M sodium chloride,50 mM of 3-(N-morpholino) propanesulfonic 

acid) buffer, pH 7.0, 15% (v/v) 2-propanol. 

 Elution solution: autoclaved distilled water   

2.1.11 Buffers for protein purification 

Buffers have been used in all purification steps shown in table 2. 
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Table 2 Lysis ,Nickel affinity chromatography and gel filtration buffers. 

 

2.1.12 Crystallisation solutions 

Crystallisation screens were bought from Hampton Research (Morphius, PEG, 

Screen).  Handmade grid screens were mixed and ranged from low pH till high pH, 

different concentrations of PEG and ammonium sulfate. The PEG screen had a starting 

PEG concentration of between 400 to 6000 and the pH ranged from 4.5 to 9.5. The 

ammonium sulfate concentrations ranged between 0.5 M to 2.5 M and pH ranged from 

4.5 to 9.5. 
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2.2 Methods 

2.2.1 Bacteria strains growth  

In autoclaved LB medium, E. coli was grown at 37ºC with a suitable antibiotic. 

The antibiotic concentrations used were: Chloramphenicol 35 μg/mL, Ampicillin 100 

μg/mL and Kanamycin 50 μg/mL (118). 

2.2.2 Transformation of competent E coli strains 

The transformation was performed by adding 50 μg DNA into competent cells. 

The suspension of cell / DNA was incubated on ice for 10 minutes, then the suspension 

was heat-shocked at 42°C for 1 minute and re-incubated on ice for 2 minutes. Then 500 

μL of LB was added to the cell/DNA mixture and incubated for 1 hour in a shaking 

incubator at 37°C. Up to 200 μL of this mixture was spread on LB agar plate containing 

the suitable antibiotic and incubated overnight at 37°C (119).  

2.2.3 Measurement of DNA concentration  

A NanoDrop™ 2000/2000c Spectrophotometers machine (Thermo Scientific. 

MA, US) have been used to measure the nucleic acids concentration at 260 nm 

absorbance (120).  

2.2.4 DNA plasmid isolation (mini-preparation): 

A Plasmid Miniprep kit (QIAquick, company) was used to perform the DNA 

plasmid isolation protocol. The first step was 10 minutes centrifugation of 5 mL 

overnight culture at 5000 RPM. The pellet was re-suspended in 100 µL of re-suspension 

buffer. Then, 250 µL lysis buffer was added to lyse the cells. The lysis was stopped with 
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150 µL of neutralization buffer. To remove the cell debris and precipitated protein after 

neutralization buffer, the lysate was centrifuged for 10 minutes at 5000 RPM the 

supernatant transferred into a QIAquick column. These columns have matrix which can 

bind to different sizes of DNA molecules. The centrifuging was done to bind DNA 

molecules to the columns at 12000 RPM for 2 minutes. Then 750 µL of wash solution 

was added to remove the impurities out of the column. Finally, 50 μL of autoclaved 

distilled water was used for elution (121).    

2.2.5 Molecular cloning methods 

There were three different cloning methods used in this study as discussed below.  

2.2.5.1  Cloning by using restriction sites  

Cloning by the use of restriction enzymes and restriction sites was done by the 

following steps: Polymerase Chain Reaction, DNA Purification from agarose gel, 

digestion of DNA by restriction endonucleases and DNA ligation. The following 

sections explain all these steps in detail. 

2.2.5.1.1  Polymerase Chain Reaction (PCR)  

The first step of the cloning was using template DNA molecule to amplify specific 

DNA fragment using a PCR thermocycler T100™ Thermal Cycler (Bio-Rad Herts, 

UK).   

Each PCR reaction consisted of a master-mix, forward primer, reverse primer, 

50% DMSO, distilled water and 0.5 μL PHUSION polymerase. The master mix was 

composed of DNA template (150 ng), 22.5 μL 5X HF buffer, 1.8 μL dNTPs, 56.25 μL 
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distilled water, respectively. Reactions were performed as follows started by 95ºC, 1 

min and an annealing temperature 55-67ºC, 1 min with an extension temperature was 

72ºC, 1 min per 1000 base pair, and repeated 20-25x. (122). Table 3 shows the PCR 

protocol used. 

 

Table 3. PCR reaction steps 

2.2.5.1.2  DNA Purification from agarose gel  

At 100 Volt for 30 minutes, the gel was electrophoresed. Under Dark Reader 

Transilluminator UV light the DNA bands were visualized using NANCY-520 stain 

(123).  

The DNA plasmid or PCR products were purified from agarose gels using PCR 

cleanup and Gel Extraction Qiagen kits. A clean scalpel was used to cut out a DNA band 

of interest from a 1% (w/v) agarose gels and placed into a sterile Eppendorf tube. Then 

solubilizing solution was added for 10 min at 60ºC to dissolve the agarose. After agarose 

was dissolved, the mixture of DNA and melted agarose transferred into a QIA-quick 
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column. To make the DNA molecule bind to the column, samples were centrifuged at 

13000 RPM for 2 minutes. Then, 750 µL of wash solution was added to the column. 

DNA elution was carried out with 50 μL of distilled autoclaved water (124) 

2.2.5.1.3  Restriction enzyme digest of DNA by restriction endonucleases 

 For PCR products digestion reactions, 1 μL of the prescribed buffer was added 

to 7 μL of PCR product and 0.5 μL of each restriction enzyme, then incubated at room 

temperature overnight. The digestion reaction of vector for gene insertion was done in 

the same manner as the PCR product digestion but it had additionally step which was 

de-phosphorylation. The de-phosphorylation was done by adding 1 μL of Antarctic 

Phosphatase  and 2 μL of Antarctic Phosphatase buffer to the digestion reaction and 

incubated for 2 hours at 37 ° C (125). 

2.2.5.1.4 DNA ligation 

T4 DNA Ligase enzyme was used to perform the ligation reaction. The ratio of 

the ligase reactions was performed at 6:1 ratio of insert volume to vector volume. The 

ratio volumes of DNA required was calculated by the following equation: 

 

T4 DNA Ligase Buffer was then added to the DNA insert/ vector mix and the reactions 

were incubated at 16℃ overnight (126).  
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2.2.5.2  Cloning using Annealing Oligonucleotides Primers   

Second method of Molecular cloning was used Annealing Oligonucleotides 

primers. This approach is ideal for peptide cloning as it makes an artificial DNA 

fragment of up to 80 base pairs and can be cloned into a vector of choice. The primers 

of the artificial DNA fragments were made by overhanging nucleotides in both forward 

and reverse primers (104) (Figure 14). Both primers were mixed and formed double 

strand DNA and directly ligated into the multiple cloning sites of the digested vector. 

Both forward and reverse primers were annealed at 90°C for 10 minutes. 

 

Figure 14. Example of the primer design of Annealing Oligonucleotides Primers. 

2.2.5.3  Cloning using Restriction-free (RF) method.   

In this protocol, the DNA fragment can be inserted in the vector of choice without 

restriction sites by specific design of the primers. The primers had complementary 

sequences for both vector of choice and desired insert, these primers are used in the first 

PCR reaction. The first PCR reaction was prepared as normal as PCR reaction as 

discussed before. The mega primers were the results product after the first PCR reaction 

and the product is purified. The vector of choice then acts as template along with mega-

primers in the secondary PCR reaction. In both directions, the vector is amplified and a 

nicked hybrid molecule formed by mega-primers which allows the complementary 
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strands of the vector to anneal. To degrade the parental vector, the DpnI enzyme is used 

and the final product is transformed into competent cells (127). The first and second 

PCR reactions steps are shown in tables 4 and 5.             

 

Table 4 First PCR  reaction for RF cloning procedure                 

 

Table 5. Secondary PCR reaction for RF cloning procedure 

 

                         Step                                            Temperature                    Time 

 

                   First denaturation                                    98°C                        30sec 

                    Denaturation                                            98°C                         8sec 

  15 x            Annealing                                               60°C                          20sec 

                     Extension                                                72°C                         15-30sec/kb 

                     Final extension                                       72°C                          5min 

                     End of reaction                                       4 ºC                           ∞ 
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2.2.6 Site directed mutagenesis 

Site directed mutagenesis was used to mutate a specific sequence of DNA with 

the desired effect of changing targeted amino acid sequences in the final protein product. 

For each reaction, complementary primers were designed by Quick Change Primer 

Design website https://www.agilent.com/store/primerDesignProgram.jsp (128). The 

Quick change II manual protocol was used. Each reaction contained 10-50 ng of DNA, 

1 μL dNTP mix, 5 μL of 10X Pfu UIltra II reaction buffer, 2 μL 20 μM reverse primer, 

2 μL 20 μM forward primer, 1 μL Pfu Ultra II polymerase and made up to 50 μL with 

distilled water. Then the DpnI enzyme was added to the mixture and incubated for 1hour 

at 37°C followed by transformation into Nova Blue cells. Colonies were selected and 

the cultures were grown overnight using the appropriate antibiotics, Gen-elute Miniprep 

kit was used to purified DNA. The DNA sample was sequenced to verify mutation. 

(129). 

 

Table 6 Site direct mutagenesis procedure 

https://www.agilent.com/store/primerDesignProgram.jsp


47 

 

2.2.7 Transformants analysis (Mini digestion test) 

 Restriction digestions were performed to analyse transformants. These digestions 

were performed after purification of the DNA plasmid by mini-prep protocol. These 

digestions followed the protocol used for the restriction digestions described earlier, but 

was performed for 1 hour only. The agarose gel electrophoresis was used to view those 

plasmids with visible and digested inserts (130). These plasmids were sequenced by the 

Sanger sequencing method in Source Bioscience company. 

2.2.8 Gene sub-cloning 

All the PCR products were cloned into His-1BKR- pRSF13, His-2GKG- pRSF13, 

His-MBP- pRSF13 and ubiquitin-pRSF13 vectors using different cloning methods 

which have been described previously. Each clone used a different oligo primer 

(Table1).   

2.2.9 Protein production  

2.2.9.1  Protein small-scale expressions in auto-induction conditions  

Small-scale culture protein expressions were carried out in auto-induction 

conditions for the qualitative comparison due to its ability to efficiently screen the 

expression and solubility of various clones simultaneously. Small-scale expression 

cultures were done as follows: 100 mL LB culture with selective antibiotics were 

incubated at 37ºC overnight; next morning, 5mL of  the suspension was transferred 

into new 100 mL pre-prepared auto-induction media with freshly prepared antibiotics 

as inoculum then incubated at 37ºC at 250 RPM, till the culture reached the mid-point 

of exponential phase of growth which is ~OD600, then the temperature was reduced to 
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15℃ for a further 24 h to induce protein expression (131). An aliquot was saved as non-

induced fraction before decreasing the temperature. The following morning before the 

cells were harvested an aliquot was kept as an induced fraction. Cells were pelleted for 

10 minutes centrifugation at 5000 RPM the cells were harvested and pellets were re-

suspended in re-suspension buffer (20 mM Tris, 200 mM sodium chloride, 50 mM 

Imidiazole, 3% glycerol, pH 7.5). Sonication lysed the cells and another centrifugation 

was carried out as above. An aliquot was kept from the supernatant as soluble fraction 

and another aliquot was saved from the pellets as the insoluble fraction (132). The filter 

syringe 0.22 μm and Hi-Trap chelating HP 1 mL Nickel column filtered the soluble 

fraction. Nickel column was used to purify the target protein by peristatic pump. The 

elution samples of all proteins were concentrated to the same volume then all samples 

were analysed such as aliquots non-induced, induced fractions, the soluble, insoluble 

and concentrated purified samples loaded on SDS-PAGE gel (133). The samples were 

prepared by mixing loading buffer (150 mM Tris-HCl, 300 mM DTT, 6% SDS, 0.3% 

bromophenol blue, and 30% glycerol) with the aliquots samples (134). Then 7 µL was 

run on SDS –PAGE gel from all aliquots for each protein for comparison.    

2.2.9.2  Protein large scale expressions by induction with Isopropyl β-D-1-

thiogalactopyranoside (IPTG) 

Protein large scale expression experiments commenced with a 100 mL starter 

culture of LB broth containing selective antibiotic, which was inoculated with cells 

containing the plasmid of interest. They were incubated in a shaking incubator at 180 

RPM, 37°C overnight. Next morning, 5 mL of these starter cultures were utilized to 

inoculate a fresh 2L LB medium with suitable antibiotics and grown at 37ºC at 180 

RPM. These cultures were grown until reached the mid-exponential phase of growth 
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OD600 and then induced by 0.5 M IPTG and the temperature reduced to 18ºC overnight. 

The following morning, cells were pelleted at 4000 RPM for 10 minutes and the 

supernatant discarded (135). Lysis buffer was used to re-suspend pellets and the 

sonication technique was used for cell pellet lysis. The sonication was done by Soniprep 

150 sonicator machine for 4 min at 25% maximum power. After sonication, samples 

were centrifuged  at 100000 RPM at 4ºC for 1 hour (136). After centrifugation, the 

lysate was filtered by a 0.22 µm filter syringe and the target protein was purified 

utilizing different purification methods as discussed below. 

2.2.10 Protein purification 

2.2.10.1  Immobilised metal affinity chromatography 

The first purification step was used in this whole study was Immobilised metal 

affinity chromatography (IMAC). The proteins were purified by IMAC due to the 

binding properties of metals such as copper, zinc and nickel to the poly-histidine tag 

present in the protein of interest. The 50 mM lysis buffer contained was used to wash 

the HisTrap™ High Performance 5 mL Nickel column to eliminate any bound proteins. 

Then, the protein sample was loaded by peristatic pump into the column and the column 

connected to the AKTA machine. The elution buffer containing 500 mM imidazole was 

used to extract the target protein by concentration gradient (137). SDS-PAGE gel 

assessed the elution samples. 

2.2.10.2  Cation exchange chromatography  

Ion exchange chromatography separates charged proteins based on the pH of their 

environment, as the proteins can have a net negative charge, a net positive charge or no 
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charge. The choice of pH buffer was used to determine the net charge of the target 

protein as the pH lower than the isoelectric point of the target protein, this protein carries 

a net positive charge; therefore, a negatively charged cation exchange resin is selected 

to bind this protein and vice versa. (138). 

In this study, cation exchange was only utilized for ubiquitin protein purification 

and the isoelectric point of the ubiquitin was calculated by the Protparam server 

https://web.expasy.org/protparam (139). Before the protein was filled into the column, 

the column was equilibrated using buffer A (20 mM ammonium acetate, pH 5.1). After 

the column was equilibrated, the ubiquitin protein was loaded into a HiTrap® SP GE 

Healthcare 5 mL column by peristatic pump and connected to the AKTA machine. The 

ubiquitin protein was eluted by the concentration gradient by elution buffer (0.5 M 

NaCl, 20 mM ammonium acetate, pH 5.1) (140). The fractions were assessed on SDS 

PAGE gel. 

2.2.10.3  Size exclusion chromatography   

Size exclusion chromatography is a technique for the quantification and sizing of 

proteins and aggregates (141). Proteins of different sizes and shapes were separated on 

a column matrix depending on their ability to enter and remain within the matrix pores. 

Superdex gel filtration columns were used for size exclusion chromatography. The used 

column is determined by the size of the protein. Columns before used were equilibrated 

with gel filtration buffer (200 mM NaCl, 20 mM Tris pH 7.5, and 1% glycerol). Samples 

were loaded into a loop and injected into the column using FPLC machines. Gel 

filtration buffer was used for protein elution by isocratic elution (142). The fractions 

https://web.expasy.org/protparam
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were collected and analysed on SDS PAGE gel. The remaining purified protein was 

stored at -80ºC after being immersed in liquid nitrogen (143). 

2.2.11 Measurement of protein concentration 

The proteins were concentred in different concentrators based on the protein 

molecular weight. After the protein was concentrated the protein was measured using 

a NanoDrop™ 2000/2000c Spectrophotometers machine (Thermo Scientific. MA, US). 

The Nanodrop was utilized to analyse the purified protein concentration. Amino acids 

with aromatic rings absorb ultraviolet light with at 280 nm on the other hand, at 200 nm 

the peptide bonds absorb the ultraviolet light (144). The extinction coefficients were 

calculated by imputing the primary sequence into Protparam server 

https://web.expasy.org/protparam. The value generated from Nanodrop was divided by 

the extinction coefficients and the correct concentration was determined. 

2.2.12 Protein characterization methods   

2.2.12.1  SDS-PAGE  

SDS-PAGE gel comprises of resolving and stacking gels, the resolving gel 

prepared using different acrylamide concentrations. The choice of resolving gel is 

depending on the protein size to be resolved. 

 For this study, 15-20% gels were used. The 15 % gels were most commonly used 

to resolve the purified proteins while for resolving small proteins 18 % gels were used. 

In all cases, 6% stacking gels were used. The samples of SDS-PAGE were done by mix 

the protein sample with reducing and non-reducing loading buffer. Before loading 

samples in the gel wells, the samples were heated at 95°C for 5 minutes. At constant 
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200 Volt the gels were run till the front band hit the bottom of the gel. Coomassie 

Brilliant Blue stain G-250 Dye (Thermo Fisher Scientific) were used to stain gels while 

50% methanol, 10% glacial acetic were used to de-stained the gels (145).  

2.2.12.2  ThermoFluor assay 

ThermoFluor is a technique which assesses the thermal stability of the proteins. It 

measures the melting temperature which is described as the temperature at which the 

protein unfolds and reveals its hydrophobic core (146). During the assay, the protein of 

interest is mixed in an aqueous solution with SYPRO Orange dye. SYPRO Orange dye 

in the aqueous state does not produce a high fluorescence but after the temperature rises 

the protein denatures and the dye binds to exposed hydrophobic residues at the protein’s 

core and becomes highly fluorescent. The fluorescence can be detected using a real time 

PCR Agilent Stratagene machine (147). The protein melting temperature is detected by 

sigmoidal fluorescence curve and its defined as that midpoint of that curve (Figure 15).  

 

Figure 15.  Thermogram revealing different protein states including native, denatured and aggregated states. 

Figure adapted from (148) 

ThermoFluor has been utilized in this study to evaluate the 2GKG tag, 1BKR tag 

and 1BKR mutant types thermal stability. It was also used to compare the ubiquitin 
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protein and ubiquitin mutant UbHisS3S4, after the histidine tag was inserted. The 

experiments were conducted in triplicate for each protein (149).  

In capped PCR tubes, 5 μg of the target protein was incubated with 40 μL of the 

test buffer and 5 μL of the 10 X SYPRO orange dye in a 50 μL total volume. Stratagene 

Mx3005p RT-PCR machine was used for this assay by using a program with 70 cycles 

with a 1°C rise from 25 to 95°C. 

2.2.12.3  Small-angle X-ray scattering (SAXS) technique 

Small angle X-ray scattering (SAXS) technique can be utilized to evaluate protein 

characteristics such as protein size, shape, degree of aggregation, protein unfolding and 

folding (150). These can be carried out through Pair-Distribution Function P(r) plot, 

Guinier plot and Dimensionless Kratky plot (151). The Guinier plot provides 

geometrical characteristics of proteins including radius of gyration which estimates the 

average protein size in solution (152). The radius of gyration is predicted from the 

Guinier plot slope which represents the scattering vector(q) versus logarithm of the 

scattering intensity(153). The Guinier plot is also useful for the detecting of the protein 

distribution and protein aggregation (Figure16). 
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Figure 16.Example of data analysis of the Guinier Plot. Figure adapted from (154). 

The normalized kratky plot is informative to verify a protein’s globularity and 

flexibility (155). A bell shaped curve present on a normalized kratky plot is a feature of 

a well-folded globular protein. However, fully unfolded protein will be characterised as 

a plateau (156) (Figure 17). Flexible proteins are characterised on a normalized kratky 

plot by not meeting the q axis (157).  

 

Figure 17. Example of Dimensionless Kratky plots. Figure adapted from (155). 
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It is also possible to evaluate the aggregation of proteins using the distance 

distribution function P(r), which is the histogram of all interatomic distances inside the 

protein and can provide data quality e.g. aggregation (158) (Figure18). It gives specific 

details about the distances between electrons from the scattering sample and determines 

the maximum linear dimension (Dmax) which approximately equal to the maximum 

protein diameter (159). The Dmax value contains critical information on the protein 

shape and compactness of protein(160).     

 

Figure 18.Example of proteins profiles with different structural features in pair distribution function. Figure 

adapted from (161).   

Each protein was dissolved in buffer (20 mM Tris, 200 mM NaCl, and 1% glycerol, 

pH 7.5) and sent to European Synchrotron Radiation Facility(ESRF), Grenoble. Some 

samples were performed by different methods such as HPLC and robot. Each protein 

was measured by three different concentrations. The scattering data from the proteins 

were picked up by SAXS detector providing a combined q range from 0.005 Å-1 to 2.0 

Å-1. Scatter Software was used for data analysis such as buffer subtraction, Guinier plot, 

normalized Kratky plot and Pair-Distribution Function P(r) plot (162).  
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2.2.13 Other methods  

2.2.13.1  Isothermal titration calorimetry   

Isothermal titration calorimetry (ITC) is a technique which is used to characterize 

the thermodynamics of binding protein interactions (163). In one assay, the equilibrium 

constant (K), enthalpy (ΔH) and stoichiometry (n) can be determined for interactions to 

be studied (164). Figure 19 shows the general schematic of the titration calorimeter. 

There are two cells, one a reference cell and the other the sample cell. The reference 

cell is filled with a buffer, the sample cell is loaded with protein and the stirring syringe 

is filled with the ligand (165). The stepper motor gradually titrates the ligand into the 

cell and the stirring maintains homogeneity. The detectors measure the cell temperature 

continuously and the heater ensures that both cells are kept at a steady temperature 

(166). If the protein and ligand bind to each other, heat will be produced or absorbed 

which is depend on the nature of the interaction either endothermic or exothermic (167). 

This causes the temperature of the cell to change, which is detected and represented by 

a thermogram. The thermogram represented the injection peaks which is the plot of 

energy per mole versus ratio of ligand to protein concentrations. ΔH enthalpy, 

dissociation constant and stoichiometry can be calculated by using the thermogram 

(168). The difference between upper and lower plateau is the ΔH enthalpy, while the 

dissociation constant Kd is estimated from the association constant Ka as the relation 

between Kd and Ka is inversely Kd = 1/Ka. The slope of the middle of the sigmoid 

curve is the Ka while the midpoint of the sigmoid curve is the stoichiometry (169) 

(Figure 19).  
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The suggested values for syringe concentrations are 10 X that of the cell in order 

to obtain successful thermogram peaks and protein saturation (170). 

 

Figure 19. Diagrammatic representative of isothermal titration calorimetry. Figure adapted from (171).  

Isothermal titration calorimetry experiments were used in this study to evaluate 

binding between a modified ubiquitin (with an inserted peptide) and USP11 residues 1-

244. The MicroCal VP-ITC machine requires a cell sample of nearly 2 mL and a syringe 

sample of 0.5 mL but the PEAQ-ITC used here required much lower volumes. Using 

the same buffer, the USP11 residues 1-244 and the ubiquitin peptide were used on a 

Superdex 75 gel filtration column. Ubiquitin peptide in the syringe had a concentration 

of 40 μM and USP11 residues 1-244 at a concentration of 400 μM was filled in the 

sample cell. The ubiquitin peptide was titrated into the sample cell at 25°C temperature 

with a stirring speed of 3000 RPM (172). 
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2.2.13.2  Protein Crystallization 

The crystallization of proteins is a technique used to explore protein structures. 

Protein crystallization has been first observed by German scientists with protein crystals 

from worms and fish more than 150 years ago (173). It was then developed as an 

effective tool for purification and chemical purity demonstration in the late 19th 

century. Protein crystallization was notable for the great achievements with the insulin 

crystallization in the 1920s and 1930s. (174). Also, Sumner in 1926 found that enzymes 

could be produced as crystalline proteins (175). In the 1930s, some significant enzymes 

were purified by crystallization, specially from the pancreas of pigs and cows (176). At 

the end of the 1930s, protein crystals started to play a valuable new role as a result of 

the approach of X-ray crystallography introduced to proteins (177). Throughout the 

1960s and 1970s, the protein crystals interest grown rapidly as protein crystallography 

developed and skilled young researchers joined the field (178).  

Protein crystallization based on the formation of a super-saturated protein solution 

(179). Super-saturation can be accomplished by adding precipitating agents and 

changing different parameters including pH, temperature and ionic strength (180). The 

hanging drop vapor diffusion technique is the most commonly utilized method for 

crystallization of proteins (181). Vapour diffusion principle is dependent on the drop 

consisting of a mixture of protein and precipitant agent at a vapour equilibrium with a 

liquid reservoir (182). The equilibrium is achieved by diffusing the water vapor from 

the drop and moving into the reservoir, which increases the concentration of protein and 

precipitant. After the water moves from the drop, the sample solution in some conditions 

becomes supersaturated (183) (Figure 20).  
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Figure 20.Schematic representation of Vapor diffusion crystallization technique. Figure adapted from (184) 

A phase diagram shows the crystallization process (Figure 21). The probability of 

nucleation and crystal growth are dependent on the concentration of the protein and the 

precipitant (185). If the concentrations at the initial stage of crystallisation are at the 

required level, these concentrations can rise until the drop reaches the nucleation phase. 

When nucleation occurs, the protein is excluded from the solution, which reduces the 

effective protein concentration (186). It can then reach the metastable zone in which the 

crystals develop till the protein concentration runs out of this zone (187).  

Large screens with several conditions were utilised as different conditions 

promote the crystallization of different proteins. Conditions include different 

precipitants such as salts and organic compounds, which are the most widely used 

precipitants e.g. ammonium sulphate and polyethylene glycol. The conditions may also 

contain several other compounds including buffers and additives (188).  
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Figure 21. Diagrammatic description of a two-dimensional phase diagram showing the two states of protein 

solution which are under saturation and super saturation states. Figure adapted from (189) 

2.2.13.2.1 Factors affecting crystallization 

There are some factors that influence the crystallization of proteins including pH, 

temperature, precipitants and protein concentrations.  

pH scale can affect the protein crystallisation as it can alter the protein molecules 

charges and solubility (190). Any small change in the pH range can affect the 

electrostatic interactions between the molecules affecting the molecular packing at the 

time of crystal formation (191). Several studies have shown that crystal nucleation and 

growth processes are influenced by the pH of the solution as moving the pH value away 

from the pI (isoelectric point) increases the region of the nucleation zone (192). The 

possibility of nucleation increased at 0–2.5 pH units higher than the pI value for acidic 

proteins and at 0.5–3 pH units lower than the pI value for basic proteins The possibility 

of nucleation increased for acidic proteins by 0–2.5 pH units higher than the pI value 

while for the basic protein by 0.5–3 pH units lower than the pI value (193). Obviously, 

regulating the pH of a protein solution is a crucial key element in order to ensure 

efficient protein crystallization (194). 
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The second factor affecting protein crystallisation is the temperature. The benefits 

of temperature as a crystallization factor are simplicity of regulation, screening and 

reversibility (195). The temperature can influence the nucleation and growth of the 

protein crystals by changing the rate of evaporation of the solvent.  In case of high 

temperature, the evaporation rate will increase and the molecules will move faster so 

potentially increasing the growth rate of crystals (196). At cooler temperatures, crystals 

will also grow but evaporation of the water will take more time but the crystal may be 

significantly better formed/ordered (197). This is not a general rule as the ideal 

crystallization temperature of every protein is unknown and some proteins can be 

crystallised at low or high temperature, which is dependent on the solubility of the 

proteins which is crucial for protein crystallisation (198).  

 Precipitants are the third factor affect the protein crystallisation. The precipitant's 

role is to enhance the attractions of protein molecules. This promotes the formation of 

a crystal packing. Protein precipitants can be categorised into salts, organic compounds 

and long-chain polymers (199).   

The protein concentration also is important factor which affect the protein 

crystallization as the crystal growth rate can increase in high protein concentrations, 

however in some cases with low protein concentrations perfect protein crystals were 

obtained. The low concentrations enhance slower and more controlled growth resulting 

in better crystals (197). 

Finally, whether crystals can be formed or not also depends on the protein. Highly 

flexible proteins or multi-domain proteins form an ordered array as found in a crystal 

less easily. The purity of a protein in crystallisation trials is also important (200).  
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In this study the crystallisation trials were performed in 96 well plates, using 

multi-channel pipettes. The wells were loaded with precipitant solution. The protein 

was dispensed by a mosquito ® crystal robot to the wells of a 96-well MRC plate (201). 

The plate was sealed and stored at 20ºC with sealing tape and monitored regularly for 

crystals. 

2.2.14 Cryo-cooling 

Cryo-cooling is important to decrease radiation damage to the crystal when 

exposed to the X-ray beam. Anti-freeze agents such as 15-30% glycerol, ethylene 

glycol, polyethylene glycols and salts were added to the mother liquor to decrease 

crystal damage. Specific cryoloops  are used to fish the anti-freeze agents-soaked crystal 

and were immersed in liquid nitrogen before exposure to the X-ray beam (202).  

2.2.15 Bioinformatics servers 

The amino acid sequences collected from NCBI Blast server were used to 

calculate the level of sequence identity and similarity of proteins 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (203). The ClustalW server was used for the 

alignments of the amino acid sequences 

(https://www.ebi.ac.uk/Tools/psa/emboss_needle) (204). For the sequencing results and 

amino acid translation Expasy server was used (https://web.expasy.org/translate)(205). 

Expasy protapram server was utilised to calculate the molecular weight and isoelectric 

point of proteins (https://web.expasy.org/protparam)(206). Oligocalc server was used for 

the estimation the melting temperature of primers 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) (207). For the anticipating the 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ebi.ac.uk/Tools/psa/emboss_needle
http://biotools.nubic.northwestern.edu/OligoCalc.html
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protein crystallization the xtal pred server was used 

(http://xtalpred.godziklab.org/XtalPred-cgi/xtal.pl)(208) and for protein structure 

predication Swiss model server was utilized (https://swissmodel.expasy.org)(209). 
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 Chapter 3: Results and Discussion of preparation 

and investigation of novel candidate tags 1BKR and 

2GKG       

This chapter shows the results and discussion of the two candidate tags which 

were chosen using specific criteria from the Protein Data Bank (PDB) to be used as 

solubility tags. This chapter shows the results and discussion for each tag in protein 

expressions, purifications, the assessment of the folding, the relative solubility and 

stability of each tag and their comparison. The results were used to evaluate if these tags 

are suitable as solubility tags. Initial studies looked at the expression profiles of the tags 

in isolation (without fusion) to test the suitability as fusion tags as discussed in a 

previous study (41). 

Proteins from two PDB entries were tested for their suitability as solubility tags; 

the calponin homology domain from human β-spectrin (PDB code:1BKR) (210) and 

the receiver domain from Myxococcus xanthus social motility protein FrzS (PDB 

code:2GKG) (80). These proteins will be referred to by their PDB codes throughout. 

  The experiments were performed in small-scale (100 mL culture) and large-scale 

cultures (2 litres cultures). Experiments at the small culture scale were designed to gain 

a basic understanding if the tags could be expressed, solubilised, purified and for 

qualitative comparison between the tags (211). The small-scale culture experiments 

used auto-induction conditions, as this method allows for efficient screening and 

comparison of the expression and solubility of various clones simultaneously (212).  
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Large-scale experiments used bacterial cultures grown at a 2 L scale and protein 

expression was induced upon the addition of Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) for quantitative comparisons and to facilitate production of  high-yields of 

soluble proteins for subsequent crystallisation trials (213). The large-scale trials 

assessed the tags performance in terms of expression, solubility, stability and 

crystallization allowing the fusion proteins to be used for structural studies (214).  

A thermal stability assessment was done using Thermoflour assay for both tags 

that provides information on how the tags can be used for the crystallization of fusion 

proteins as the highest stability of the fusion tag enhance the formation of crystals of 

the fusion protein (149).   

3.1 Cloning of 1BKR and 2GKG  

The 1BKR and 2GKG genes were cloned separately into a pRSF-13 DNA vector 

after a 6x Histidine tag at the N terminus. The 1BKR tag has a molecular weight 13 kDa 

and is composed of 131 amino acids, whereas, the 2GKG tag has a molecular weight of 

14 kDa and is composed of 140 amino acids.  This cloning used the restriction enzyme 

method as stated in the material and methods chapter. 

3.2 Expression, solubility and purification test of 1BKR and 

2GKG tags in small-scale auto induction cultures  

Small-scale expression cultures used auto-induction conditions for the qualitative 

comparison of the two tags in terms of expression, solubility and purification (215). 

SDS PAGE gel investigation of the expressed proteins revealed an extra protein band 

in the post-induction fraction, no band was observed before induction, which indicated 



66 

 

that both proteins had been expressed (Figure 22 A, B). The observed bands were of the 

expected size of approximately 13 kDa for 1BKR and 14 kDa for 2GKG, when 

compared with marker bands. 

A solubility test was performed using lysis buffer (20 mM Tris, 50 mM imidazole 

200 mM NaCl and 3 % glycerol, pH 7.5) on a cell pellet from an auto induced culture. 

Analysis revealed an intense band which was analogous to the band expected for the 

soluble fractions of 1BKR and 2GKG tags (Figure 22 C,D) which indicated that both 

tags had been expressed in soluble form (216). The lysates were then purified using 

Nickel column affinity chromatography. The purified proteins were concentrated and 

signs of aggregation were observed for the 1BKR tag, which affected the purification 

yield. Analysis of the proteins on SDS PAGE gel revealed that the band analogous to 

that expected for 2GKG was more intense than that observed for the 1BKR tag. This 

suggests that the 2GKG tag is more soluble and expresses better than the 1BKR tag 

(Figure 22 E, F). The total yield from a 100 mL of culture for the 1BKR tag was 0.16 

mg of soluble protein and for 2GKG tag it was 3.17 mg of soluble protein. 
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Figure 22. A: Analysis of the un-induced and induced fractions from protein expression experiment of 1BKR 

tag on SDS-PAGE gel. B: un-induced and induced samples of 2GKG protein were run on a 15 % SDS-PAGE 

gel C: SDS-PAGE gel of the 1BKR tag solubility test. D: The SDS-PAGE gel of the 2GKG tag solubility 

revealed protein bands in both the insoluble and soluble fractions E: The SDS-PAGE gel of 1BKR tag 

purification indicated that the 1BKR tag had been successfully purified. F: The SDS-PAGE gel of 2GKG tag 

purification revealed a band corresponding to that expected for 2GKG tag.  
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3.3 Expression, solubility and purification of 1BKR and 2GKG 

tags in large-scale cultures 

For more quantitve comparison between the two tags, the large-scale culture 

experiments were done using two liters of cultres. The results showed that both proteins 

expressed well and that after purifications a single peak on nickel-affinity purification 

(not shown) and a monodisperse peak on gel filtration (Figure 23 A,C) were observed, 

respectively. After the two purification steps, both proteins 1BKR and 2GKG were very 

pure, as indicated on SDS PAGE gel analysis (Figure 23 B,D). The molecular masses 

of 1BKR and 2GKG are 13 and 14.0 kDa, respectively and their elution volumes from 

the HiLoad 16/60 Superdex 75 gel filtration column were 92 and 90 mL, respectively. 

These elution volumes correlated with proteins of molecular weight of about 13 kDa 

and 14 kDa, according to a standard curve (Figure 24). The total yield of the 2GKG 

protein was 35 mg/L culture while 1BKR protein final yield was 1.8 mg/L culture, 

which suggested that 2GKG was more soluble than 1BKR. During the concentration 

step, 2GKG was concentrated without any signs of aggregation. However, when 1BKR 

reached a concentration of 15 mg/mL aggregation in the form of precipitation was 

observed. This led me to further investigate to improve the solubility of 1BKR. The 

investigation was performed on the 1BKR structure using the Pymol software. This 

revealed that the 1BKR structure has a hydrophobic region with exposed hydrophobic 

leucine 17, tryptophan 18 and methionine 21 residues (Figure 25). Site directed 

mutagenesis was performed on a leucine residue (L17) in this region, which was 

mutated to two different hydrophilic residues, which were serine and aspartate (L17S 

and L17D) (217). The reason for the choosing leucine 17, was due to its position on the 

surface of the protein and being not involved in the core protein structure (Figure 25). 
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This suggested that any changes in leucine 17 would not affect protein stability, but 

would reduce the hydrophobicity on the protein surface potentially aiding solubility 

(218).  

 

Figure 23. A: Chromatogram of the gel filtration purification of 2GKG. The Chromatogram showed a 

monodisperse peak containing the protein target. B: SDS-PAGE gel investigation of the peak fractions 

revealed bands, which corresponded to the expected size of the 2GKG protein (14 kDa). C: Chromatogram of 

the 1BKR protein after gel filtration purification. D: SDS-PAGE gels showed an intense band below the 

marker band of 14.3 kDa which corresponds to the 1BKR protein. 
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Figure 24. Standard curve for Superdex 75(16 /60) column showing the elution volumes of the different 

molecular weight of proteins used as standards. 

 

Figure 25. Cartoon diagram of the crystal structure of 1BKR , the leucine residue number 17 highlighted in 

yellow colour (made in Pymol software). 
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3.4 Site directed mutagenesis of 1BKR tag   

The 1BKRL17S and 1BKRL17D were constructed from the 1BKR gene using 

site-directed mutagenesis (material and methods). After mutagenesis, sequencing 

revealed that the new sequence of 1BKRL17S and 1BKRL17D were correct in terms of 

replacing a leucine residue with a serine residue and aspartate residue.  

3.4.1 Expression and purification test of 1BKRL17S and 1BKRL17D in 

large-scale cultures   

In a two litre culture, both proteins expressed well as investigated by SDS PAGE 

gel (not shown). The purification of the 1BKRL17S and 1BKRL17D used Nickel 

affinity chromatography initially and then a subsequent gel filtration chromatography 

as a final purification step. The gel filtration results showed a monodisperse peak for 

both proteins which eluted at 90 mL. Compared with a standard curve, the elution 

volume of both 1BKRL17S and 1BKRL17D corresponded to 13 kDa (Figure 26 A,C) 

(219). The SDS -PAGE gel showed a molecular weight of the proteins of around 13 

kDa as predicted (Figure 26 B, D). The SDS-PAGE gel suggested that the proteins were 

pure as no presence of other protein bands was observed. The yield of 1BKRL17S was 

0.5 mg/L culture while 1BKR L17D was 3.2 mg/L. These results showed that the 

1BKRL17S yield was lower than that observed for the 1BKR wild type protein while 

1BKRL17D had a higher yield than 1BKRL17S and 1BKR wild type. 
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Figure 26. A: Gel filtration chromatogram of 1BKRL17S revealed one peak at 90 ml as elution volume 

corresponding to 13 kDa based on the standard curve. B: SDS-PAGE gel analysis revealed that the protein 

was approximately 13 kDa that corresponded to 1BKRL17S C: Gel filtration chromatogram of 1BKRL17D 

showed a high peak containing the target protein. D: SDS-PAGE gel result showed bands that corresponded 

to 1BKRL17D (13 kDa). 
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3.4.2 Stability assay (Thermoflour assay) for 1BKR, 1BKRL17S, 

1BKRL17D and 2GKG proteins 

 Thermofluor assays were performed to analyse the thermal stability of proteins 

and identify which protein was more stable as indicated by a higher protein melting 

temperature. Previous research has shown that increasing a protein’s stability 

determined by Thermofluor correlates with an increased crystallisation success of the 

protein (220). I used this approach to assess the protein stability of the 2GKG tag and 

1BKR tag and its mutants and to determine the suitability of 1BKR wild type, 

1BKRL17D and 1BKRL17S for subsequent crystallization trials. The mean melting 

temperature of the 1BKR wild type was 47.1°C, which is very close to the 1BKRL17D 

and 1BKRL17S mutants which were 46°C and 48.6°C, respectively. There was no 

significant difference in average melting temperature (p = 0.224) which suggests that 

there was no significant difference between the thermal stability of the three proteins 

using this method (Figure 28). Stability assays revealed that insertion of either serine or 

aspartate at residue 17 had no effect on 1BKR protein stability when compared with the 

wild-type protein. This data revealed that all these proteins were suitable for subsequent   

crystallization trials based on a previous study that reported that proteins with melting 

temperature higher than 45°C can be crystallized (147).  

The mean melting temperature of 2GKG was 45.2°C and there was a significant 

difference between the 2GKG and 1BKR wild type (p = 0.0005) proteins, potentially 

suggesting that the 1BKR wild type protein had a higher tendency to form crystals than 

the 2GKG protein based on melting temperatures alone.  
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Figure 27. Sample of raw data from the ThermoFlour assays showing the measurement of the Tm which is 

the temperature where the protein unfolds revealing its hydrophobic core which is defined as the midpoint of 

the curve. The melting temperature represented by the turquoise colour while the blue colour after turquoise 

colour refers to protein aggregation. A: the first measurement B: second measurement, C: third measurement. 

 

 

Figure 28. Bar graph representing the melting temperature measurements from the Thermofluor experiments 

of 1BKR wild type, 1BKRL17D, 1BKRL17S and 2GKG proteins.  



75 

 

3.5 Crystallization trials of 1BKRwildtype,1BKRL17D, 

1BKRL17S and 2GKG for crystallization 

The aim of the crystallisation trials was to investigate the suitability of 1BKR wild 

type, 1BKRL17D, 1BKRL17S and 2GKG proteins for crystallization. An assessment 

of the potential of these proteins in terms of crystallization would be important criteria 

for determining if the fusion tag would be amenable to act as carrier protein for 

crystallizing model proteins. Several screens were conducted with each protein such as 

PACT premier, Morpheus, PEG II Suite, Structure, MIDAS, PGA, Stura FootPrint Eco, 

and JCSG plus. After incubation of one-month at 20°C, crystals formed in two 

conditions in the 1BKR wild-type trials when using a Stura FootPrint Eco screen (Figure 

29 A, B). However, no crystals were obtained with 1BKRL17D and 1BKRL17S which 

suggests that 1BKR wild type can form crystals with fusion proteins better than 

1BKRL17D and 1BKRL17S proteins. For 2GKG tag crystallization trials, the trials 

replicated those performed with the 1BKR tag with the same screens but using a higher 

concentration as the 2GKG protein purified in higher concentration than 1BKR tag, one 

crystal was formed when using a JCSG plus screen (Figure 29 C). 

 

Figure 29. (A) Crystal of 1BKR wild protein in condition: conc. Salt: 1.5M sodium citrate tribasic dehydrate, 

conc. Buffer: 0.01 M sodium borate, pH 8.5. (B) Crystals of IBKR wild protein in condition: conc. Salt: 1.2M 

sodium citrate tribasic dehydrate, conc. Buffer: 0.01 M sodium borate, pH 8.5. (C) Crystal from 2GKG protein 

on JCSG+ screen on the condition is 0.02 M Calcium chloride dehydrate, 0,1 M sodium acetate, 30% v/v MPD 

pH 4.6 
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3.6 Discussion of 1BKR and 2GKG protein expression and 

crystallisation results     

 This chapter investigated the preparation and expression of 1BKR and 2GKG, 

which were selected from the PDB as potential candidate solubility tags. Both tags were 

cloned into the pRSF13 vector at the N terminus position after the His tag (affinity tag), 

which was used for affinity purification for both proteins. The histidine affinity tag was 

chosen as it has a relatively small size, which rarely affects fused protein function and 

promotes the expression and purification of fused proteins more than that observed for 

other affinity tags (48). The N-terminal position was selected for the tags as it gets 

translated before the fusion partner which may promote better folding and stability of 

the target proteins in comparison to a C terminal tag (221). 

Both proteins were expressed and purified from small and large-scale cultures. 

The small- scale experiments being important as valuable indicator for anticipated 

protein production yield in large-scale expressions. The results from the small-scale 

trials revealed that 1BKR and 2GKG were expressed successfully as soluble proteins. 

After purification and concentration, a sign of aggregation was observed with the 1BKR 

tag, which affected the final yield when compared with 2GKG tag. This data suggests 

that 2GKG after purification and concentration was more stable and soluble than 1BKR 

(6).   

Data derived from large-scale cultures allowed for a quantitative comparison 

between the two novel tags. The conclusion that the 2GKG tag was more stable and 
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soluble than 1BKR was observed to aggregate when concentrated above 15 mg/mL, 

while this effect was not observed for the 2GKG tag.   

To overcome this aggregation issue during concentrations of the 1BKR tag, 

residue present in a hydrophobic region which is leucine number 17 was mutated to 

serine and aspartate. Previous research has highlighted the importance of mutation to 

hydrophilic serine and aspartate amino acids for improving protein solubility (222) 

(223). The presence of the mutations had no effect on stability and protein folding as 

the Thermoflour assay and gel filtration results indicated, however, the highest yield 

obtained was 3.18 mg/L for 1BKRL17D, 1.8 mg/L for 1BKR wild-type and 0.5 mg/L 

for 1BKRL17S (Table 7). This data suggests that the mutation of leucine to aspartate 

(1BKRL17D) improved soluble yield and no aggregation was observed. Crystallisation 

trials revealed that the 1BKRL17D mutant protein failed to form crystals. On the other 

hand, 1BKR wild type formed crystals in two conditions which suggested that the 

mutations had affected the proteins ability to form crystals. This could indicate that the 

minor crystal contacts that Leu17 is part of in the wild-type crystal structure may 

promote crystallisation. This indicated that the 1BKR wild type had an advantage to be 

used as a fusion tag for crystallisation studies as carrier driven crystallisation using 

fusion tags for crystallisation can sometimes help (214). The 2GKG protein formed 

crystals in one condition which suggest that both tags can be used to crystalize fusion 

proteins which have been  designed with the fixed arm linker, presence of the linker has 

facilitated crystallization of many fusion proteins when fused with a MBP tag (224).  

Thermostability comparisons revealed that the 1BKR wild type was significantly 

more thermally stable than 2GKG with both proteins having a melting temperature 
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which was higher than 45°C. The 1BKR wild type protein average melting temperature 

was 47.1°C and 2GKG was 45.2°C.  This result suggests that 1BKR can form crystals 

potentially more easily than 2GKG, as it has a higher melting temperature, which can 

promote the crystallizations of proteins. This could be one explanation for the ability of 

1BKR to form crystals in different conditions more readily than the 2GKG protein 

(220).   

A final conclusion is that 1BKR wild type and 2GKG proteins in isolation were 

expressed well with a high yield and formed crystals which may suggest that the 

presence of these tags could help protein folding and solubility of a fusion protein. The 

assumption is based on results observed for Skp and T7PK tags which were expressed 

and purified in high yield as single tags (without any fusion) and when they were fused 

to target proteins they improved their expression, solubility and purification (41). The 

following chapters discuss the performance of 1BKR and 2GKG tags when fused to 

different chosen model proteins with a fixed arm linker in terms of expression, 

solubility, purification and crystallization of the fusion proteins.  

 

Table 7. Comparison of the yields of 1BKR wild type, 1BKR L17S and 1BKR L17D constructs after gel 

filtration purification using Superdex 75 HiLoad 16/60 column. 
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 Chapter 4: Results and discussion of the fusion of 

1BKR and 2GKG tags to model proteins UCHL1 and 

UCHL3  

This chapter focuses on the investigation and comparison of the candidate protein 

tags i.e. 1BKR and 2GKG, with two model globular proteins of known structure and 

compares the performance of these novel tags with the performance of these proteins 

when tagged with MBP, which is a commonly used tag (51). The investigation and 

comparison will be in terms of expression, solubility and purification in small-scale 

bacterial cultures in auto-induction conditions for qualitative comparison. As before for 

the tags in isolation, large-scale 2 litres bacterial cultures for quantitative comparisons 

to produce high-yields of soluble proteins for subsequent crystallisation trials for each 

model protein were also performed.  

The model proteins chosen were ubiquitin carboxyl-terminal hydrolase isozyme 

L1 (UCHL1) (PDB code 2ETL) and ubiquitin carboxyl-terminal hydrolase isozyme L3 

(UCHL3) (PDB code 1UCH). These model proteins were chosen as their structures are 

known and relatively globular. In addition, these proteins are of interest as drug targets 

and increased yield and potentially novel crystal forms are desirable. These experiments 

were carried out to study the effect of these novel tags on the expression, solubility, 

purification and crystallization of these two model proteins. The potential crystallization 

of these two model proteins in different space groups (crystal packing) may be better 

suited for compound soaking (225).  



80 

 

The UCHL1 enzyme contains 223 amino acids and has a molecular weight of 24.8 

kDa. The isoelectric point of UCHL1 is 5.33. The UCHL3 consist of 230 amino acids 

with a molecular weight of 26.1 kDa and an isoelectric point of 4.84.  

All the proteins were purified by Nickel affinity chromatography as a first step 

purification followed by gel filtration chromatography. Nickel affinity chromatography 

was selected because the histidine affinity tag rarely impacts fused protein function 

letting it to be a favourable than other affinity tags (226). The gel filtration was the 

second step of the purification to ensure that the protein is stable, not aggregated and 

can be used for crystallization trials. (227). This is can achieved by monitoring the 

elution volume of each protein as each protein has expected elution volume which 

depends on the size and shape of the protein and can be compared to a standard curve 

of each column. If the protein elutes at the void volume peak this means that the protein 

forms soluble aggregates and is not suitable for further experiments (228). The gel 

filtration step was done only in the large scale culture as we need to assess the protein 

stability and purification to be used for crystallization trials and for quantitative 

comparison while the small scale trials were only done for qualitative comparison.  

.  
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4.1  Results of investigation of UCHL1-tag fusions 

4.1.1 Cloning of 1BKR-UCHL1, 2GKG-UCHL1 and MBP-

UCHL1 constructs    

Three UCHL1 constructs were generated, namely 1BKR-UCHL1, 2GKG-

UCHL1 and MBP-UCHL1. The 1BKR-UCHL1 was cloned into a pRSF-13 vector after 

histidine tag at the N terminus.   

The second construct was 2GKG-UCHL1, which was cloned the same way as 

1BKR-UCHL1 but with a His-2GKG tag at the N terminus. The UCHL1 gene was 

successfully inserted into the pRSF13 vector as confirmed by the size of DNA 

fragments following a restriction digest of the vector. Sequencing the inserts confirmed 

that the ligation and transformations had been successful.  

The construction of MBP-UCHL1 used a restriction enzyme free cloning protocol 

as stated in the material and methods chapter where the 2GKG-UCHL1 construct was 

used to create the MBP-UCHL1 construct by replacing the 2GKG tag with a MBP tag. 

Sequence analysis proved that MBP-UCHL1 had been cloned correctly.  
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4.1.2 Expression, solubility and small-scale purification of 1BKR-

UCHL1, 2GKG-UCHL1 and MBP-UCHL1  

These experiments were performed to make a qualitative comparison between 

1BKR, 2GKG and MBP tags when fused with the UCHL1 protein by auto induction 

protocol, which is more accurate for comparison in terms of expression, solubility and 

purification (215). Thus, this experiment compared three different constructs 1BKR-

UCHL1, 2GKG-UCHL1 and MBP-UCHL1 at a small scale on the expression, solubility 

and purification of model proteins 

Analysis of induced samples using SDS-PAGE revealed that all the proteins were 

expressed and an extra band post-induction when compared with samples taken from 

non-induced cultures was observed (Figure 30 A). All post-induction bands for each 

protein were of the correct size, which correlated to the expected molecular weight 

which was 66.2 kDa for MBP-UCHL1, 40.4 kDa for 2GKG-UCHL1 and 39.6 kDa for 

1BKR-UCHL1. Analysis of a SDS-PAGE gel revealed that the protein band from the 

soluble fractions of MBP-UCHL1 and 2GKG-UCHL1 were more intense than 1BKR-

UCHL1 (Figure 30 B). The cell lysates were subsequently purified using a Nickel 

column. Analysis of the purified samples on SDS-PAGE revealed a more intense band 

for MBP tag than that observed for 1BKR and 2GKG (Figure 30 C). Analysis also 

revealed that there was more purified 2GKG tag when compared with purified 1BKR 

tag which suggests that 2GKG is more soluble than 1BKR tag, as observed in the results 

discussed in Chapter 3. 
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Figure 30.A:  The SDS-PAGE gel analysis of expression levels of  1BKR-UCHL1, 2GKG- UCHL1 and MBP-

UCHL1. SDS-PAGE indicated all the proteins were expressed as indicated by the presence of bands after-

induction where no bands were present before induction. B: SDS-PAGE gel analysis of the soluble fractions 

of 1BKR-UCHL1, 2GKG-UCHL1 and MBP-UCHL1, which revealed bands in the soluble fractions. 

Comparing soluble fractions revealed that MBP- UCHL1 and 2GKG-UCHL1 were more intense than that 

observed for 1BKR-UCHL1. C: SDS-PAGE analysis of samples after purification of 1BKR-UCHL1, 2GKG- 

UCHL1 and MBP-UCHL1 revealed that the band analogous to the band of the MBP tag was more intense 

than that observed for the other tags. 
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4.1.3 Large-scale expression and purification of UCHL1 protein- 

solubility tag fusions   

The aim of this experiment was to allow quantitative comparison between 1BKR-

UCHL1, 2GKG- UCHL1 and MBP-UCHL1 proteins in large scale and production of 

high protein yield which could then can be used for crystallization trials (229).  Three 

UCHL1 protein solubility-tagged constructs were expressed in two litres volumes and 

were induced upon addition of IPTG as mentioned before. The proteins were purified 

using Nickel affinity chromatography as a first step of purification followed by gel 

filtration chromatography.  

4.1.3.1  1BKR-UCHL1 protein purification  

Purification of 1BKR-UCHL1 protein using Nickel affinity chromatography 

revealed a broad single peak indicating high protein yield was obtained (Figure 31 A). 

The 1BKR-UCHL1 protein eluted using elution buffer 20 mM Tris, 200 mM sodium 

chloride, 500 mM imidiazole, 3% glycerol at pH 7.5. Analysis of the peak fractions on 

the SDS-PAGE gel, revealed that a protein bound to the nickel column as no band was 

present in the flow through fraction. Analysis of samples on SDS page revealed the 

presence of a prominent band between the 30 and 40 kDa protein marker bands, which 

was analogous to the protein target. The gel also revealed presence of contaminating 

proteins (Figure 31 B). The gel filtration chromatography was performed on the purified 

fractions as a secondary purification step to remove the contamination and to analyse 

the protein stability (230). Gel filtration purification of 1BKR-UCHL1 revealed two 

peaks. The first peak was void volume (Figure 31 C) and the second peak contained the 

protein of interest, this protein eluted at elution volume of 65 mL, from the gel filtration 
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column (Superdex75 (16/60). This volume correlates to the standard curve prediction 

of a protein with a molecular weight of about 39.6 kDa. This result also indicated that 

no aggregation of the target protein as the protein eluted in the correct elution volume 

not in the void volume peak. The SDS-PAGE gel also confirmed that the product 

contained some degradation proteins (Figure 31 D). The total pure protein after 

concentration was 12.45 mg/L culture.  

 

Figure 31. A: Affinity chromatography of 1BKR-UCHL1. B: SDS-PAGE gel from Ni column showed 1BKR 

UCHL1 has 39.6 kDa. C: Chromatogram of 1BKR-UCHL1 after gel Filtration purification. D: SDS-PAGE 

gels showed a band at around 40 kDa, which is analogous to that of 1BKR UCHL1. 
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4.1.3.1.2  2GKG-UCHL1 protein purification    

Nickel column purification of 2GKG-UCHL1 protein revealed a broad single 

peak (Figure 32 A) indicating a high protein yield which similar to1BKR-UCHL1 

protein results. Analysis of the fractions-under the peak on SDS-PAGE revealed that 

the protein had bound tightly to the nickel column and the protein was soluble. The 

SDS-PAGE gel also showed overloading of the protein samples (Figure 32 B), as there 

was a band between the 40 and 25 kDa marker bands, which is analogous to the 

predicted size of the expressed protein. Analysis also revealed some contaminating 

proteins which required another purification step before crystallization trials, as protein 

should be 90 percent pure before crystallization trials (231).  

The gel filtration as second step of purification revealed two peaks (Figure 32 C). 

The first peak was the void volume and the second peak contained the 2GKG-UCHL1 

protein as indicated by standard curve prediction of molecular weight of about 40.4 

kDa.  This protein eluted at around 64 mL indicating that there was no aggregation of 

2GKG-UCHL1 protein, as the protein eluted in the correct elution volume not in the 

void volume (219). SDS-PAGE gel analysis confirmed the protein purity by absence of 

bands except the specific target protein band in the correct size (Figure 32 D). The final 

yield after concentration of the purified protein was 25 mg/L being higher than that 

observed for 1BKR-UCHL protein. This result suggests that the presence of 2GKG had 

a more pronounced effect on producing the UCHL1 soluble protein than the 1BKR tag. 
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Figure 32. A: Chromatogram of the affinity chromatography showed a broad peak which contains 2GKG-

UCHL1 protein. B: SDS-PAGE gel from Ni column showed 2GKG-UCHL1. C: Gel filtration chromatogram 

of 2GKG-UCHL1. D: Analysis of the peak fractions on SDS-PAGE gels revealed a band of around 40 kDa, 

this band was the correct predicted size for 2GKG-UCHL1. 
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4.1.3.1.3  MBP-UCHL1 protein purification     

 Purification using Nickel affinity chromatography of MBP-UCHL1 revealed one 

peak present on the chromatogram (Figure 33 A). Analysis of the peak fractions on a 

SDS-PAGE gel revealed the presence of the MBP-UCHL1 expressed protein as a 

distinct single band of around 60-66 kDa (Figure 33 B).  

Gel filtration purification was done as a final purification step showing a small 

void volume peak and a single peak. The single peak represents the target protein being 

this protein eluted at 88 mL (Figure 33 C).This volume corresponded to the elution 

profile of a 66.2 kDa protein by using the standard curve of the gel filtration column 

Superdex 200 (16/60) (232). SDS PAGE gel analysis of the peak fractions indicated 

that the MBP-UCHL1 protein was present as a purified protein by distinct single band 

at about 66.2 kDa (Figure 33 D). After collection and concentration, the total yield of 

MBP-UCHL1 protein was 27 mg/L which was more than that observed for 2GKG and 

1BKR tags. This data suggests that the MBP tag had the highest effect on the UCHL1 

production.    
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Figure 33.A.The chromatogram of affinity chromatography of MBP-UCHL1 Chromatogram showed a 

prominent peak which contained the target protein. B: Analysis of the peak fractions and insoluble pellets on 

SDS-PAGE gel revealed protein bands which corresponded to the size of MBP-UCHL1 of approximately 66.2 

kDa. C: The chromatogram of gel filtration purification of MBP-UCHL1. D: SDS-PAGE gel result showed 

bands that corresponded to MBP-UCHL1 (66.2 kDa).  
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4.1.4 Investigation of UCHL1 protein- solubility tag fusions using 

small Angle X ray scattering (SAXS)    

SAXS analysis gives important information with regards to how fusion tags affect 

the UCHL1 protein in terms of protein aggregation, folding, size and multiple 

conformation flexibility (233). SAXS analysis of 1BKR-UCHL1,2GKG-UCHL1 and 

MBP-UCHL1 proteins revealed that these proteins were monodisperse without any 

indication of particle aggregation, since the proteins scattered were in a straight line 

indicating the normal distribution for folded non aggregated proteins according to a 

Guinier plot (Figure 34 A,B,C) (234). The Guinier plot estimates the radius of gyration 

(Rg) of 1BKR-UCHL1 (24.6 Å), 2GKG-UCHL1 (24.8Å) and MBP-UCHL1 (30.8 Å).   

Plotting dimensionless Kratky plots also confirmed that all the proteins were 

folded with no aggregation, as all the proteins were characterised by dimensionless 

Kratky plots bell-shaped curve. This is a characteristic of a folded protein however, 

some flexibility was seen as the curves did not fully converge to the x axis (235). The 

1BKR-UCHL1 and 2GKG-UCHL1 dimensionless Kratky plots showed slightly sharper 

but also broadened peaks than that observed for the MBP-UCHL1 which was 

characterised by having more of a profile of a multiple domain protein. These curves 

were characteristic of the proteins being folded with some flexibility domains (236). 

Pair-Distribution Function P(r) plots of 1BKR-UCHL1, 2GKG-UCHL1 and MBP-

UCHL1 determined that the proteins were folded and had a smooth distribution function 

(Figures 36 A, B, C). The P(r) plots of 1BKR-UCHL1 and 2GKG-UCHL1 had 

shoulders in their bell-shape consistent with the two domain nature of the fusion 

proteins (237). The maximum linear dimension (Dmax) of 1BKR-UCHL1 was 77 Å 
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which correlated well with the predicted D max from a model using Pymol software 

which was 75.7 Å (Figure 37 A). The maximum linear dimension (Dmax) of 2GKG-

UCHL1 was 78 Å which was similar to the estimates of D max using Pymol software 

which was 79.2 Å (Figure 37 B). The maximum linear dimension (Dmax) of MBP-

UCHL1 was 89.0 Å, which was analogous to the predicted of D max of a model using 

Pymol software which was 86 Å (Figure 37 C).   

 

Figure 34.:A: The Guinier plot of the 1BKR UCHL1 protein. B: Guinier plot of the 2GKG UCHL1 protein. 

C: Guinier plot of MBP-UCHL1 protein. 
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Figure 35.A: Dimensionless Kratky plot of 1BKR-UCHL1 protein, B: Dimensionless Kratky plot of 2GKG-

UCHL1 protein. C: Dimensionless Kratky plot of MBP-UCHL1 protein. 

 

Figure 36.A: Pair-Distribution Function P(r) plot of 1BKR-UCHL1 protein, B: Pair-Distribution Function 

P(r) plot of 2GKG-UCHL1 protein. C: Pair-Distribution Function P(r) plot of MBP-UCHL1 protein. 
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Figure 37. A: The prediction of the maximum linear dimension (Dmax) by pymol software of models of the 

1BKR-UCHL1 proteins from their crystal structures which is equal 75 .7 Å. B: The prediction of the maximum 

linear dimension (Dmax) by pymol software of the 2GKG-UCHL1 protein from their crystal structures which 

was equal to 79.2 Å. C: The prediction of the maximum linear dimension (Dmax) by pymol software of the 

MBP-UCHL1 protein from their crystal structures which was equal to 86 Å.  
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4.1.5 Crystallisation trials of UCHL1 protein- solubility tag 

fusions   

Crystallisation trials of 1BKR-UCHL1, 2GKG-UCHL1 and MBP-UCHL1 

proteins were performed using Morpheus screen, JCSG+, PACT premier screen, PEG 

Screen (Grid screen) and Ammonium sulphate (Grid screen). The concentrations used were 

15 and 30 mg/mL protein. However, no crystals were formed after one week. The screens 

with different concentrations after one week seemed similar to each other with only data 

from the 30 mg/mL after one week experiments presented in the tables 8, 9 and 10.  

 

Table 8. Results of the crystallisation trials using different crystallisation screens for 30 mg/mL 1BKR-UCHL1 

protein after one week 
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Table 9. Results of the crystallisation trials using different crystallisation screens for 30 mg/mL 2GKG-

UCHL1 protein after one week 

 

Table 10. Results of the crystallisation trials using different crystallisation screens for 30 mg/mL MBP-UCHL1 

protein after one week 
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4.2   Results of the investigation of UCHL3-tag fusions 

This section investigated another model protein with known structure when fused 

with the two novel tags under investigation and the MBP tag. The second model protein 

chosen was the UCHL3 protein. This section compares the results of the UCHL3 

enzyme fused with each tag in small and large-scale cultures. 

4.2.1 Cloning of 1BKR-UCHL3, 2GKG-UCHL3 and MBP-

UCHL3 constructs    

Three constructs were generated 1BKR-UCHL3, 2GKG-UCHL3 and MBP- 

UCHL3. The UCHL3 gene was successfully cloned into the 1BKR-pRSF-13, 2GKG- 

pRSF-13 and MBP- pRSF-13 vectors as described for the previous model protein The 

sequencing results confirmed that the 1BKR-UCHL3, 2GKG-UCHL3 and MBP-UCHL3 

constructs had been successfully engineered. 

4.2.2  Expression, solubility and small-scale purification of 

1BKR-UCHL3, 2GKG-UCHL3 and MBP-UCHL3  

These experiments were done to evaluate if the tags can express the UCHL3 

protein and to make a qualitative comparison between 1BKR, 2GkG and MBP tags 

fused with UCHL3 protein by auto induction protocol at a small scale (100 mL).  

Analysis of non-induced and induced fractions from bacterial cultures of the 

relevant proteins on SDS-PAGE revealed that all the proteins had been expressed 

indicated by the existence of an extra protein band in the induced fractions (Figure 38 

A). All induced fractions bands, for each protein, were of the correct size. The predicted 
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molecular weight of MBP-UCHL3 was 67 kDa, 2GKG-UCHL3 was 40.4 kDa and 

1BKR-UCHL3 was 39.4 kDa. The SDS-PAGE result showed that the bands of the 

soluble fractions of 2GKG-UCHL3 and 1BKR-UCHL3 were more intense than MBP-

UCHL3 (Figure 38 B). Analysis of the samples after purification on a SDS-PAGE gel 

revealed that the three proteins 1BKR-UCHL3, 2GKG-UCHL3 and MBP-UCHL3 had 

been successfully purified. SDS-PAGE analysis indicated that the protein band of the 

2GKG tag was more intense than that observed for the other tags (Figure 38 C). 

 

Figure 38.A: SDS-PAGE gel of expression test of the three proteins 1BKR-UCHL3, 2GKG-UCHL3 and MBP-

UCHL3. B: SDS-PAGE gel of solubility test of the three proteins 1BKR-UCHL3, 2GKG-UCHL3 and MBP-

UCHL3. C: SDS-PAGE gel of purification test of the three proteins 1BKR-UCHL3, 2GKG-UCHL3 and MBP-

UCHL3.  
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4.2.3 Large-scale expression and purification of UCHL3 protein- 

solubility tag fusions  

The aim of this experiment was a quantitative comparison between 1BKR-

UCHL3, 2GKG- UCHL3 and MBP-UCHL3 proteins at a larger volume scale and to 

produce proteins at a high yield for subsequent crystallization trials. Three solubility-

tagged constructs of the UCHL3 protein were expressed in two litres cultures by IPTG 

protocol. Using nickel affinity and then gel filtration chromatography, the three proteins 

were purified. 

4.2.3.1  1BKR-UCHL3 purification 

Nickel affinity chromatography was employed to purify 1BKR-UCHL3. The 

purification analysis revealed a large single peak indicating a high amount of protein 

was purified (Figure 39 A). The SDS-PAGE gel showed the protein was well expressed 

and tightly bound to the nickel column, as no protein was observed in fraction from the 

flow through (Figure 39 B). The SDS-PAGE result demonstrated that there was an 

intense band between the 35 and 45 kDa marker bands, which is analogous to the 

predicted size of the 1BKR-UCHL3 protein. Size exclusion purification was performed 

for an assessment of protein stability (238). The size exclusion purification of 1BKR-

UCHL3 was characterised by the presence of two peaks. The void volume was the first 

peak (Figure 39 C). The target protein was in the second peak as eluted at the expected 

elution volume of 65 mL from the gel filtration (Superdex 75 (16/60) column. This 

volume correlates with the standard curve prediction of molecular weight of this protein 

of about 39.4 kDa. The results showed no aggregation of the 1BKR-UCHL3 protein. 
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The SDS-PAGE gel results on the protein purity indicated that there had been little 

degradation (Figure 39 D) and total protein yield was 6.91 mg/L culture.  

 

Figure 39.A:Affinity chromatography and SDS-PAGE gel of 1BKR-UCHL3.B: SDS-PAGE gel from Ni 

column. C: Chromatogram of 1BKR-UCHL3 gel Filtration purification. D: SDS-PAGE gels represented a 

band at around 40 kDa which is a 1BKR UCHL3. 
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4.2.3.2  2GKG-UCHL3 purification   

2GKG-UCHL3 was purified using the same methods as employed for 1BKR-

UCHL3.The purification using a Nickel column revealed a prominent broad single peak 

which indicates protein with a high yield was obtained (Figure 40 A). The peak fractions 

analysis by SDS PAGE indicated that the 2GKG-UCHL3 protein had entirely bound to 

the nickel column, as there is no band in the flow through fraction of the correct protein 

size. The SDS PAGE gel showed also an intense protein band between protein standard 

35 kDa and 45 kDa marker bands (Figure 40 B).  

Gel filtration purification chromatogram was characterised by the presence of two 

peaks. The first peak was the void volume and the second peak contained the target 

protein (Figure 40 C). A standard curve suggested of molecular weight of about 40.4 

kDa, which corresponds to an elution volume of  64 mL (239). This result showed some 

aggregation of the 2GKG-UCHL3 protein as the void volume peak was not totally 

separated from the peak of the protein target and this affected the final yield. The 

purified fractions analysis by SDS-PAGE gel revealed a distinct protein band of the 

expected size with little contaminating protein bands and the protein was considered 

pure enough for crystallization trials (Figure 40 D). The total protein yield was 7.6 mg/L 

culture, which is more than that observed for the 1BKR tag fusion suggesting the 

presence of the 2GKG tag had a better effect on UCHL3 protein production yield. 
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 Figure 40. A. The affinity column chromatogram. B: SDS-PAGE gel from a Ni column run revealed a band 

at 40 kDa analogous to the predicted size of 2GKG-UCHL3 with some contaminating proteins. C: 

Chromatogram of 2GKG-UCHL3 gel filtration purification. D: SDS-PAGE gels revealed a band at around 40 

kDa that is 2GKG-UCHL3. 
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4.2.3.3  MBP-UCHL3 purification 

The MBP-UCHL3 protein was purified using the same methods as described for 

the 1BKR-UCHL3 and 2GKG-UCHL3 fusions. The chromatogram from the Nickel 

affinity column purification showed a single broad peak which contained the target 

protein (Figure 41 A). Analysis of purified peak fractions by SDS-PAGE gel revealed 

that the protein had been expressed and was present as a clear single band of around 67 

kDa (Figure 41 B).  

The chromatogram of gel filtration purification showed two peaks (Figure 41 C). 

The first peak could be the protein being present as a dimer but not the void oligomer, 

as the standard curve gel filtration column Superdex 200 (16/60) represented. The high 

peak contained the protein target, which eluted at 87.8 mL which corresponds to the 

elution of a 67 kDa protein (240). The peak fraction analysis by SDS PAGE gel revealed 

that a pure protein had been obtained (Figure 41 D). SDS PAGE gel revealed a clear 

single band at approximately 67 kDa. The peak fractions were combined and 

concentrated for crystallization studies. After collection and concentration, the total 

protein yield was 7.5 mg/L culture, which is very close to the 2GKG-UCHL1 soluble 

yield, but higher than 1BKR-UCHL1, which suggests the presence of MBP and 2GKG 

had a bigger effect than the presence of the 1BKR tag with the UCHL3 protein.  
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Figure 41.A: The affinity chromatography chromatogram of MBP-UCHL3. B: SDS-PAGE gel from Ni 

column showed MBP-UCHL1 at approximately 67 kDa C: Chromatogram of MBP-UCHL3 gel filtration 

purification. D: SDS-PAGE gels represented a band at about 67 kDa, this band is the MBP-UCHL3 protein. 
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4.2.4 Analysis of UCHL3 protein- solubility tag fusions using 

small Angle X ray scattering (SAXS)  

These experiments were done as described for the UCHL1 protein to evaluate the 

effect of the novel tags on the UCHL3 protein. These assays determined whether the 

proteins aggregated or folded correctly and provided details on the size and multiple 

conformations of a protein flexibility, which gave valuable information to know how 

the presence of fusion tags affected the fusion protein (241). The results of 1BKR-

UCHL3, 2GKG-UCHL3 and MBP-UCHL3 proteins revealed that they were found as a 

monodisperse protein, as the protein scattered in a straight line with a normal 

distribution, as represented in a Guinier plot (Figure 42 A, B, and C). The Guinier plot 

determined the radius of gyration (Rg) of these proteins 1BKR-UCHL3 (25.7 Å), 

2GKG-UCHL3 (25.91 Å) and MBP-UCHL3 (29.8Å). The dimensionless Kratky plots 

of the 1BKR-UCHL3 protein showed the peak was a regular bell-shaped curve, which 

indicated the protein was relatively globular, folded and not aggregated (Figure 43 A, 

B, and C). The peak of the 2GKG-UCHL3 showed that this protein was less flexible 

than other proteins as the curve converged to the x axis more than that observed with 

the other two proteins (Figure 43 B) (242). Pair-Distribution Function P(r) plots of the 

three proteins confirmed the same results of dimensionless Kratky plots, and revealed 

that the proteins were folded and had a smooth distribution function. A relatively regular 

bell-shaped curve was observed for 1BKR-UCHL3 whereas the two other fusions 

displayed a more two-domain characteristic P(r) function (243) (Figures 44 A,B,C). The 

maximum linear dimension (Dmax) of 1BKR-UCHL3 was 108.5 Å while the prediction 

of Dmax by pymol software was only 70.9 Å (Figure 45 A). The maximum linear 

dimension (Dmax) of 2GKG -UCHL3 was 85Å while the prediction of Dmax of a 
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model in pymol was 77Å (Figure 45 B). The maximum linear dimension (Dmax) of 

MBP-UCHL3 was 91.0 Å, with a prediction D max using pymol software was 83.6Å 

(Figure 45C)  

These results suggest that the proteins were present as a dimer in the solution or 

adopt a more elongated conformation than modelled as the Dmax values obtained by 

pymol software is less than that obtained using Pair-Distribution Function P(r) 

prediction (244).  

 

 

 

 

 

 

 

Figure 42.A: The Guinier plot of 1BKR-UCHL3 protein. B: The Guinier plot of 2GKG-UCHL3 protein .C 

The Guinier plot of MBP-UCHL3 protein. 
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Figure 43.A: Dimensionless Kratky plot of 1BKR-UCHL3 protein. B: Dimensionless Kratky plot 2GKG-

UCHL3 protein. C: Dimensionless Kratky plot of MBP-UCHL3 protein. 

 

Figure 44.A: Pair-Distribution Function P(r) plot of 1BKR-UCHL3 protein. B: Pair-Distribution Function 

P(r) plot of 2GKG-UCHL3 protein. C: Pair-Distribution Function P(r) plot of MBP-UCHL3. 
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Figure 45.The prediction of the maximum linear dimension (Dmax) by Pymol software of the 1BKR-UCHL3 

protein from their crystal structures, which is equal to 70.9 Å. B: The prediction of the maximum linear 

dimension (Dmax) by pymol software of the 2GKG and UCHL3 proteins from their crystal structures which 

was equal to 77 Å. C: The prediction of the maximum linear dimension (Dmax) by pymol software of the MBP 

and UCHL3 proteins from their crystal structures which is equal 83.6 Å. 
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4.2.5 Crystallisation trials of UCHL3 protein-solubility tag 

fusions   

The crystallisation trials of proteins 1BKR-UCHL,3 2GKG -UCHL3 and MBP-

UCHL3 were performed using 10, 15 and 20 mg/mL protein concentrations using the 

following screens: Morpheus, Ammonium sulphate, PACT Premier, PEG screen, and 

JCSG plus. Each protein was incubated for 1 week at 20°C and no crystals were 

obtained from 1BKR-UCHL3 and MBP-UCHL3 proteins (Table 12). On the other 

hand, a small crystal was obtained of the 2GKG-UCHL3 protein in the PEG screen 

(Figure 39) but no diffraction was obtained. The crystallisation screen result after one 

week from the three proteins at 15 mg/mL are shown in table 11,12 and 13. Results 

from crystallization trials using different protein concentrations (10 and 20mg/mL) gave 

the similar results as presented in three tables 11,12 and 13.  

 

Table 11. Results of crystallisations using different crystal screens for 15 mg/m1BKR-UCHL3 protein after 

one week. 
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   Figure 46.The crystal from 2GKG -UCHL3 but no diffraction was obtained. The condition was 0.2 M 

Calcium chloride dihydrate 0.1 M Tris 20 % w/v PEG 6000, pH=8. 

 

   Table 12. Results of crystallisations using different crystal screens for 15 mg/mL 2GKG-UCHL1 protein 

after one week. 

 

Table 13. Results of the crystallisation trials using different crystal screens for 15 mg/mL MBP-UCHL1 

protein after one week. 
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4.3 Discussion of the results of UCHL1 and UCHL3 proteins 

with the tags  

This chapter results showed the expression, solubility and purification of UCHL1 

and UCHL3 proteins when fused to each of 2GKG, 1BKR and MBP tags. UCHL1 and 

UCHL3 proteins were selected in order to potentially crystallize these proteins in 

different space groups (crystal packing) that may be better suited for compound soaking. 

In addition, the proteins were relatively globular and their structures were known, which 

made it more straight forward to design the linkers.  

The first experiment was done in small scale utilizing qualitative SDS-PAGE 

analysis as a reliable indication of the predicted quantities of protein production in large 

expressions (245). The results of small-scale comparisons showed that the expression, 

solubility and purification of MBP and 2GKG tags were not different from each other 

and were better than that observed with a1BKR tag. These results indicated that the 

2GKG tag gave almost similar results to that observed with the well-described best 

fusion partner MBP in terms of soluble protein expression. 

 The results of the large-scale experiment were consistent with the small-scale 

experiment results but in terms of the amount of protein yield, as the data showed that 

the MBP and 2GKG tags yielded nearly the same yield and purified proteins. Both were 

better than the yield of a 1BKR tag. (Table 14,15) (Figure 48,49).  

The expression and purification results of small and large scale of both 1BKR and 

2GKG had successfully promoted the correct folding and solubility of UCHL1 and 

UCHL3 proteins this supports our hypothesis that 1BKR and 2GKG could be used as 
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solubility tags. Additionally, the small and large scale results of our novel tags were the 

nearly similar results that observed with Fh8 tag (8 kDa) when comparing with MBP 

tag with different chosen model proteins in small and large scale experiments. This is 

further supporting our assumption that 1BKR and 2GKG could be as good as potential 

solubility tag as the Fh8 tag.  (246).  

 Also the results of our novel tags showed that these tags maintained the correct 

folding and solubility of UCHL1 and UCHL3 proteins as indicated by results of the size 

exclusion chromatography and SAXS. The gel filtration showed that the proteins were 

not aggregated as they didn’t elute in the peak of the void volume and eluted in the 

expected elution volume for each protein which correspond to the standard curve of 

each gel filtration column. This approach has been shown previously with the 

monomeric Ocr (Mocr) tag, which suggests that the novel tags can be used like Mocr 

tag as solubility tags (68). The SAXS results indicated correct folding of UCHL1 and 

UCHL3 proteins when fused with 1BKR and 2GKG tags, as no aggregation was 

observed by Guinier, dimensionless Kratky and Pair-Distribution Function plots, 

although some flexibility was observed and some of the fusions appeared more compact 

than others that behaved more than two-domain proteins. These results show that SAXS 

is a suitable method to investigate the fusion tags and may allow further studies for 

example using the thioredoxin tag for the structural analysis of a ternary protein-RNA 

complex by SAXS (247).  

For crystallization, all tagged-fusions failed to form crystals except the 2GKG tag 

in fusion with the UCHL3 protein in one condition but the crystal did not diffract and 

no interpretable electron density could be observed for the target protein. The failure of 
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tags to aid crystallization of fusion proteins may in principle be due to the soluble tag 

folding correctly, but the target protein was not fully folded, which can happen (248). 

However, the SAXS data and gel filtration results suggested that the tags and fusion 

proteins had been correctly folded. 

 The more likely explanation is the presence of the fixed arm linker, which may 

create flexibility between the solubility tag and the target protein, which prevents crystal 

lattice formation (249). The normalized Kratky plot did suggest a degree of flexibility 

of the fusion proteins. UCHL1 and UCHL3 also contain flexible loop regions. 

The third possible suggestion is the His tag at the N terminus, which as another 

flexible region may affects the formation of well-ordered diffracting crystals (250).   

 

Table 14.Comparison of yields of 1BKR-UCHL1, 2GKG- UCHL1 and MBP-UCHL1. 
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Figure 47. Graph showing a relative comparison of the yields of 1BKR-UCHL1, 2GKG- UCHL1 and MBP-

UCHL1. (no error bar because it just only one experiment). 

 

Table 15.Comparison of yields of 1BKR-UCHL3, 2GKG- UCHL3 and MBP-UCHL3. 
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Figure 48.Graph showed the comparison of yields of 1BKR-UCHL3, 2GKG- UCHL3 and MBP-UCHL3 (no 

error bar because it just only one experiment). 
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 Chapter 5: Results and discussion of effect of 

novel tags on the expression and purification of 

ataxin-3 (278-291) and alpha synuclein (58-79) 

peptides  

This chapter investigated if the presence of novel tags can help improve the 

expression of peptides. Expression of peptides in E coli has been shown to be a 

challenge, due to peptides having a high tendency to degrade during expression by 

bacteria proteases (251) and this was a motivation for this research. The second aim of 

this chapter was to compare the two novel protein tags 1BKR and 2GKG tags and MBP 

tag with two model peptides.  

Two peptides were chosen as their structures had been resolved previously when 

fused with a MBP tag making these tagged peptides a suitable control for the 

comparison with the novel tags. The chosen two peptides for investigation were cloned 

with a fixed arm linker with histidine tag in the N terminus as an affinity tag. The 

presence of this tag could therefore promote the expression, purification and 

crystallization of the fused peptides more than any other affinity tags (252). The two 

peptides chosen were Ataxin-3 (278-291 residues) (253) and alpha synuclein (58-79 

residues) (96).  

The investigation and comparison will be in terms of expression, solubility and 

purification in a small scale using qualitative SDS-PAGE, which was done in auto-

induction conditions and in a large scale 2 litres bacterial culture following IPTG 

induction for quantitative comparison. Assays using at a large scale would again 
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facilitate production at a high-yields of soluble proteins for subsequent crystallisation 

trials for each model protein (254). Nickel affinity chromatography purified the proteins 

as a first step purification followed by gel filtration chromatography. 

5.1 Results and investigation of Ataxin-3 (278-291) peptide -

tag fusions  

This section shows the results of the cloning, expressions, purifications and the 

crystallization trials of the Ataxin (278-291) peptide when fused with 1BKR, 2GKG 

and MBP tags using a pRSF13 vector.   

5.1.1 Cloning of 1BKR-Ataxin (278-291), 2GKG-Ataxin (278-291) 

and MBP-Ataxin (278-291) constructs 

The 1BKR-Ataxin (278-291) and 2GKG-Ataxin (278-291) constructs were 

cloned by annealing oligonucleotides primers protocol as mention in (material and 

methods). Sequencing confirmed that the 1BKR-Ataxin (278-291) and 2GKG-Ataxin 

(278-291) constructs were successfully cloned.  

The construct of MBP-Ataxin (278-291) was engineered by a restriction enzyme 

free cloning protocol (material and methods) by substituting the 2GKG tag from 2GKG-

ataxin (278-291) construct by MBP tag. Sequencing analysis confirmed that the MBP-

Ataxin (278-291) construct had been obtained. 
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5.1.2 Expression, solubility and small-scale purification of 1BKR-

Ataxin (278-291), 2GKG-Ataxin (278-291) and MBP-Ataxin (278-

291)   

This experiment was done to evaluate and compare the effect of the novel tags 

and MBP tag when fused with a model peptide Ataxin (278-291). The comparison in 

terms of expression, solubility and purification was performed in a small-scale 100 mL 

culture. This experiment was compared three different constructs 1BKR-Ataxin (278-

291), 2GKG-Ataxin (278-291) and MBP-Ataxin (278-291). 

Analysis by SDS-PAGE confirmed that all the proteins had been expressed and 

had an extra band in the post-induction fractions, when compared with non-induced 

fractions. All post-induction bands for each protein were of the correct size. The size of 

MBP-Ataxin (278-291) was 42 kDa, 2GKG-Ataxin (278-291) was 15.9 kDa and 1BKR-

Ataxin (278-291) was 15 kDa. The bands of MBP-Ataxin (278-291) and 2GKG-ataxin 

(278-291) after induction were more intense than that observed for 1BKR-Ataxin (278-

291) (Figures 50 A).  

Analysis of the soluble fractions by SDS-PAGE gel result revealed that the 

soluble fractions of MBP-Ataxin (278-291) and 2GKG-Ataxin (278-291) were more 

intense than 1BKR-Ataxin (278-291) (Figures 50 B). SDS-PAGE analysis of the 

purification confirmed that the band of the MBP tag and 2GKG tag was more prominent 

than the 1BKR tag (Figures 50 C) 
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Figure 49.A: The SDS-PAGE gel of expression test indicated all the proteins were expressed and have extra 

band in the post-induction fractions. B: The SDS-PAGE gel of solubility test of MBP-Ataxin (278-291), 2GKG-

Ataxin (278-291) and 1BKR-Ataxin (278-291). C: The SDS-PAGE gel of purification test of the three proteins 

MBP-Ataxin (278-291), 2GKG- Ataxin (278-291) and 1BKR-Ataxin (278-291).   
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5.1.3 Large-scale expression and purification of Ataxin (278-291) 

peptide-solubility tag fusions 

5.1.3.1.1    1BKR-Ataxin (278-291) purification  

The purification result of 1BKR-Ataxin (278-291) peptide by Nickel affinity 

chromatography indicated the protein had been well expressed and purified. The Nickel 

column purification of 1BKR-Ataxin (278-291) peptide showed a broad single peak, 

indicating a protein with high yield was obtained (Figure 51 A). The peak fractions were 

run on SDS-PAGE gel contained the target protein 1BKR-ataxin (278-291) 

characterised by an intense band at around 15 kDa, which was analogous to the protein 

target (Figure 51 B). 

The gel filtration purification of 1BKR-Ataxin (278-291) showed that the protein 

eluted as a single peak which eluted at volume 79 mL (Figure 51 C). This elution volume 

correlates to the volume of a standard curve, for a protein of around 15 kDa in size. The 

gel filtration peak was very prominent, indicating a high protein yield. Analysis by SDS-

PAGE gel showed that the protein purity and the bands of the 1BKR protein with and 

without fusion Ataxin (278-291) peptide (Figure 51 D). The total pure protein was 14 

mg/L culture, without any aggregation being observed indicating that the 1BKR tag had 

been expressed successfully. The protein yield was suitable for crystallization trials 

(255).  
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Figure 50.A: Nickel purification chromatogram of 1BKR-Ataxin (278-291) protein. B: SDS-PAGE gel from 

nickel column purification showed the pure protein. C:  Gel filtration purification chromatogram of 1BKR-

Ataxin (278-291) protein. D: SDS-PAGE gel showed purer band compared to Ni column purification with the 

correct size of molecular weight refer to protein marker.   
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5.1.3.1.2   2GKG-Ataxin (278-291) purification  

The expression and purification of 2GKG-Ataxin (278-291) was performed using 

the same method as employed for 1BKR Ataxin (278-291) by affinity purification 

which showed a broad peak (Figure 52 A). Analysis of the peak fractions on a SDS-

PAGE gel confirmed that the protein of interest which had been expressed and purified 

was 2GKG- Ataxin (278-291) (Figure 52 B). The peak fractions were concentrated and 

purified using gel fitration as second purification step and for protein stabilty 

assesement. The gel filtration purification revealed one sharp peak (Figure 52 C). This 

peak contained the protein of interest which eluated at 77 mL. This value was expected 

for a peptide of 16 kDa in molecular weight when using a  standard curve. The SDS-

PAGE gel confirmed the gel filtration chormatogram result  showing an expressed 

protein of the correct size of approximatly 15 kDa (Figure 52 D). The final yield was 

22.5 mg/L cultures, which is higher than 1BKR tag yield with Ataxin (278-291)  

peptide, which suggest the 2GKG had a higher effect than 1BKR with Ataxin (278-291) 

peptide. The 2GKG-Ataxin (278-291) protein fractions were concentrated without any 

aggregation observed subsequently the concentrated protein was used for crystallizing 

trials.   
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Figure 51.A: The nickel column purification chromatogram of 2GKG-Ataxin (278-291) protein. B: the 

purified fractions analysis by SDS-PAGE gel revealed the existence of a purified protein. C: Chromatogram 

after gel filtration purification of 2GKG-Ataxin (278-291) protein. D: SDS-PAGE gel of 2GKG-Ataxin (278-

291) protein after gel filtration purification.    



123 

 

5.1.3.1.3   MBP-Ataxin (278-291) purification  

The Nickel affinity purification of MBP-Ataxin (278-291) showed one peak on 

the chromatogram (Figure 53 A). SDS PAGE gel analysis revealed that the protein was 

well expressed, soluble and present as a clear single band of about 35 kDa in size (Figure 

53 B). The predicted size of MBP-Ataxin (278-291) was 42 kDa. The chromatogram of 

the gel filtration purification showed one peak, the protein eluted at 58 mL (Figure 53 

C), when compared to the standard curve, this volume corresponds to a protein of 

approximately 42 kDa. The SDS PAGE gel data indicated that the MBP-Ataxin (278-

291) protein was pure as shown by a clear single band of around 42 kDa (Figure 53 D). 

The final yield was 23 mg/L cultures without any aggregation observed. The final 

soluble yield was larger than the yield of 2GKG and 1BKR tags, which suggest the 

MBP tag had a higher effect than the two novel tags 1BKR and 2GKG on expression of 

Ataxin (278-291) peptide.  

.  
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Figure 52.A: The nickel column chromatogram of MBP-Ataxin (278-291) protein. B: SDS-PAGE gel from 

nickel column purification of MBP-Ataxin (278-291) protein. C: Gel filtration purification chromatogram of 

MBP-Ataxin (278-291) protein. D: SDS-PAGE gel of MBP-Ataxin (278-291) protein after gel filtration 

purification.  
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5.1.4 Crystallisation trials of Ataxin (278-291) peptide- solubility 

tag fusions   

Crystallisation trials of 1BKR-Ataxin (278-291), 2GKG-Ataxin (278-291) and 

MBP-Ataxin (278-291) proteins were performed using screens such as Morpheus 

screen, JCSG+, PACT premier screen, PEG Screen (Grid screen) and Ammonium 

sulphate (Grid screen). After one-month incubation at 20°C, a small crystal was 

observed in JCSG plus screen for 1BKR-Ataxin (278-291) (Figure 54). It was sent to 

the synchrotron for evaluation but no diffraction was obtained. The concentrations used 

were 10 and 20 mg/mL of the 1BKR-Ataxin (278-291) and MBP-Ataxin (278-291) 

proteins. Attempts were made to crystallize 2GKG-Ataxin (278-291) using 7.5,15 and 

30 mg/mL, as increasing protein concentration may increase the probability to 

crystallize the proteins, bringing the protein up to a super saturation state (256). Using 

a PEG screen (grid screen) a crystal was observed that was very similar to the one 

observed for 1BKR-Ataxin (278-291) but it didn’t diffract as well (Figure 55). The 

crystal screens results after one week are shown in the tables 16,17,18. 

 

Figure 53.Potential crystals of the 1BKR-Ataxin (278-291) protein. The condition was PEG 400 40% Citric 

acid Buffer, pH 6.5. 
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Table 16. Results of crystallisations using different crystal screens for 20 mg/mL 1BKR-Ataxin (278-291) 

protein after one week.  

 

Figure 54. The crystal-like objects from 2GKG-Ataxin (278-291) protein. 

 

Table 17. Results of crystallisations using different crystal screens for 25 mg/mL 2GKG-Ataxin (278-291) 

protein after one week. 
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Table 18. Results of crystallisations using different crystal screens for 20 mg/mL MBP-Ataxin (278-291) 

protein after one week. 
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5.2 Results and investigation of α-synuclein (58-79) peptide-

tag fusions  

This section shows the results and comparisons of second model peptide α-

synuclein (58-79) peptide when fused with 1BKR, 2GKG and MBP tags in terms of 

expressions, purification and crystallization trials.   

5.2.1 Cloning of 1BKR-alpha synuclein (58-79), 2GKG-alpha 

synuclein (58-79) and MBP-alpha synuclein (58-79) constructs 

The alpha synuclein (58-79) gene was cloned after Histidine and 1BKR tags at 

the N terminus in the multiple cloning sites. Also, it was cloned in another vector after 

histidine and 2GKG tags at the N terminus. Sequencing revealed that these constructs 

had been engineered correctly.    

The construct of MBP- alpha synuclein (58-79) was engineered using a restriction 

enzyme free cloning protocol (material and methods) substituting the 2GKG gene from 

the 2GKG-alpha synuclein (58-79)) construct. Sequencing analysis confirmed that a 

MBP-alpha synuclein (58-79) construct had been obtained. 
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5.2.2 Expression, solubility and small-scale purification of 1BKR-

alpha synuclein, 2GKG-alpha synuclein and MBP-alpha 

synuclein  

This experiment investigated and compared the effect of the designed novel tags 

with MBP tag by auto induction in a small culture scale. This experiment was compared 

three different constructs 1BKR-alpha synuclein (58-79), 2GKG-alpha synuclein (58-

79) and MBP-alpha synuclein (58-79).  

Analysis by SDS-PAGE of the un-induced and induced fractions of all the 

proteins indicated all the proteins had been successfully expressed being characterised 

by the presence of extra protein band in the post-induced sample (Figure 56 A).  All the 

post-induction bands for each protein were of the correct size which were MBP-alpha 

synuclein (58-79) (42 kDa), 2GKG- alpha synuclein (58-79) (15.9 kDa) and 1BKR- 

alpha synuclein (58-79) (15 kDa).  

The post induction expression band of both MBP-alpha synuclein (58-79) and 

2GKG-alpha synuclein (58-79) were almost the same. Both being more pronounced 

than the post induction expression band of 1BKR-alpha synuclein (58-79). This 

suggested that MBP and 2GKG tags had the higher effect than 1BKR tag on expression 

of alpha synuclein (58-79) peptide. 

 Analysis on SDS-PAGE gel of the soluble protein fractions of the three proteins 

1BKR-alpha synuclein (58-79), 2GKG-alpha synuclein (58-79) and MBP-alpha 

synuclein (58-79) revealed that the MBP-alpha synuclein (58-79) soluble band was 
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more pronounced than that observed for 2GKG-alpha synuclein (58-79) and 1BKR-

alpha synuclein (58-79) (Figure 56 B).  

The SDS-PAGE gel indicated that the MBP tagged protein band after purification 

was more intense than the bands observed for the other tags (Figure 56 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55.A:The SDS-PAGE gel of expression test of the three proteins 1BKR-alpha  synuclein (58-79), 2GKG- 

alpha  synuclein (58-79) and MBP with alpha  synuclein (58-79). B: The SDS-PAGE gel of solubility test of the 

three proteins 1BKR- alpha synuclein (58-79), 2GKG- alpha synuclein (58-79) and MBP with alpha synuclein 

(58-79). C: The SDS-PAGE gel of purification test of the three proteins MBP- alpha synuclein (58-79) 2GKG-

alpha synuclein (58-79) and 1BKR-alpha synuclein (58-79).  
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5.2.3 Large-scale expression and purification of alpha synuclein 

(58-79) peptide-solubility tag fusions  

5.2.3.1  1BKR- alpha synuclein (58-79) protein purification  

 Nickel affinity chromatogram of the 1BKR-alpha synuclein (58-79) revealed a 

prominent peak (Figure 57 A). All the peak fractions were run on a SDS-PAGE gel 

which indicated that the protein had been successfully expressed, bound to the nickel 

column and purified with some contaminates (Figure 57 B).  

The chromatogram of gel filtration step revealed an elution volume of protein at 

77 mL (Figure 57 C) which correlated with a protein of 15 kDa, based on the standard 

curve. Peak fractions analysis by SDS-PAGE gel showed a band which correlated to 

the predicted size of 1BKR alpha synuclein (58-79) protein (Figure 57 D). The peak 

fractions were concentrated for crystallization trails and the total protein yield was 5.38 

mg/L. 
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Figure 56. A: Nickel column chromatogram of 1BKR-alpha synuclein (58-79). B: The SDS-PAGE gel of 

purified 1BKR-alpha synuclein (58-79) samples. C: Gel filtration purification chromatogram of 1BKR-alpha 

synuclein (58-79). D: 1BKR-alpha synuclein (58-79) was expected on 15 kDa as shown on the SDS-PAGE gel. 
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5.2.3.2  2GKG-alpha synuclein (58-79) protein purification 

The 2GKG-alpha synuclein (58-79) has a molecular weight of 15.8 kDa and 

purification was performed in the same manner as with 1BKR-alpha synuclein (58-79) 

protein. Nickel affinity chromatogram of the 2GKG-alpha synuclein (58-79) showed a 

single peak (Figure 58 A). All the peak fractions were run on a SDS-PAGE gel, which 

indicated the protein had been purified with little contamination (Figure 58 B). The 

2GKG-alpha synuclein (58-79) protein bands appeared at approximately 15 kDa 

(Figure 58 B).  

Gel filtration purification of 2GKG-alpha synuclein (58-79) showed two peaks, 

the first peak corresponded to the void volume and the second-high peak was the protein 

target, which eluted at 76 mL (Figure 58 C). This elution volume correlated with a 

protein of 15.8 kDa when compared to a standard curve. Analysis of the fractions by 

SDS-PAGE gel revealed a band which correlated with a protein of molecular weight 

around 15 kDa (Figure 58 D). SDS-PAGE gel confirmed that the protein was expressed 

and purified in high yield. The peak fractions were concentrated for crystallization trials. 

The protein yield of this purification was 15 mg/L culture without any aggregation 

observed which suggests that the presence of a 2GKG tag had more effect than 1BKR 

tag with alpha synuclein (58-79) peptide, in terms of expression and purification. 
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Figure 57. A: Nickel affinity purification chromatogram of 2GKG-alpha synuclein (58-79). B: The SDS-PAGE 

gel indicates the expression and purification of the 2GKG alpha synuclein (58-79) (58-79) of the predict size 

15 .8 kDa. C: Gel filtration purification chromatogram of 2GKG-alpha synuclein. D: 2GKG alpha synuclein 

(58-79)) was expected on 15.8 kDa as shown on the SDS-PAGE gel.   



135 

 

5.2.3.3  MBP-alpha synuclein (58-79) protein purification 

Purification of MBP-alpha synuclein (58-79) protein used the same methods as 

mentioned earlier with 2GKG-alpha synuclein (58-79) and 1BKR-alpha synuclein (58-

79) proteins. The Nickel column purification did not work properly as the column had 

some air bubbles, so no protein chromatogram was observed. All the fractions were run 

on SDS-PAGE gel for which showed that the MBP-alpha synuclein (58-79) protein had 

been expressed and purified (Figure 59A).  

The gel filtration chromatogram of the purified proteins showed a high quantity 

product (Figure 59 B). There was a single high peak which contained the target protein 

eluted at 60 mL This elution volume refers to 42 kDa, based on the standard curve, 

showed that MBP alpha synuclein was in a monomer formation. SDS-PAGE gel 

represented a high quantity of protein product at the right molecular weight (42 kDa) 

(Figure 59 C). The protein yield after gel filtration purification of the MBP-alpha 

synuclein (58-79) protein was 22.18 mg/L culture, without any aggregation observed 

during concentration. This suggested that the MBP tag has the highest effect when 

compared with the expression and purification profiles obtained with the 1BKR and 

2GKG tags with alpha synuclein (58-79). 
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Figure 58.A: The chromatogram of affinity chromatography results of MBP-alpha synuclein (58-79). B: SDS-

PAGE gel result C: Nickel column purification Chromatogram of MBP-alpha synuclein (58-79. D: SDS-

PAGE gel result showed bands that correspondent to MBP-alpha synuclein (58-79) (42 kDa).  
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5.2.4 Crystallization trials of alpha synuclein (58-79) peptide- 

solubility tag fusions   

Crystallisation trials were carried out on 1BKR-alpha synuclein (58-79), 2GKG-

alpha synuclein (58-79) and MBP- alpha synuclein proteins using different screens such 

as Morpheus, JCSG+, PACT premier, PEG (Grid screen) and Ammonium sulphate 

(Grid screen). The incubation temperature of the attempts was 20°C. The concentrations 

of the proteins used were 7.5 and 15 mg/mL. The 1BKR-alpha synuclein (58-79) 

yielded some light precipitates that were observed in most of the screens after several 

months (Figure 60). After several weeks for 2GKG-alpha synuclein (58-79) protein a 

very small crystal was obtained in the PACT screen but no diffraction was obtained 

(Figure 61). The crystal screen results after one week are presented in table 19. 

Crystallisation trials with MBP alpha synuclein failed to observe any significant crystal 

growth. The crystal screens result after one week are shown in table 21. 

 

Figure 59. Precipitate from 1BKR-alpha synuclein (58-79) protein. 

 

Table 19. Results of crystallisation using different crystal screens for 15 mg/mL 1BKR-alpha synuclein (58-

79) protein after one week. 
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Figure 60.The crystal from 2GKG-alpha synuclein (58-79) protein in the PACT screen (0.2 M Sodium chloride 

0.1 M MES,20 % w/v PEG 6000,pH- 6.0). 

 

Table 20. Results of crystallisation using different crystal screens for 20 mg/mL 2GKG-alpha synuclein (58-

79) protein after one week.  

 

Table 21.  Results of crystallisation using different crystal screens for 20 mg/mL MBP alpha synuclein protein 

after one week.  
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5.3 Discussion of the results of ataxin (278-291) and alpha 

synuclein (58-79) peptide fusions with the tags   

This chapter discussed the results for 1BKR, 2GKG and MBP tags when fused 

with Ataxin (278-291) and Alpha synuclein (58-79) peptides. The production of these 

peptides in E coli required a fusion tag as the peptide is susceptible to degradation by 

bacterial proteases (257).  

The results from small-scale expression trials indicated that the1BKR and 2GKG 

proteins successfully protected the peptide from cellular proteases, analysis also 

revealed that these peptides were expressed and purified near to the level when in fusion 

with the MBP tag. This data supported our hypothesis that 1BKR and 2GKG could be 

used as solubility tags for the expression and purification of peptides as they have the 

ability to increase the amount of the soluble protein target to the level near to that 

observed for the MBP tag (258).  

The large scale results confirmed the results from the small scale experiments 

indicating that the tags protected these peptides from cellular proteases. Presence of the 

tags also promoted correct folding resulted in non-void peaks on size exclusion 

chromatography as the proteins had eluted in monomeric forms and in the expected 

elution volume for each protein (259). These results revealed that the presence of the 

MBP and 2GKG tags had a higher effect on the expression, solubility and purification 

of Ataxin (278-291) and alpha synuclein (58-79) peptides, when compared with the 

1BKR tag (Table 22,23 and Figures 62,63). The reason that the MBP tag fusion had a 

little higher yield than the 2GKG tag may be due to its larger size as the presence of a 

larger fusion tag can increase the rates of translation of the fusion partner (260).  
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For crystallization, the 1BKR and 2GKG tagged fusion Ataxin (278-291) and 

alpha synuclein (58-79) peptides failed to crystallize. The first suggested explanation of 

this failure may be due to the two novel tags having a small molecular weight which 

prevents the protein molecules proper packing in the crystal, not like large tags which 

have a large molecular weight such as glutathione-S-transferase (26kDa) or maltose-

binding protein (MBP) (42kDa) tags (104) (261).   

The second suggested explanation of the failure of our novel tags and MBP tag to 

crystalize these peptides may be the presence of the His tag at the N terminus. This 

suggested as the MBP tag crystalized these peptides previously without His tag as 

reported by Zhao et al and Zhemkov et al (96) (253). The presence of His tag at the N 

terminus may introduce more flexibility which may hinder the crystal formation (252).  

 

Table 22.Comparison of yields of 1BKR-Ataxin (278-291), 2GKG-Ataxin (278-291) and MBP-Ataxin (278-

291) constructs after gel filtration purification. 
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Figure 61. Graph showing a comparison of the yield of 1BKR- Ataxin (278-291), 2GKG- Ataxin (278-291) and 

MBP Ataxin (278-291) constructs after gel filtration purification (no error bar because it just only one 

experiment). 

 

Table 23.Comparison of yields of MBP- alpha synuclein (58-79) 2GKG- alpha synuclein (58-79) and 1BKR-

alpha synuclein (58-79). 

 

 Figure 62.Graph showed the comparison of yield of MBP- alpha synuclein (58-79) 2GKG- alpha  synuclein 

(58-79) and 1BKR alpha synuclein (58-79) (no error bar because it just only one experiment). 
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 Chapter 6: Results and discussion of novel tags 

fused to proteins of unknown structure, USP20 

ZNFUBP (1-108) and BBS5 (1-270)   

This chapter focused on the investigation and comparison of novel protein tags 

(1BKR and 2GKG tags) with two-model proteins of unknown structure which have 

been shown to be difficult to express in E coli. These novel tags were compared to 

Histidine tag and maltose binding protein (MBP) tag these being amongst the most 

commonly used tags. The chosen model proteins were human Bardet Biedl protein 5 

BBS5 residues (1-270) spanning PH domains and the ubiquitin specific protease 20 zinc 

finger domain USP20 ZNFUBP residues (1-108). 

A comparison was carried out firstly between Histidine tag with and without novel 

tags. The comparison was done at a small scale using qualitative SDS-PAGE by auto-

induction condition. This comparison clarified the effect of two novel tags on the two 

model proteins, USP20ZNFUBP (1-108) and BBS5(1-270) in terms of expression, 

solubility and purification.  

 Secondly results of maltose binding protein (MBP) tag with model proteins were 

compared to that of novel tags with these model proteins. The comparison was done by 

large scale 2 litres bacterial culture using IPTG induction for quantitative comparison. 

The proteins have been purified in the same way as previously discussed with other 

fusion constructs using Nickel affinity chromatography and then gel filtration 

chromatography. 
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6.1 Results of investigation of the first model protein USP20 

ZNFUBP (1-108)-tag fusions 

6.1.1 Cloning constructs of 1BKR-USP20ZNFUBP (1-

108),2GKG-USP20ZNFUBP (1-108) and MBP-USP20ZNFUBP 

(1-108)  

Three constructs of USP20ZNFUBP (1-108) were generated in this section which 

were 1BKR-USP20ZNFUBP(1-108),2GKG-USP20ZNFUBP(1-108) and MBP-USP20 

ZNFUBP (1-108). The first construct was 1BKR-USP20ZNFUBP (1-108) which was 

cloned with a histidine tag at the N terminus using restriction sites Not1 and Xhol in the 

pRSF-13 DNA vector.  

The second construct was 2GKG-USP20ZNFUBP (1-108) which was cloned 

using the pRSF-13 vector which inserted a 2GKG tag and histidine tag at the N 

terminus.  

The MBP-USP20ZNFUBP (1-108) construct was created using restriction 

enzyme free cloning protocol using the 2GKG-USP20ZNFUBP (1-108) construct to 

engineer MBP-USP20ZNFUBP (1-108) by substituting the 2GKG tag with the MBP 

tag. Sequencing of the resulting MCS region of the vector confirmed that MBP- USP20 

ZNFUBP (1-108) had been engineered correctly. 
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6.1.2 Expression, solubility and small-scale purification of 1BKR-

USP20ZNFUBP (1-108), 2GKG-USP20 ZNFUBP (1-108) and His-

USP20ZNFUBP (1-108)  

This experiment investigated the role and influence of designed tags with 

USP20ZNFUBP (1-108) protein in terms of expression, solubility and purification. This 

experiment compared between three different constructs His-USP20 ZNFUBP (1-108), 

2GKG-USP20ZNFUBP (1-108) and 1BKR-USP20ZNFUBP (1-108) at a small scale.  

Analysis on a SDS-PAGE revealed that all the proteins had been expressed as 

indicated by the presence of an extra protein band after induction where no bands were 

present in the before induction fractions (Figure 64 A). All the protein bands after 

induction were of the predicted size for each protein as His-USP20 ZNFUBP (1-108) 

(12 kDa), 2GKG-USP20ZNFUBP (1-108) (26 kDa) and 1BKR-USP20ZNFUBP (1-

108) (25 kDa). The bands of 2GKG-USP20ZNFUBP (1-108) and 1BKR-

USP20ZNFUBP (1-108) after induction were more intense than the protein band 

observed for His-USP20ZNFUBP (1-108) which indicated that these tags had improved 

expression of USP20 ZNFUBP (1-108) protein. The SDS-PAGE result showed the 

bands of the soluble fractions of 2GKG-USP20ZNFUBP (1-108) and 1BKR-

USP20ZNFUBP (1-108) were more intense than that observed for His-USP20ZNFUBP 

(1-108) (Figure 64 B).  

Analysis of the SDS-PAGE indicated the improving the solubility and the 

expression of USP20ZNFUBP (1-108) protein when fused to either a 1BKR or 2GKG 

tag. After purification of the samples using a Nickel column, analysis of a SDS-PAGE 
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gel revealed that the 2GKG-USP20ZNFUBP (1-108) protein band was more prominent 

than the protein bands observed for His-USP20ZNFUBP (1-108) and 1BKR-USP20 

ZNFUBP (1-108) (Figure 64 C). 

 

 

 

 

 

 

 

 

 

 

Figure 63.A: The SDS-PAGE gel of expression test of the three proteins His-USP20ZNFUBP (1-108), 2GKG- 

USP20ZNFUBP (1-108) and 1BKR-USP20ZNFUBP (1-108). B: The SDS-PAGE gel of solubility test of the 

three proteins His-USP20ZNFUBP (1 -108), 2GKG- USP20ZNFUBP (1-108) and 1BKR USP20ZNFUBP (1-

108). C: The SDS-PAGE gel of purification test of the three proteins His-USP20 ZNFUBP (1-108), 2GKG-

USP20ZNFUBP (1-108) and 1BKR-USP20 ZNFUBP (1-108).  
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6.1.3 Large-scale expression and purification of USP20ZNFUBP 

(1-108) protein tag fusions 

6.1.3.1  1BKR-USP20 ZNFUBP (1-108) purification  

The Nickel affinity chromatography of 1BKR-USP20 ZNFUBP (1-108) showed 

a small peak and a broad peak (Figure.65A). The fractions under both peaks were run 

on SDS-PAGE gel. The first peak fractions showed no target protein. However, the 

second peak contained the 1BKR-USP20ZNFUBP (1-108) protein as an intense band 

below 27 kDa of the marker which is analogous to the predicted size of the fusion 

protein (Figure.65 B). 

The gel filtration purification, 1BKR-USP20 ZNFUBP (1-108) showed that the 

protein eluted as one peak (Figure 65 C). The protein eluted at elution volume at 75 mL 

which corresponds to the protein being a monomer. This elution volume correlated with 

a protein of 25 kDa in size when compared with a standard curve. The SDS-PAGE gel 

also confirmed that the protein was pure with a 1.25 mg/L yield (Figure 65 D). 



147 

 

 

Figure 64.A: The chromatogram affinity chromatography of 1BKR-USP20ZNFUBP (1-108). B: SDS-PAGE 

gel from Ni column showed 1BKR-USP20 ZNFUBP (1-108) C: Chromatogram of 1BKR-USP20 ZNFUBP (1-

108) gel Filtration Purification. D: SDS-PAGE gels revealed a band at around 25 kDa that is a 1BKR-USP20 

ZNFUBP (1-108). 
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6.1.3.2  2GKG-USP20ZNFUBP (1-108) purification 

The expression and  purification of 2GKG-USP20 ZNFUBP was done utilzing 

the same way as 1BKR-USP20ZNFUBP (1-108). The purification using Nickel 

chromatography, two peaks were observed (Figure 66 A). These two peaks fractions 

were analysed on SDS PAGE gel and it was confirmed that the two peaks contained the 

2GKG-USP20ZNFUBP (1-108) protein (Figure 66 B). Each peak was gel filtered 

separately by two different purification process using a gel filtration column (Superdex 

75 HiLoad 16/60). 

The first gel filtration run reveled two peaks. The first peak was the void volume 

peak at 45.5 mL and the second peak was 2GKG-USP20ZNFUBP with a molecular 

weight of 26 kDa and eluted between 65.9 ml and 77.1 mL (Figure 66 C). This value 

was equal to a protein with a molecular weight of 26 kDa when compared with a 

standard curve. The result of the second run on gel filtration column showed only one 

peak in the void volume (Figure 66 D). The fractions from the both gel filtration runs 

were  anaylsed by SDS PAGE gel  (Figure 66 E). Only the fractions from the first 

purification process were concentrated for crystalisation trials.The final yield was 0.86 

mg/L cultures. This amount was less than that observed with a 1BKR tag, which suggest 

the 1BKR tag improved the stabilty and expresion more than that observed with a 2GKG 

tag. 
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Figure 65.A: Chromatogram of affinity chromatography of 2GKG USP20 ZNFUBP ( 1-108). B: SDS-PAGE 

gel from Ni column showed the two peaks contained the 2GKG- USP20ZNFUBP (1-108) protein C: first gel 

filtration purification chromatogram of 2GKG-USP20ZNFUBP (1-108) from first peak of nickel purification. 

D: Second gel filtration purification chromatogram of 2GKG-USP20ZNFUBP (1-108) from second peak of 

nickel purification. E: SDS-PAGE gels showed the two gel filtration purifications only the fractions second 

peak were collected for crystallization trials.  
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6.1.3.3  MBP-USP20ZNFUBP (1-108) purification   

The Nickel affinity column purification of MBP-USP20ZNFUBP (1-108) showed 

a peak on the chromatogram (Figure 67 A). Further analysis of purified proteins on 

SDS-PAGE confirmed the presence of the target fusion protein as distinct single band 

at about 53 kDa (Figure 67 B).  

Analysis of the chromatogram of gel filtration purification revealed two peaks 

(Figure 67 C). The first peak could be the dimer but not the void oligomer. The second 

peak contained the protein target as monomer which eluted at 87.8 mL. Comparing to 

the standard curve, this volume of eluate refers to a protein of about 53 kDa. The SDS 

PAGE gel data indicated that the MBP-USP20ZNFUBP (1-108) protein was purified as 

a clear single band at about 53 kDa (Figure 67 D). After collection and concentration, 

the final yield was 2.74 mg/L, which was higher than that observed for either 1BKR or 

2GKG tags. 
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Figure 66. A: Nickel column chromatogram showed a single peak. B: SDS-PAGE gel showing the MBP-

USP20ZNFUBP protein was expressed. C: Gel filtration chromatogram of MBP-USP20ZNFUBP (1-108). D: 

The SDS-PAGE gel of MBPUSP20ZNFUBP showed the single protein was purified. 
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6.1.4 Crystallisation trials of USP20ZNFUBP(1-108) protein- 

solubility tag fusions    

Crystallization trials were performed to obtain 1BKR -USP20 ZNFUBP (1-108), 

2GKG-USP20ZNFUBP (1-108) and MBP-USP20ZNFUBP (1-108) crystals. These 

trials were carried out using concentrations of 1 mg/mL, 2.5 mg/mL and 5 mg/mL of 

purified 1BKR-USP20ZNFUBP(1-108) and MBP-USP20ZNFUBP(1-108) proteins. 

On the other hand, for 2GKG-USP20ZNFUBP (1-108) 1 mg/mL and 3.4 mg/mL of 

purified protein were used. Five different screens were used such as Morpheus, Stura 

Footprint Combination™ HT-96 code (molecular dimesnion1-43), PACT Premier, 

PEG Suite II, and JCSG plus. After more than one-week incubation at 20°C, there were 

no crystals observed for 1BKR-USP20 ZNFUBP (1-108) and MBP-USP20ZNFUBP 

(1-108) proteins but for 2GKG-USP20ZNFUBP (1-108) protein revealed some objects 

similar to crystals were obtained on Morpheus screen (Figure 69) but no diffraction was 

obtained. The crystal screens result after one week are shown in tables 24, 25 and 26. 

 

Figure 67. Heavy precipitate in JCSG plus screen from 1BKR-USP20 ZNFUBP protein. The condition was 

0.2 M Zinc acetate dihydrate 0.1 M Sodium acetate, 10 % w/v PEG 3000, pH 4.5. 
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Table 24. Results of crystallisation using different crystal screens for 5 mg/mL 1BKR-USP20 ZNFUBP (1-108) 

protein after one week.  

 

Figure 68.Crystals from the 2GKG-USP20 ZNFUBP (1-108) protein on Morpheus screen condition: 0.12 M 

Ethylene glycols 0.1 M Buffer System 1, 50 % v/v Precipitant Mix 1, pH 6.5. 
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Table 25. Results of crystallisation using different crystal screens for 3.4 mg/mL 2GKG- USP20 ZNFUBP (1-

108) protein after one week.  

 

Table 26. Results of crystallisation using different crystal screens for 7.5 mg/mL MBP-USP20ZNFUBP (1-

108) protein after one week.  
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6.2 Investigation of the BBS5 (1-270) protein 

This section focused on investigations and comparisons of novel protein tags 

(1BKR and 2GKG tags) with the second model protein BBS5 (1-270) (unknown 

structure). The comparisons were done as performed with USP20ZNFUBP residues (1-

108) protein, which was in terms of expression, solubility, purification and 

crystallisation. 

6.2.1 Cloning of 1BKR-BBS5 (1-270), 2GKG BBS5 (1-270) and 

MBP- BBS5 (1-270) constructs 

Three constructs of BBS5 (1-270) were generated 1BKR-BBS5 (1-270), 2GKG-

BBS5(1-270) and MBP-BBS5 (1-270). The first construct was 1BKR-BBS5 (1-270) 

cloned with a histidine tag at the N terminus using restriction sites Not1 and Xhol in the 

pRSF-13 vector.  

The second construct was 2GKG-BBS5 was cloned using the pRSF-13 vector 

which inserted a 2GKG tag, a histidine tag at the N terminus.  

The MBP- BBS5 (1-270) construct was created by restriction enzyme free cloning 

protocol as mention previously (material and methods chapter). The 2GKG-BBS5 (1-

270) construct was used to engineer MBP-BBS5(1-270) construct by substituting the 

2GKG tag with MBP tag. The sequencing results confirmed that MBP-BBS5 (1-270) 

had been engineered correctly. 
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6.2.2 Expression, solubility and small scale purification of 1BKR-

BBS5 (1-270), 2GKG-BBS5 (1-270) and His-BBS5 (1-270) protein 

This experiment investigated the role and influence of designed tags with BBS5 

(1-270) protein, in terms of expression, solubility and purification at a small scale. This 

experiment compared three different constructs 1BKR-BBS5 (1-270), 2GKG-BBS5 (1-

270) and His-BBS5 (1-270). 

Analysis by SDS-PAGE confirmed all the proteins had been expressed and there 

were bands in the post-induction fractions (Figure 70 A). All post-induction bands for 

each protein were of the correct size which were His-BBS5 (1-270) (31 kDa), 2GKG-

BBS5(1-270) (45.2 kDa) and 1BKR BBS5 (1-270) (44.2 kDa). The band of 2GKG-

BBS5 (1-270) after induction was more pronounced than both bands observed with His-

BBS5 (1-270) and 1BKR- BBS5 (1-270), which indicated that 2GKG tag had higher 

effect on the expression of BBS5 (1-270) protein.  

SDS -PAGE analysis revealed the bands of the soluble fractions of 2GKG-BBS5 

(1-270) were more pronounced than that observed for 1BKR-BBS5 (1-270) and His-

BBS5 (1-270) (Figure 70 B). SDS-PAGE analysis revealed that the presence of 2GKG 

enhanced the solubility of BBS5 (1-270) protein.  

SDS PAGE analysis revealed the purification band of the 2GKG tag was more 

intense than that observed for the other tags (Figure 70 C). This suggesting the presence 

of a 2GKG tag improved the purification of BBS5 (1-270) protein when compared with 

the presence of other tags. 
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Figure 69.A:The SDS-PAGE gel of expression test of the three proteins His-BBS5 (1-270), 2GKG-BBS5 (1-

270) and 1BKR-BBS5 (1-270). B: The SDS-PAGE gel of solubility test of the three proteins His-BBS5 (1-

270)2GKG-BBS5 (1-270) and 1BKR BBS5 (1-270. C: The SDS-PAGE gel of purification test of the three 

proteins His- BBS5 (1-270),2GKG- BBS5 (1-270) and 1BKR BBS5 (1-270).  
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6.2.3 Large-scale expression and purification of BBS5 (1-270) 

protein-solubility tag fusions 

6.2.3.1  1BKR-BBS5 (1-270) purification  

The purification using Nickel affinity of 1BKR-BBS5(1-270) protein showed a 

degradation peak (Figure 71 A). All the fractions of the peaks were analysed on SDS-

PAGE gel indicating that the protein had been purified with some contamination (Figure 

71 B). The 1BKR-BBS5 (1-270) protein bands appeared below 55.6 kDa band and 

above 42 kDa band on the protein marker (Figure 71 B).  

The purification by gel filtration using a S200 Superdex column, the 

chromatogram showed an elution volume for the protein at 86 mL with a small peak 

after the void volume (Figure 71 C). This elution volume corresponded to a protein of 

approximately 44 kDa based on the standard curve. The SDS-PAGE gel showed the 

final protein yield was too low, as the bands were faint at the correct size for 1BKR-

BBS5 (1-270) protein of 44 kDa (Figure 71 D). Some degradation might have occurred 

which results in the low concentration observed. The final expression yield was 0.1 

mg/L. 
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Figure 70.A: Nickel column chromatogram of 1BKR-BBS5 (1-270).B: The SDS-PAGE gel indicates 

contaminate with 1BKR-BBS5 (1-270) protein..C: The chromatogram of gel filtration showed an elution 

volume of protein at 86 mL with a small peak after the void volume. D: Th SDS-PAGE gel after gel filtration 

from 1BKR-BBS5 (1-270). 
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6.2.3.2  2GKG-BBS5 (1-270) purification    

The Nickel affinity purification showed two peaks (Figure 72 A). The both peaks 

fractions were collected and run on SDS-PAGE gel and analysis revealed that the 

protein was purified but with some impurities is the second peak (Figure 72 B).  

The chromatogram of gel filtration purification showed two peaks (Figure 72 C). 

The first peak was the void volume peak at 45 mL and the second peak was the correct 

elution volume for the target protein of 85 mL when compared with the standard curve. 

This volume refers to about 45 kDa. The SDS-PAGE gel showed single band of the 

correct size for the target protein under the 55 kDa band of the marker (Figure 72 D). 

The total protein yield was 0.6 mg/L culture. 
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Figure 71A:  Nickel column chromatogram of 2GKG-BBS5 (1-270). B: The SDS-PAGE gel after Nickel 

column purification of 2GKG-BBS5 (1-270) protein. C: The gel filtration chromatogram of 2GKG-BBS5 (1-

270) protein. D: The SDS-PAGE gel after gel filtration purification of 2GKG-BBS5 (1-270) protein.  
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6.2.3.3  MBP-BBS5 (1-270) purification  

The nickel column purification showed two peaks (Figure 73 A). The protein 

target present in the first peak as the SDS PAGE gel confirmed the protein target with 

a protein band of approximately 71 kDa (Figure 73 B). The protein MBP-BBS5 (1-270) 

has a predicted size of 71 kDa.  

The chromatogram of gel filtration purification showed four peaks (Figure 73 C), 

analysis showed that the protein of interest was present in the fourth peak, this peak 

eluted at 77 mL. This elution volume refers to 71 kDa based on the standard curve 

showed that MBP-BBS5 (1-270) in the monomer formation. This size was almost equal 

to the actual size of the protein MBP-BBS5 (1-270). SDS PAGE gel showed a pure 

protein product of the correct molecular weight (Figure 73 D). The total final yield was 

0.42 mg/L culture. 
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Figure 72. A: The affinity chromatography chromatogram of MBP-BBS5 (1-270). B: SDS-PAGE after Nickel 

column purification of MBP-BBS5 (1-270). C: The chromatogram of gel filtration purification of MBP-BBS5 

(1-270). D: SDS-PAGE gel result showing bands that correspondent to MBP-BBS5 (1-270) (71 kDa).  
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6.2.4 Crystallisation trial BBS5 (1-270) protein- solubility tag 

fusions    

The Crystallisation trials of protein 1BKR-BBS5 (1-270), 2GKG-BBS5 (1-270) 

and MBP-BBS5 (1-270) were performed using different screens such as Morpheus, 

PEG Suite II, and JCSG plus with 1 mg/mL protein concentration. After incubation for 

3 months at 20°C no crystals were obtained. The crystal screens result after one week 

are in tables 27 and 28.  

 

Table 27. Results of crystallisation using different crystal screens for 1 mg/mL 1BKR-BBS5 (1-270) protein 

after one week. 

 

Table 28. Results of crystallisation using different crystal screens for 1 mg/mL 2GKG -BBS5 (1-270) protein 

after one week.   
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6.3 Discussion of the results of USP20ZNFUBP (1-108) and 

BBS5 (1-270) fusions with the tags    

USP20ZNFUBP (1-108) and BBS5 (1-270) are difficult proteins to express and 

purify and their structures are not known. This chapter showed the results of the novel 

tags 1BKR, and 2GKG when fused with USP20ZNFUBP (1-108) and BBS5 (1-270) 

proteins. The performance of these novel tags to express and purify these proteins in 

small and large scales were compared with the commonly used tags such as Histidine 

and MBP.  

The results from small-scale SDS-PAGE analysis indicated that the 2GKG and 

1BKR tags improved the expression, solubility and purification of USP20ZNFUBP 

when compared with the presence of a His tag. However, results for the BBS5 (1-270) 

protein indicated that although the 1BKR tag was comparable to the His tag results, the 

presence of 2GKG significantly improved protein expression.  These results suggested 

that the 2GKG tag had a higher effect on the yield of both USP20ZNFUBP (1-108) and 

BBS5 (1-270) proteins than the presence of either a 1BKR tag or Histidine tag.  

At the large scale, results showed that all the proteins expressed and purified well 

but the USP20ZNFUBP (1-108) protein with 2GKG tag was not stable and aggregated, 

while the 1BKR tag was stable with USP20ZNFUBP (1-108) resulting in a higher yield. 

The MBP tag results showed it has the highest effect on USP20ZNFUBP (1-108) 

protein when compared to 1BKR and 2GKG tags as it obtained the highest soluble 

protein yield (Table 29 and Figure 74). 
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 For the BBS5 (1-270) protein at the large scale expression and purification trial, 

the 2GKG tag had the highest effect on BBS5 (1-270) protein when compared to MBP 

and 1BKR tags as the 2GKG had the highest yield (Table 30 and Figure 75). This may 

be due to its small molecular weight when compared with MBP tag and more favorable 

steric and electrostatic effects. This effect has been observed when comparing a SUMO 

tag with a MBP tag fused to Growth differentiation factor 8(GDF8) protein, which 

suggested that the presence of a small tag is favorable in some cases (262) and that was 

one of the criteria when selecting these novel tags as they all possess a small molecular 

weight and are less likely to lead to steric clashes. The results from the small and large-

scales trials indicated that the novel tags 1BKR and 2GKG could efficiently be used as 

solubility tags for the purpose of expressing and purifying difficult proteins such as 

USP20ZNFUBP (1-108) and BBS5 (1-270). The results were comparable to the 

Histidine and MBP tags which are most efficient fusion tag in many studies  (263).  

With regards to crystallization, all tags failed to form crystals. This is may be due 

to the low concentration of protein in the drops which was not enough to reach the 

super-saturation state and form crystals, as crystal formation require high protein 

concentration, although the solubility of these proteins appeared low (264).  

The second possibility may be due to the incubation temperature (20°C) which 

can be varied for proteins to form crystals, which is one of the factors affecting protein 

crystallization (265). 

 The third possibility was that USP20ZNFUBP (1-108) and BBS5 (1-270) 

proteins have some disordered regions which affect crystal formation. These proteins 

sequences were investigated by Swiss model and xtalpred servers detecting disordered 
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regions in both proteins of unknown structure and the possibility of protein 

crystallization (266) (267). Both servers revealed that USP20ZNFUBP (1-108) and 

BBS5 (1-270) proteins contain some disordered regions (data not represented) which 

might hinder crystal formation.  

 

Table 29.Comparison of yields of 1BKR-USP20ZNFUBP (1-108), 2GKG-USP20ZNFUBP (1-108) and MBP-

USP20ZNFUBP (1-108) constructs after gel filtration purification. 

 

Figure73.Comparison of yields of 1BKR-USP20ZNFUBP (1-108), 2GKG-USP20ZNFUBP(1-108) and MBP- 

USP20ZNFUBP (1-108) constructs after gel filtration purification (no error bar because it just only one 

experiment). 
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Table 30.Comparison of yield of 1BKR- BBS5 (1-270) 2GKG- BBS5 (1-270), MBP- BBS5 (1-270) constructs 

after gel filtration purification.  

 

 

Figure 74.Graph showed the comparison of yields of 1BKR- BBS5 (1-270), 2GKG- BBS5 (1-270), MBP- BBS5 

(1-270) constructs after gel filtration purification (no error bar because it just only one experiment).  
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 Chapter 7: Results and Discussion of Ubiquitin 

protein applications as affinity, solubility tag or 

protein scaffold 

Existing fusion tags cannot be used for all proteins leading to the need for the 

identification of new tags. As a result, the ubiquitin protein was investigated as it has 

been shown to have high stability and solubility. These properties suggest that this 

protein could be used as fusion tags according to many studies have shown that protein 

stability and solubility are important criteria for fusion tags to improve expression and 

solubility of the fusion proteins (268) (56). Previous study had shown that Small 

Ubiquitin-like Modifier (SUMO) tag has high stability and solubility which permit it to 

be used as fusion tag, fusing with different proteins and peptides had an equivalent 

performance to many commonly used fusion tags such as maltose‐binding protein 

(MBP) and glutathione S‐transferase (262). Ubiquitin proteins have also been shown to 

have the  ability to be used as fusion tag as it has the ability to improve the efficient 

translation of the fusion partner (58). Therefore, ubiquitin protein was further 

investigated as a fusion tag in modified form. 

 In addition, some studies showed that ubiquitin due to its high stability and 

solubility can be engineered for high affinity target binding and could be used as a 

protein scaffold adaptable to specific tasks as therapeutic purposes (269). In this study, 

I engineered ubiquitin to be used as an affinity and solubility tag and also to be used as 

a protein scaffold for displaying constrained peptides for high affinity target binding 
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7.1   Ubiquitin protein as affinity and solubility tag   

 A histidine tag was inserted in the loop between the strands 3 and 4 in the 

ubiquitin protein in order to design this protein as an affinity tag (Figure 76). This 

approach has been successful with a Green Fluorescent Protein(GFP) tag which purified 

the fusion protein with Histidine tag in the loop of the GFP tag, which suggests the 

Histidine tag in the loop in some tags can perform better than located either in the C or 

N terminus, as it will not be so easily cleaved and will be less flexible (270).  

This section will show the cloning of a UbS3S4His tag and then its suitability as 

affinity tag when fused to two difficult to express proteins USP20 ZNFUBP (1-108) 

and BBS5 (1-270) for which I had tested the 2GKG and 1BKR tags before.  

7.1.1 Cloning of a UbS3S4His tag construct 

In order to design the UbS3S4His construct, a BamHl restriction site was 

engineered into ubiquitin loop between strands 3 and 4 as a new restriction site in 

addition to the original BamHl site in the loop of the ubiquitin protein between strands 

3 and 4. The aim of design new BamHl  in the loop to insert Histidine tag is to use 

annealing oligonucleotides primers cloning protocol which is easier for peptides 

cloning. The histidine tag was inserted between strands 3 and 4 (Figure 76) as the 

sequencing result confirmed that the UbS3S4His construct was engineered correctly.  
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Figure 75 . Cartoon diagram of the ubiquitin protein structure (PDB code 1UBI) and the yellow colour 

represents the loop between strands 3 and 4 where the histidine tag was inserted.  

7.1.2  UbS3S4His expression and purification  

The purification method of UbS3S4His involved affinity chromatography as the 

first purification step and gel filtration as second purification step for assessment of the 

protein solubility and stability. The chromatogram of nickel chromatography 

purification showed a double peak (Figure 77 A) with the protein target in the second 

peak as indicated by analysis of a SDS-PAGE gel (Figure 77 B). Analysis of flow 

through fraction and the peak fractions by SDS-PAGE gel indicated the UbS3S4His 

bound with nickel column, as there was no band in the flow through at 8.5 kDa (Figure 

77 B). These results suggested that UbS3S4His protein could be used as an affinity tag 

as the in the loop inserted histidines bound to the column.   

The final purification step of UbS3S4His was gel filtration, the protein eluted at 

95 mL (Figure 77 C). This volume was equal to 8.5 kDa on the standard curve of the 
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superdex 75 column. These results showed that the protein is stable and soluble as the 

protein had not eluted in the void volume. Peak fractions analysis by SDS-PAGE gel 

showed a pure protein of approximately 8.5 kDa (Figure 77 D). The final yield obtained 

was 15 mg/L, which was used for crystallization trials.  

 

Figure 76. A: The Nickel column purification chromatogram of UbS3S4His. B: SDS-PAGE gel result showed 

bands that corresponded to UbS3S4His at about 8.5 kDa. C: The gel filtration chromatogram of UbS3S4His. 

D: SDS-PAGE gel result showed bands that correspondent to UbS3S4His at about 8.5 kDa. 
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7.1.3 Assessing UbS3S4His protein thermal stability by 

Thermoflour assay 

A stability test (Thermoflour assay) was carried out, which investigated if the 

insertion of the histidine tag in the loop between strands 3 and 4 affected the thermal 

stability of the ubiquitin protein. Results revealed that UbS3S4His and ubiquitin 

proteins had a high melting temperature of at least 92°C. Due to the high stability of 

both proteins the data were not easily interpretable as there were no peaks observed as 

usual with Thermoflour results. Peaks are the consequence of protein denaturation but 

the highest temperature used in the qPCR machine was not high enough to denature 

both proteins as a result no peaks were observed (Figure 78). This results showed that 

the insertion of the histidine tag had not affected ubiquitin stability (271).  

 

Figure 77. Sample of raw data from the Thermoflour assay. The graph of the fluorescence against temperature 

of UbS3S4His 
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7.1.4 Crystallization trials of UbS3S4His 

Crystallization trials were performed on the UbS3S4His purified proteins with 

2.5-10 mg/mL in different screens such as Stura Footprint Combination™ HT-96 code 

(molecular dimesnion1-43), PACT premier™, HT-96 code (molecular dimesnion1-36), 

PGA, HT-96 code (molecular dimesnion1-51 and MIDAS™ HT-96 code. No crystals 

were obtained, which showed that UbS3S4His hasn’t the ability to form crystals easily 

and this may be due to the His tag in the loop affecting the protein conformation which 

hinders the protein to crystallize (252). 

The effect of fusing UbS3S4His protein with two difficult to express proteins 

USP20ZNFUBP (1-108) and BBS5 (1-270) was explored for an assessment of 

expression, purification and crystallization. 
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7.2 Investigation of UbS3S4His-USP20ZNFUBP (1-108) and 

UbS3S4His -BBS5 (1-270) fusion proteins 

7.2.1 Cloning of UbS3S4His-USP20ZNFUBP (1-108) and 

UbS3S4His-BBS5 (1-270) constructs 

The constructs of UbS3S4His-USP20ZNFUBP (1-108) and UbS3S4His-BBS5 

(1-270) were created by insertion the USP20ZNFUBP (1-108) and BBS5 (1-270) genes 

at the mutiple clong sites in the NheI and HindIII restriction sites in the UbS3S4His-

pRSF13 vector. Sequencing results showed that the new two constructs had been 

created correctly.  

7.2.2 Large-scale expression and purification of UbS3S4His-

USP20ZNFUBP (1-108)  

UbS3S4His-USP20ZNFUBP (1-108) was purified using Nickel column and gel 

filtration methods. SDS PAGE gel analysis after purification using nickel affinity, 

revealed that the UbS3S4His-USP20ZNFUBP (1-108) protein had bound to the nickel 

column, as there no band in the flow through at the same molecular weight of the protein 

21.5 kDa. However, only three fractions contained the target protein which indicated 

that there was a low yield of expressed and purified protein. SDS-PAGE analysis also 

revealed some degradation which suggested that the target protein was not stable 

(Figure 79 A).  

The second purification step was a gel filtration, which showed the protein target 

eluted at 73 mL (Figure 79 B). When compared with a standard curve, the elution 

volume of UbS3S4His -USP20ZNFUBP (1-108) corresponded to a protein of 21.5 kDa 
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and the protein on SDS PAGE gel had a molecular weight of approximately 21.5 kDa 

(Figure 79 C). SDS PAGE gel indicated that the protein had a low yield with some 

impurities in the sample which was not fit for the crystallization trials and so 

crystallisation trials were not proceeded. The yield of this purification was 0.005 mg/L 

culture. 

 

Figure 78.A: SDS-PAGE after the affinity chromatography. B: The chromatogram of the gel filtration. C: 

SDS-PAGE gel shows the protein is some degradation product.  
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7.2.3  Large-scale expression and purification of UbS3S4His-

BBS5 (1-270)  

The purification was performed by affinity and gel filtration purifications steps. 

The SDS-PAGE gel after affinity chromatography showed a prominent band in the flow 

through which indicated the UbS3S4His -BBS5 (1-270) protein had not bound tightly 

to the nickel column (Figure 80 A). The SDS-PAGE gel confirmed that the protein had 

been purified at a very low yield as only faint bands of the correct size of the target 

protein were detected (Figure 80 A). The pure fractions were concentrated and purfied 

by gel filtration for the assesment of the protein stabilty.  

The gel filtration purification showed that the protein eluted in the void volume 

peak with the elution volume of 45.5 mL (Figure 80 B) which indicted the protein had 

aggregated and was not stable. The fractions of the peak were run on an SDS-PAGE gel 

which showed that the product had a very low protein concentration (Figure 80 C). No 

crystallisation trials were performed on UbS3S4His-BBS5 (1-270) due to the protein 

aggregation.  A protein preparation should be pure, soluble and in high concentration to 

be valid for crystallisation trials. The total pure protein yield after concentration was 

very low (0.0125 mg/L culture). 
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Figure 79.A: SDS-PAGE gel after nickel from UbS3S4His -BBS5 (1-270). B: The chromatogram of gel 

filtration purification of UbS3S4His -BBS5. C: The SDS-PAGE gel also confirmed that the product contains 

very low protein yield.     
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7.3 The use of the ubiquitin protein as a protein scaffold  

In this section, the ubiquitin protein was examined for the possibility to be used 

as a protein scaffold for high affinity target binding. Since, the insertion of the Histidine 

tag into the strands 3 and 4 loop of ubiquitin was successful with no effect on the 

stability and solubility of the ubiquitin protein, ubiquitin was investigated to be used as 

a more general scaffold to display constrained peptides in this loop region. Previous 

research in the Dreveny lab has shown that constrained peptides had been identified 

from a constrained phage display library which interacted with the USP11 N-terminal 

domains 1-244 (unpublished results). Therefore, the ubiquitin protein was used as a 

protein scaffold to investigate the binding of a newly identified peptide with the USP11 

residues N-terminal domains (1-244). 

 I cloned the UbpeptideS3S4 construct and then expressed and purified it as well 

as USP11 N-terminal domain (1-244) which had been cloned previously. 

7.3.1 Cloning of UbpeptideS3S4 and USP11 N-terminal domain 

(1-244) 

The UbpeptideS3S4 construct was engineered by inserting the peptide with the 

sequence LASLLPRRS into the loop between the strands 3 and 4 of the ubiquitin 

protein by annealing oligonucleotides primers cloning method using BamHl restriction 

sites. For the USP11 N-terminal domain (1-244), an existing construct was used. The 

gene of USP11 N-terminal domain (1-244) had been inserted in the multiple cloning 

site with an affinity Histidine tag at the C terminus in pET26b.  Inserting a His tag at 

the C terminus in some cases can produce a higher protein yield than when present at 
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the N terminus (272). The sequencing result confirmed that the UbpeptideS3S4 was 

engineered correctly (Figure 81). 

 

Figure 80. Cartoon diagram of the ubiquitin protein structure (PDB code 1UBI) and the yellow colour 

represents the loop between strands 3 and 4 where the new peptide was inserted.  

7.3.2 Expression and Purification of Ubiquitin peptide S3S4  

The aim of this experiment was to obtain a high yield of Ubiquitin peptide S3S4 

protein which could then be used for interaction studies. The results showed that the 

protein was expressed as shown in SDS-PAGE gel as in Figure 82 A. The ubiquitin 

protein with inserted peptide between strands 3 and 4 was purified by decreasing the 

pH of E. coli lysate and precipitating most of the proteins as ubiquitin protein is very 

stable and can refold when denatured. The rest of the lysate was loaded onto a column 

of cation exchange and size exclusion chromatography was used as a second 

purification step. The chromatogram of the size exclusion chromatography showed the 

protein eluted at the expected elution volume (Figure 82 B). The peak fractions were 
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analysed by SDS-PAGE gel, which indicated very pure protein was obtained (Figure 82 

C). The final yield was 0.425 mg/L culture. 

 

Figure 81. A: SDS-PAGE gel of the expression test of UbpepS3S4. B: The chromatogram of the size exclusion 

chromatography C: SDS-PAGE gel after gel filtration from UbpepS3S4 of the gel filtration. 
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7.3.3 Expression and purification of USP11 domain residues (1-

244) 

The USP11 (1-244) protein was expressed and purified by Nickel affinity and gel 

filtration chromatography. The result of the Nickel affinity purification indicated that 

the protein had been well expressed. The purification of USP11(1-244) showed a broad 

single peak (Figure 83 A). The peak fractions were analysed on SDS-PAGE gel showed 

the target protein USP11 (1-244) with a molecular weight of 28.6 kDa, as an intense 

band above 27 kDa of the marker band (Figure 83 B).  

The gel filtration purification of USP11 (1-244) eluted as a single peak at an 

elution volume of 67 mL (Figure 83 C). This elution volume equated to the volume of 

a standard curve at the prediction of molecular weight of 28.6 kDa. The SDS-PAGE gel 

confirmed the purity of protein (Figure 83 D) and yield was 1.58 mg/L culture. 
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Figure 82.A: The Nickel column purification chromatogram of USP11 residues (1-244). B: SDS-PAGE gel 

after Nickel column purification C: Gel filtration chromatogram of USP11 residues (1-244). D: SDS-PAGE 

gel after gel filtration purification of USP11 residues (1-244). 
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7.3.4 Interaction studies of USP11 (1-244) with UbpepS3S4 by 

isothermal titration calorimetry  

Isothermal titration calorimetry was used to evaluate the binding between USP11 

residues 1-244 and UbpeptideS3S4 proteins. Both the USP11 residues 1-244 and 

ubiquitin peptide were run on a gel filtration Superdex 75 column, as showed before 

using the same buffer to prevent buffer mismatch (170). The ITC results showed a 

binding curve (Figure 84) with an estimated equilibrium dissociation constant (Kd) 

value of about 12.2 µM and the binding ratio of N=0.6 which showed that in the 

calorimetric cell 60% of USP11 protein was active (binding competent) or may reflect 

inaccuracies in the protein concentration measurements. As the ubiquitin construct does 

not contain any tryptophans, concentrations can be inaccurate. The equilibrium 

dissociation constant (Kd) value was in micromolar not in nanomolar which indicating 

the interaction is not so tight but for protein-peptide interactions this is not unusual (273) 

(274). These results suggest that the Ubiquitin protein can be used as scaffold but it 

needs further investigation by using different proteins as controls, allowing a 

comparison with USP11 (1-244) protein result. 
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Figure 83. The interaction between USP11 residues (1-244) and Ubpep11S3S4. 200 µM Ubpep11S3S4 was 

injected into 20 µM USP11 residues (1-244) into the sample cell. The ITC graph results showed a binding 

curve with an estimated Kd value of about 12.2 µM. 
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7.4 Discussion of results of Ubiquitin modifications  

This chapter has showed the suitability of ubiquitin as a fusion tag and scaffold 

due to its specific properties being high stability and solubility. Ubiquitin protein can 

be engineered for high affinity target binding in line with previous studies (269).  

The first application of Ubiquitin as an affinity tag was designed by insertion of 

Histidine tag in the loop between strands 3 and 4. This protein(UbHisS3S4) was 

expressed and purified successfully. Stability wasn’t affected by insertion of the 

Histidine tag in the loop between strands 3 and 4 as Thermoflour assay results indicated.  

On the other hand, UbHisS3S4 was fused with USP20ZNFUBP (1-108) and 

BBS5(1-270) proteins, these proteins were weakly expressed. The fusion of 

UBHisS3S4 with BBS5 showed the protein did not bind tightly to nickel column during 

purification and the protein aggregated when using gel filtration as it was eluted in the 

void volume. This result may be due to the large molecular weight of the BBS5 affecting 

the binding affinity of the Histidine tag with the nickel column. This may be due to the 

position of the Histidine tag in the loop between strands 3 and 4 as the position of the 

Histidine tag can affect the purification of fusion proteins (275). Also this position of 

Histidine tag may explain the weak expression of USP20ZNFUBP (1-108) protein. 

Therefore, UBHisS3S4 has a weak efficiency as an affinity and solubility tag based on 

these two model proteins.  

The second application of Ubiquitin protein was as a protein scaffold to display 

constrained peptides. This application was investigated and confirmed in a binding 

experiment by isothermal titration calorimetry. The binding result is promising as it 
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showed an interaction of Ubpep11S3S4 with the deubiquitinating enzyme USP11 

domains residues 1-244. However, this experiment needs additional controls to compare 

the interaction of Ubpep11S3S4 protein with different proteins to assess its efficiency 

as a scaffold. Overall, the results show that the insertion of a relatively long peptide 

(nine amino acid residues) into the loop between strands 3 and 4 of ubiquitin is possible 

without affecting the fold and suggests that ubiquitin is a valuable protein scaffold and 

can be used to generate multi-specific molecules for specific therapeutic applications 

(276). 
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 Chapter 8: Conclusion    

 The first aim of this work was to design and investigate two novel tags. These 

tags were chosen based on specific criteria from the Protein Data Bank (PDB) (Simon 

Caulton, PhD thesis, UoN). These criteria were based on the hypothesis that the tags 

should be small, rigid and globular proteins.  Also these tags must have no enzymatic 

activity (less likely to interfere with a fusion partner sterically or functionally), with 

reported high solubility and diffracted at high resolution when crystallised. This will aid 

the expression, solubility of target proteins and its potential use as carrier protein in 

crystallisation. The 1BKR (13 kDa) and 2GKG tags (14 kDa) were chosen based on the 

assumption they could promote the expression and solubility of the fusion proteins and 

also possessed suitable C-termini for fusing to other proteins. The novel tags were 

expressed and purified at a high yield without any fusion partner which were promising 

results for our hypothesis to use these tags as solubility tags, as previous studies showed 

that any protein with such characteristics can be used as a solubility tag. Subsequently, 

the solubility tag should be expressed and purified in high yield without fusion first and 

then investigated fused with different model proteins(41).  

These new solubility tags have been fused with selected model proteins and their 

levels of expression were assessed and compared to the activity of a known solubility 

tag maltose binding protein (MBP). The MBP tag was used in screening comparison as 

a commonly used as a control with novel tags such as Skp, T7PK and Fh8 tags due to 

its high expression and purification performance. These tags were compared with MBP 

tag with different model proteins (41) (211). 1BKR, 2GKG and MBP tags were cloned 

into the same vector and promoter for consistency and comparative studies (258). All 



189 

 

the proteins were cloned in the pRSF13 vector, varying only in the N terminus fusion 

partners as any changes in the target protein's expression levels are likely due to the 

fusion partner's specific features. The small-scale method utilising the qualitative SDS-

PAGE was the initial method of comparison between the fused proteins 1BKR, 2GKG 

and the MBP tag in terms of expression, solubility and purification. The qualitative 

SDS-PAGE small scale technique has already proven to be a valuable method for the 

qualitative comparison of various tags and can be used to expect the final yield of 

protein production in large experiments (245) (277). The small-scale comparisons 

revealed that the expression level of the 2GKG fusion partners are better than 1BKR 

fusion partners and are near to the fusion partners of MBP.  

The second comparison was carried out in large scale 2 litre bacterial culture for 

quantitative comparison. Ultimately, the outcomes of the large scale experiments were 

compatible with the small-scale experiment as 2GKG partners were had a higher yield 

than 1BKR partners and near to the MBP partners.  

All the comparisons included within this study were based on one experiment for 

each small and large-scale trials and the results from the small-scale trials were largely 

consistent with what was observed in the large scale trials validating the approach. 

Previous studies of different novel tags were also based on one experiment such as for 

Mocr, Fh8, Skp, T7PK and SUMO tags. (41) (68) (2460) (262). These tags were 

compared with MBP tag which showed the similar results of one of our two novel tags 

(2GKG) which had almost the level of expression of MBP tag with different model 

proteins.  
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The novel solubility tags had quite different impacts on the solubility of the 

proteins of all selected model proteins. 2GKG generated impressive solubility 

improvements, almost to the degree of MBP on selected model proteins such as 

UCHL1, UCHL3, USP20ZNFUBP (1-108) and BBS5(1-270). The 1BKR tag only 

generated a small enhancement in these proteins solubility compared to the MBP tag. 

Furthermore, our novel tags were effectively used to express small peptides (less than 

100 amino acids) in high yields as peptide production in E.coli is difficult as they are 

prone to degradation.  

The novel 1BKR and 2GKG fusions presented in this work largely agreed with 

our assumption as they were efficient tools for the enhancement of protein solubility 

and purification in E. coli. Thus, these tags can be used in different applications such as 

protein sample preparation for drug discovery and development of therapeutic agents to 

treat a wide array of diseases. In addition, this study confirmed that there is no ideal tag 

for expression of all proteins. Thus, various tags are needed to be tested with the protein 

of interest and the larger tags generally result in higher production yields of the protein 

of interest. This is may be due to the large tag slow the translation rate of the fusion 

protein which enhance the folding of proteins (135).  However, in some cases presence 

of a small tags correlated with high efficiency more than the large tags, as the BBS5 

protein results showed the 2GKG tag (14 kDa) was expressed and purified better than 

that observed with the MBP tag (42.5 kDa). The problem with the larger tags can also 

be that they are more likely to interfere with a protein’s function. 

The novel tag crystallization trials failed to crystallize any of the fusion proteins 

with a fixed arm linker which was not varied and composed of three alanine residues. 
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On the other hand, these novel tags alone formed crystals. This may be due to many 

reasons such as:  

1) The presence of a Histidine tag as affinity tag at the N terminus which can affect the 

formation of well-ordered diffracting crystals (214).  

2) The fixed arm linker was not varied and can either be too short or long creating 

flexibility between the solubility tag and the protein of interest which prevents the 

formation of crystals (249). This is one parameter that may need optimising for each 

protein-fusion pair depending on the structures. 

3) The incubation temperatures (10°C) and (20°C) were not suitable for all proteins to 

generate crystals as protein crystals generally grow at a preferred temperature which is 

not known for a new protein. The temperature influences the formation of crystals 

through affecting the rate of evaporation of the solvent which affects the growth rate of 

crystals (278).  

4) The concentrations of protein in the drops may not have been optimal, e.g. too low 

and was not enough to reach the supersaturation state to form crystals as many drops in 

the crystallization trays were still clear. The formation of crystals requires large protein 

concentration as the crystal growth rate increases when protein concentration is high 

(279). 

The second aim of this study was to design and investigate a new fusion tag 

utilizing the ubiquitin protein by incorporating a His-tag. Pervious study showed that 

ubiquitin protein was used as fusion tag due to its high stability and solubility (280). 
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This prompted me to investigate whether ubiquitin can be used as affinity and solubility 

tag to enhance the solubility and stability of a fusion protein when fused to different 

model proteins. Ubiquitin was engineered by insertion of Histidine tag in the loop 

between strands 3 and 4. I have chosen to insert the Histidine tag in the loop between 

the strands 3 and 4 in the ubiquitin protein as the length of this loop varies in ubiquitin 

fold proteins (281). Previous work also showed that Green Fluorescent Protein (GFP) 

tag had purified the protein target in a native form with a high purity when a Histidine 

tag was inserted into the in a loop of the GFP tag (270). The ubiquitin with Histidine 

tag inserted between the strands 3 and 4 (UBHIS3S4) was expressed and purified alone 

in a high yield but when fused to two model proteins BBS5(1-270) and USP20 ZNFUBP 

(1-108) showed a low yield. These results suggested that UBHIS3S4 protein was not 

favourable for use as affinity and solubility tag or the linker length was not optimal for 

these cases. 

The third aim of this study was to design and investigate the ubiquitin protein as 

a protein scaffold to be used for high affinity target binding due to its high stability and 

solubility. This assumption was based on a previous study which showed that the 

Ubiquitin protein can be engineered to be used for high affinity target binding and is 

suited as protein scaffold (269). The results of this study of insertion the Histidine tag 

into the ubiquitin loop between strands 3 and 4 was successful and did not affect the 

stability and solubility of the ubiquitin protein, which led me to modify this loop of 

ubiquitin for the interaction studies. Previous research in the Dreveny lab identified a 

constrained peptide from a constrained phage display library, which interacts with the 

USP11 N-terminal domains 1-244 (unpublished results). Therefore, the ubiquitin 

protein was used as a protein scaffold to investigate the binding of a newly identified 
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peptide with the USP11 residues N-terminal domains (1-244). The interaction of the 

constrained peptide inserted into the Ubiquitin protein was investigated with USP11 

protein residues 1-244 by isothermal titration calorimetry. The results showed binding 

of USP11 residues 1-244 with by phage display identified constrained peptide, which 

suggests that ubiquitin can be used as a scaffold in the future to display long constrained 

peptides.  
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 Chapter 9: Future outlook 

Further experiments are required to investigate these novel tags to be used as 

affinity tags as they had not previously been used for affinity purification, so a N-

terminal hexa-histidine tag is provided by the cloning vector. MBP and GST tags are 

frequently used as tags for solubility, affinity and providing various functions for use as 

fusion partners. These novel tags could possibly be used in this way as the beta spectrin's 

calponin homology domain (1BKR) binds to EPB41 an erythrocytic cytoskeletal 

protein (282). Affinity columns might be generated using this protein and a process for 

purifying 1BKR-tagged proteins might be produced. FrzS of Myxococcus xanthus 

PDB(2GKG) tag had no identified ligand until now, so it is unknown if it can be used 

in the future as an affinity tag. 

Further experiments are required to investigate these two novel tags with different 

expression systems such as mammalian, yeast and insect cells. This will give results for 

the production of bio-therapeutic proteins as E. coli can’t express high molecular weight 

proteins and can`t undergo post transitional modification which is required for many 

therapeutic proteins. 

Further studies are also required to design new linker regions between these novel 

tags and target proteins to be used to crystallise fusion proteins. The design of different 

linker regions in length and composition can be crucial for the success or failure of the 

crystallization of fusion proteins (283). Short linkers have been chosen in the linker 

region between the present novel tags and the protein targets to promote better crystal 

lattice contacts and to reduce the conformational flexibility of the linker without 

affecting the structure of the tag and the target protein (66). 
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In this study the fixed arm linker with three alanine residues was used but it failed 

to produce any crystals suggesting that the linker may have been too flexible or too rigid 

(sterically) thus impairing crystal formation. Moon et al investigated different proteins 

when fused with MBP tag with three alanines (fixed arm linker) but also other linker 

length which could affect the crystallisation results (284) That’s why design of a new 

linker is required. A linker containing fewer or more alanines instead of three alanine 

would increase of decrease the flexibility. For example, a penta-alanine linker allowed 

the interaction between fused protein helping the formation of crystals in the case of the 

MATa1 protein when fused to MBP tag. Two crystals that diffracted to high resolution 

were obtained (285).  

Further studies are required to use different affinity tags other than Histidine tag 

with our novel tags. This is because Histidine tag when used with novel tags may be the 

cause of impairment of crystal formation of model proteins (286). MBP and GST tags 

can be used as affinity tags which may improve the effect of the novel tags on the 

expression and purification of the target protein. After purification these affinity tags 

can be cleaved by specific proteases to avoid any interference of these affinity tags with 

the target protein crystallization (287). The cleavage of the solubility tags after protein 

production can also be investigated. 

Further studies are required to use these novel tags for crystallization at different 

incubation temperatures such as 10℃ instead of 20℃ (used in this work). This may 

improve crystal growth for specific proteins as the cooler temperature in some cases 

produced good protein crystals (170).   
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The position of the Histidine tag, when using ubiquitin protein as affinity and 

solubility tag, can be changed by insertion of the Histidine tag at either the N or C 

terminus. The Histidine tag in the loop did not help in purification of the fusion proteins, 

although this may be due to other reasons. The Histidine tag at N or C terminus can in 

many cases improve the expression and purification of the target proteins without 

affecting them (252). 

I successfully demonstrated that ubiquitin tolerates long peptide insertions 

between strands 3 and 4. Further studies can be carried out to use the ubiquitin protein 

as scaffold with different and even longer peptides to determine the limits and 

interactions with different proteins measured and compared with the USP11 results. 

These interaction studies with peptides may lead to create new treatments.  
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