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Abstract  

Protein synthesis through bacterial overexpression using Escherichia coli can facilitate 

the production of high quantity and quality recombinant proteins for investigating 

biological function. The principal technique for studying protein function used in this 

study was surface plasmon resonance. Initially, the project was aligned to studying the 

human proteins AGTR1 and HMGCR, which are targets for coronary heart disease 

therapies, to create clinically relevant mutations associated with reduced efficacy. 

However, these proteins proved to be highly toxic to the host. As a result, two additional 

projects were initiated. The first to study the human chemokine CCL5 and to better 

characterize the low affinity binding domain for glycosaminoglycan. This would combine 

surface plasmon resonance with a novel trans-endothelial flow assay technique. The 

second was to investigate the interactions of the Rhodococcus equi virulence plasmid 

VapA protein and other related virulence proteins, again using surface plasmon 

resonance. 

Wild type CCL5 and glycosaminoglycans binding domain mutants were cloned into the 

vector pMAL-p5X and successfully expressed and purified as a maltose binding fusion 

protein. The MBP tag could be removed using a protease but isolating the native protein 

from the tag proved problematic and potentially impacted on subsequent biological 

assays. Surface plasmon resonance showed that CCL5 binding interaction with the 

glycosaminoglycan heparin, was concentration dependent and that the recombinant 

wild type CCL5-MBP protein demonstrated the highest affinity for heparin.  A novel assay 

to demonstrate the ability of CCL5 to promote mononuclear cell adherence to 

endothelial cells under flow condition demonstrated some positive initial data suggesting 
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that the low affinity glycosaminoglycan binding domain plays a significant under flow 

conditions.  

In the second study a range of Vap proteins were successfully expressed and purified as 

“his-tag” fusion proteins.  The use of surface plasmon resonance to study Vap protein – 

protein interaction demonstrated that VapA interacted with other members of the vap 

family. Interactions appear to be concentration dependent, and N or C terminal location 

of the His-tag did not appear to affect binding. However, VapA appears to rapidly degrade 

on the surface of a CM5 biosensor chip during surface plasmon resonance analysis 

meaning that an immobilised chip can only be used a single time making any further 

study very expensive. Protein Thermal shift assays were attempted to assess Vap protein 

interactions, but the hydrophobic nature of the Vap proteins meant that the standard 

dye is not suitable for this type of analysis.  

In conclusion, protein expression workflows were successfully established and the use of 

surface plasmon resonance generated some interesting preliminary data. The surface 

plasmon resonance data also appeared to correlate well with the additional functional 

assays. Future work will refine these workflows to allow a better understanding of the 

proteins investigated within this study. 
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Chapter One 

Introduction 

1.0. Protein-Protein and Protein-Ligand interactions 

Protein-protein or protein-substrate interactions (PPIs and PSIs) could also be 

referred to as molecular recognition (Du et al., 2016). This area of study helps in 

understanding biochemical features and the manner through which biological 

macromolecules interact among themselves and with various other substrates. 

High specificity and binding affinity are often fundamental to the concept of a 

biological complex formation. PPIs and PSIs are also a key part of most cellular 

processes. The ability to detect and analyse these interacting proteins or substrates 

has aided the understanding of cellular machinery dynamics and therefore offered 

insight into one of the major challenges of modern biology (Rivas and Fontanillo, 

2010). To perform their essential biological functions, proteins interface, interact, 

and binds to both them and other substrates in a controlled manner. This 

phenomenon can occur both naturally and engineered artificially to achieve a 

range of therapeutic potentials (Janin, 1995).  Biomolecules can have an affinity for 

one another because of electrostatic forces, ranging from hydrogen bonding, 

hydrophobic binding forces, and dispersion forces (Viswanathan et al., 2019). Most 

genes similarly encode proteins that bind to specific receptors to exert certain 

biological functions (Harrow et al., 2009). The resultant non-covalent interaction 

has several biological significances, for example enzyme catalysis of chemical 

reactions, antibody-mediated neutralization of antigens, activation, and inhibition 

of chemical activities by hormones (Tummino and Copeland, 2008).                                           
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For these processes to occur, receptors and ligand interact by exchange of solutes 

and solvent molecules. The interaction of proteins with their ligands shares several 

unique properties, which are explained below concisely. Understanding the crucial 

role of these several unique properties (specificity and affinity) is essential in 

maximizing the concept of PPIs and PSIs studies (Kevin, 2018). 

The biochemical events that constitute molecular PPIs and PSIs require physical 

contacts of high specificity to be established between two or more protein 

molecules. These molecular recognitions are facilitated by different kinds of 

bonding interactions. Additionally, proteins bind to each other via a combination 

of hydrophobic bonding, salt bridges, and van der Waals forces at specific binding 

domains on each protein (Phizicky and Fields, 1995; Golemis, 2002). These domains 

range from binding clefts or large surfaces of a few peptides long to a binding 

domain of hundreds of amino acids. The strength of the binding interaction 

behaviors is therefore influenced by the specificity, affinity of the binding molecule, 

and the size of the binding domain (Kastritis and Bonvin, 2013; Akiba et al., 2019). 

Interestingly, our understanding of molecular recognition continues to advance in 

new ways to manipulate the PPIs and PSIs interfaces, towards enhancing drug 

design applications (Larsen et al., 2005). 
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1.0.1 Specificity 
 

Any biological receptor typically has an affinity and binds to its natural ligand. 

Sometimes this binding is irreversible and absolute, while other times, the binding 

is loose and reversible. For example, some natural toxins like the α-bungarotoxin 

affect the body by binding irreversibly to the acetylcholine receptor (Nirthanan et 

al., 2016) representing the dynamic characteristics of a specificity. The specificity 

of a ligand can be monitored via a competitive binding assay were the amount of 

ligand that binds to a receptor is measured in the presence of other recognized 

ligands (Song et al., 2016). In this case, if the receptor is highly specific to the target 

ligand, the presence of other ligands will not affect its binding affinity (Chen et al., 

2017).  

1.0.2 Affinity 

Molecules interact noncovalently with other molecules. For instance, proteins are 

found to stick to glass, partly due to polar surfaces interacting with one another 

(Georgakilas et al., 2016). The surface of a cell is polar, primarily due to the 

extensive amount of carbohydrate that extends from membrane proteins and 

membrane lipids. Consequently, all proteins have some affinity for cell surfaces 

(Chen et al., 2017). Receptor–ligand interactions are distinguished from other 

noncovalent interactions between molecules by their high affinity (Du et al., 2016). 

It has been estimated that a protein on average interacts with about 3–10 other 

proteins (Bork et al., 2004). 

The relevant concepts that are critical for investigating molecular associations are 

binding kinetics, free energy, enthalpy, and entropy. Additionally, binding affinity 
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factors are known to influence the change in entropy – enthalpy, which helped 

rationalize protein-ligand and protein-protein binding interaction (Martin and 

Clements, 2013).  

Binding via PPIs and PSIs are essentially based on the principle of electrostatic 

induction (ESI), perfectly illustrated as a mechanism of enzyme action through the 

lock and key theory, induced-fit theory, and conformational selection (Du et al., 

2016). The lock and key model postulated in 1894 by Emil Fischer and the most 

effective binding model based on the induced fit theory, captures the original 

rationale behind most PPIs and PSIs and studies.  The induced-fit model of enzyme 

– substrate interaction is described by an interaction where the substrate can 

induce the proper alignment or conformational change on the binding site of the 

enzyme, causing the substrate interaction to perform a range of reactions of both 

cataylic and biological functions (Singh et al., 2022). 

The first significant step towards the many advances of protein-ligand interaction, 

in discovery, design, and drug development, is achieved when the mechanism 

responsible for the molecular recognition is understood (Steinbrecher and Labahn, 

2010). Mathematically, it could be represented as: 

 

Where PL means the protein-ligand complex and Kon and koff represent the kinetic 

rate constants, which account for binding and unbinding reaction, respectively. At 
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equilibrium, the association binding reaction P + L → PL should be balanced by the 

dissociation unbinding reaction PL → P + L, and this is represented as: 

 

Where the square brackets denote the equilibrium concentration of any molecular 

species. The binding constant Kb (in a unit of M−1) is therefore defined by 

 

Where Kd is called the dissociation constant, therefore, the fast-binding rate 

complemented by a slow dissociation rate results in a high/low 

binding/dissociation constant and, hence, a high binding affinity (Xing et al., 2016). 

1.1.0 Protein Oligomerisation  

 

Oligomeric proteins are proteins that consist of more than one subunit; meaning, 

they can form supramolecular structure by natural or artificial means (Garratt et 

al., 2013). Oligomeric proteins are also made up of either several copies of identical 

polypeptides (homo-oligomers) or several copies of different polypeptides (hetero-

oligomers). These homo- or hetero-oligomeric proteins form through covalent 

linkages either a nearly irreversible stabilized, or a reversible association of 

electrostatic, hydrophobic interactions and hydrogen bonds (Gotte and Libonati 

2014). Protein oligomerization is the process through which functional tertiary 

protein dimers, trimers, tetramers and pentamers are formed from single unit 
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monomers, for example viral capsids. This phenomenon is crucial in the activation 

of one or multiple cascades of physiological pathways. Interestingly, Hashimoto 

and Panchenko (2010) believe the concept of protein-protein and protein-ligand 

recognition are interpreted best, by the study of homo- oligomers which in turn 

mediate and regulate the behaviour of binding receptors, and cell-cell adhesion 

processes (Dayhoff et al., 2010). 

1.2.0 Binding Interaction Techniques 

To achieve the needed understanding of the potential novel effects of these 

protein-protein and protein-ligand binding interactions investigated under this 

research study, the use of a range of biophysical binding interaction techniques, 

are to be applied to this study. These techniques include thermal shift assays, 

surface plasmon resonance, and isothermal calorimetry (Du et al., 2016). Usually, 

a variety of different techniques are necessary to validate, characterize, and 

confirm protein interactions. There are instances when proteins are unknown, 

their association with one or more protein may, help in identifying those unknown 

proteins. Protein interaction analysis may also unveil unique functional, and non-

functional roles of known proteins. To discover or verify an interaction is the first 

step on the road to understanding where, how, and under what conditions these 

protein-protein interactions take place in vivo and the overall biology and 

functional implications of these interactions. 
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1.2.1 Surface Plasmon Resonance 
 

The X100 Biacore surface plasmon resonance (SPR) is a specialized, reproducible 

high throughput microfluidic optical detection technique (Baron and Pauron, 

2014). X100 SPR is used in real-time, to investigate, the binding interaction, 

specificity, concentration, kinetics, and affinity between non-labelled biomolecules 

and substrates. The two interacting molecules could be ions, viruses, proteins, 

chemical compounds, or genes, where one binding partner is referred to as the 

ligand and the other partner the analyte (Patching, 2014). A wide variety of binding 

analyses can be performed using the SPR technique such as protein-protein, 

protein-membrane (lipids), protein-carbohydrate, protein-nucleic acid, and even 

protein-small molecules (Baron and Pauron, 2014). The SPR instrument used in this 

thesis is a Biacore system X100, this instrument works by immobilizing a molecule 

often referred to as a “ligand” onto the surface of a sensor chip, after which the 

“analyte” molecule is flown over the immobilized ligand. Real-time intramolecular 

or analyte:ligand interactions on the surface of the sensor chip, generates a 

response, proportional to the ligand-analyte binding mass, and reflects sensitive 

variations to the nearest picograms per mm2. More information on the principle of 

SPR is presented in section 1.2.2. The SPR Biacore sensor chips are made of about 

50_nm gold-coated glass slide, upon which are dextran of various binding 

characteristics, depending on the type of sensor chips (Fee et al., 2010). The gold 

coated slide acts as electrical conducting surfaces that generate resonance upon 

being hit by polarised light.  
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Electron charge density waves act by modulating the reflected light at a specific 

angel called resonance angle, relative to the ligand-analyte binding mass on the 

surface of the sensor chip (see Figure 1.0). Real-time intramolecular or analyte: 

ligand interactions on the surface of the sensor chip, generates a response, 

proportional to the ligand-analyte binding mass. All SPR interface occurs in 

conditions of absolute internal reflection, using resonance units (RU) to read all 

alterations in binding interactions. 

 
 

Figure 1.0: Surface Plasmon Resonance Schematics 
Illustration of surface plasmon resonance. A substrate is immobilized to the gold-plated sensor surface using 
dextran. As ligand molecule (analyte) binds to the substrate, the refractive index shifts, and the SPR angle is 
altered. The movement is the signal monitored, and the change over time are represented as sensograms. 

 

1.2.2 Principle of SPR 
 

The principle of SPR is based on sample presentation through the flow cell of a 

microfluidic system at a small volume (20 _ 60 nL), and low concentration (5 -30 

µg/mL) to a glass slide coated with a thin gold layer on the surface known as the 

sensor chip. The gold surface of the sensor chip is covered with the dextran matrix 

acting as the substrate, to which molecules (ligand binding partners) can attach. 

These dextran matrixes provide the hydrophilic environment for the binding 

interaction. The analytes are after that flown over the surface of the matrix in a 
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continuous flow (1-100 µL. min -1) of solution (buffer) despite the characteristics of 

the molecule involved. The SPR applies the phenomenon of resonance detection 

to monitor biomolecular interaction, which causes a reduction in the intensity of 

light reflected at a specific angle from the glass compartment of the sensor chip (as 

described in figure 1.1). As the biomolecules bind to the SPR chip surface, the 

refractive index close to the sensor surface changes (within – 300nm). These 

changes alter the electron charge density waves and the angle of minimum 

intensity. The changes observed in the SPR refractive angle are proportional to the 

mass of the ligand molecule bound on the surface of the sensor chip.  

All SPR interface occurs in conditions of absolute internal reflection, using 

resonance units (RU) to read all alterations and kinetics in binding interactions in 

real-time. The results are displayed and presented as a sensorgram, which is 

plotted as response signal/units (RUs) against time (seconds). The sensorgram can 

be evaluated using evaluation software and offer insight into the following 

parameters binding (Yes/No), specificity, affinity, kinetics, and sample 

concentration.  

1.2.3 SPR Coupling Methods 

There are different ways through which the ligand molecules are attached to the 

surface of the sensor chip. The most common procedure is by direct or covalent 

coupling, where the reactive groups on the ligand molecule are utilized for 

immobilization on the sensor chip surface (see Figure 1.2a), while the other 

procedure is by indirect or non-covalent coupling, in this case, the ligands are 

immobilized using an already covalently coupled molecule (see Figure 1.2b). 
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Figure 1.1: Illustration of most common Biacore SPR Immobilization or Capturing Procedure 
(a) Indicating a direct or covalent capturing procedure, (b) showing an indirect or non-covalent capturing 

procedure on the biosensor surface. 

 

The covalent or direct immobilization fixes the ligand molecule permanently on 

the surface of the chip, often with a heterogeneous orientation. Interestingly, 

the capture-based (indirect) or non-covalent immobilization procedure is 

applied when a ligand molecule is difficult to regenerate, analyze, or are 

unstable in nature to the extent they are unable to bind directly. Other forms 

of immobilization procedure include hydrophobic attachment which is applied 

when immobilizing lysosome or lipid bilayers unto an SPR biosensor chip. 

 

Figure 1.2: Picture of Biacore X100 Surface Plasmon Resonance (Live picture) 
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The BIAcore Surface Plasmon Resonance offers a range of general-purpose sensor 

chips applied towards achieving the different types of coupling chemistry described 

above. Examples of senor chips applied during covalent coupling chemistry are the 

CM5, CM7, CM4, CM3, NTA and C1 BIAcore chip etc. The main differences among 

these sensor chips are the extent and peculiarity of the ligand type applicable to 

these sensor chip surfaces (example: lipids, his-tag, etc). The overall processes of 

immobilizing ligand molecules are essentially similar for all covalent coupling 

methods. The most common covalent coupling procedure is the amine coupling. 

The amine-coupling activates the carboxymethyl group of dextrans using the 

introduction of N-hydroxyl succinimide (NHS), which creates highly reactive 

succinimide esters to the surface matrix of the sensor chips by the modification of 

the carboxyl methyl groups, with the help of NHS and 1-ethyl-3-(3-dimethylamino 

propyl) carbodiimide (EDC). These esters interact spontaneously with the amines 

and other nucleophilic groups of the proteins to form covalent linkages with the 

matrix. The amine coupling reaction is illustrated in the diagram below (figure 1.4). 

 

Figure 1.3: Chemical Reaction of Amine Coupling Equation (ChemDraw) 
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Further to the NHS and EDC activation of the sensor chip surface, during an amine 

coupling reaction. The proteins are injected in a pre-concentration buffer, which 

helps in achieving high protein concentration, thereby driving the coupling 

reaction. The final step is known as the blocking step, where ethanolamine is 

injected to block the remaining activated carboxymethyl group, this step elutes any 

non-covalent bound molecule and reduces the occurrence of non-reactive binding 

interactions. The final step is the regeneration of the immobilized sensor chip, by 

eluting any non-covalently bound analyte without necessarily interfering with the 

immobilized activities of the ligand. 

1.2.4 Other Binding Interaction Strategies 

To maximize the potential of the range of vital cellular activity in play between 

proteins, molecules, or substrates of interest. Attempts must be made to ensure 

that the tool employed to investigate binding interaction is not only useful but 

most ideal for the nature of the samples under investigation. Other methods 

presently available that confirm protein-protein interactions, are isothermal 

titration calorimetry (ITC), Forster resonance energy transfer (FRET) and 

luminescent oxygen channelling assay (LOCI), reflectometric interference 

spectroscopy (RIFS), surface plasmon resonance (SPR), circular dichroism 

spectroscopy (CD), thermal shift assay, Raman optical activity (ROA), nuclear 

magnetic resonance (NMR) and cryo-electron microscopy (cryo-EM) (Weiss, 2000; 

Graft et al., 2009; Miura, 2018).  

However, the main method of investigating binding protein interaction in this 

thesis is the surface plasmon resonance. Other techniques, such as protein affinity 
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chromatography, sedimentation, gel filtration columns, and fluorescence methods, 

can also be used to study these interactions. However, most of these alternative 

techniques require complex labelling steps and/or complex instrumentation. 

Additionally, most of these alternative techniques only give endpoint evaluation of 

yes / no binding, to binding affinity interaction experiments. Although the 

alternative methods briefly highlighted below, produce robust binding affinity data 

in previous recent studies (Ladbury, 2015; Duff and Howell, 2014; Layton and 

Hellinga, 2011, Choudhary et al., 2017). 

1.2.4.1 Thermal Shift Assay 
 

Thermal stability shift analysis (TSSA) or thermal shift assay (TSA) is a method for 

examining binding interactions between PPIs and PSIs (Lo et al., 2004, Matulis et 

al., 2005). The technique utilizes thermodynamic models, to monitor PPIs and PLIs 

via evaluation of shift in thermal stability. Protein stability is determined here by 

the application of fluorescent dyes, example: SYPRO orange (Redhead et al., 2017). 

The dye marks and reports protein denaturation during thermal heat, therefore, 

unfolding binding interactions. The TSA data are collected via a machine equally 

used for real-time qualitative thermocycler machine, in a rapid manner, using 

robust data application.  
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Figure 1.4: Picture of Thermal Shift Assay machine 

 

TSAs are a ubiquitous biophysical technique that determines the free energy of the 

binding ligand, by assessing protein stability on ligand dependence (Hubbard and 

Murray, 2011). The TSA technique has the advantage of measuring a wide range of 

PPI affinities and has been applied in drug discovery (Redhead et al., 2015) and 

other structural studies like protein isolation and purification (Huynh and Partch, 

2015). A new version of the TSA however is the fluorescent thermal shift assay 

(FTSA) (Redhead et al., 2017). This technique is generally considered easier to 

develop (Jafari et al., 2014) and can screen hundreds of compounds via a standard 

real-time quantitative polymerase chain reaction (RT-qPCR) and thermal cycler 

instruments (Huynh and Partch, 2015). 

1.2.4.2 Isothermal Calorimetry 

Isothermal Calorimetry (ITC) is a quantitative technique that can be defined as the 

measurement of heat either absorbed or released during a biomolecular binding 

event. It is often applied as a technique that provides a range of data concerning 

thermodynamics (process enthalpy) and kinetics (process rates) parameters. 
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Thermodynamics deals with the end states of the process during which interaction 

occurs, whereas kinetics deals with the nature of the interaction and the time rate 

at which it occurs. 

In summary, protein-protein, or protein-ligand parameters, such as binding free 

energy, entropy, enthalpy, and binding affinity, can be generated via the 

application of ITC (Chaires, 2008; Du et al., 2016). In a single ITC PPI experiment, 

the following set of data could be generated (i) affinity (KD): strength of binding (ii) 

stoichiometry (n): rate of binding sites (iii) heat of binding (∆H) and entropy (∆S) 

and (iv) enzyme kinetics. The ITC technique validly measures the direct heat 

exchange of molecular interaction, during complex formation at a constant 

temperature, and has become a major technique in determining the forces that 

drive the binding process or intermolecular binding interactions (Perozzo et al., 

2004; Bronowskwa, 2011). 

1.3.0 Protein Preparation for Binding Interaction Studies 

 

Proteins are the main elements that facilitate most biological processes in a cell, 

and this would include gene expression, motility, proliferation, nutrient uptake, 

morphology, cell growth, intercellular signalling, and apoptosis. The availability of 

correctly expressed recombinant proteins facilitate functional studies such as 

protein self-interactions and PSI (Golemis, 2002; Wingfield, 2015). The phenotypic 

behavior of a cell depends on how proteins that are produced from gene 

expression interact with one another.  
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Chapters 3, 4 and 5 of this work focuses on investigating the protein-protein and 

protein- substrate interactions of selected proteins and molecules. Therefore, 

enough emphasis is laid here in the introduction, to understand the processes 

(stages), vital factors and potential limitation of obtaining recombinant proteins 

through protein synthesis. Being that only the production of the desired 

recombinant fusion-protein via protein synthesis could necessitate and progress 

towards other functional studies of these proteins via PPIs and PSIs. Interestingly, 

protein expression thrives under variable and different expression conditions 

hence the sections below attempt to systematically demonstrate the fundamental 

essence of protein biosynthesis, from gene cloning, protein overexpression, and 

purification. These insights are especially vital when trying to understand protein 

function both in a broader biological context and in the content of specific 

functional biological investigation of protein-protein or protein – substrate binding 

interaction. 

1.4.0 Protein synthesis in prokaryotic and eukaryotic cells 

 

In other to make proteins for biological and functional studies, protein molecules 

are created via a biological system known as protein synthesis. Protein synthesis 

involves amino acid synthesis, transcription, translation, and post-translational 

modification events depending on if a prokaryotic or eukaryotic cell is being used. 

Esherichia coli as a host is the most studied and utilised organism for protein 

synthesis towards the production of recombinant proteins (Rosano and Ceccarelli, 

2014).  
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Due to the lack of membrane-enclosed nuclei in prokaryotic cells (bacteria), the 

process of DNA transcription and mRNA translation take place at the same time 

(Fan et al., 2017). The field of recombinant protein expression requires a protein 

purification process, these two concepts has continued to evolve and advance over 

time towards the production of heterologous proteins as summarised in the 

workflow below. 

 
 
Figure 1.5: Anatomy of an expression Vector 
The figure illustrates the major features present in common expression vectors as described in the text. The 
orgin of replication (ori), affinity tags and coding sequences for their removal were positioned arbitrarily at the 
N-terminus for simplicity. MCS, multiple cloning sites. Striped patterned box: coding sequence for the desired 
protein and selection marker. (Rosano and Ceccarelli, 2014). 
 
 

 

1.4.1 Promoters 
 

Promoters control the binding of RNA polymerase and transcription factors. 

Promoter elements could be upstream (-24 to -31) or downstream (+28 to +34) of 

the transcription start site. Since the promoter region drives transcription of a 

target gene, it therefore determines the timing of gene expression and largely 

defines the amount of recombinant protein that will be produced. There are two 

types of promoters, those that are always active like the CMV, EF1A, and SV40 
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promoters, thus referred to as constitutive promoters and others which are only 

active under specific circumstances and commonly referred to as inducible 

promoter. An example of inducible promoter is Lac Z. The inducible promoters 

which can be switched from an OFF to an ON state, can be regulated by positive or 

negative control. Chemical agents, temperature, and light are all examples of 

factors that can trigger the induction of a promoter. 

1.4.2 Positive inducible 
 

In the OFF state, the promoter is inactive because the activator protein cannot 

bind. After an inducer binds to the activator protein, the activator protein can bind 

to the promoter, turning it ON and initiating transcription. For example, the 

chemically regulated promoters are among the most common inducible 

promoters. The positive inducible tetracycline ON (Tet-On) system, a versatile tool 

developed for use in prokaryotes and eukaryotes, works via direct activation. In 

this system, the activator rtTA (reverse tetracycline-controlled transactivator) is 

normally inactive and cannot bind the tetracycline response elements (TRE) in a 

promoter. Tetracycline and its derivatives serve as inducing agents to allow 

promoter activation. 

1.4.3 Negative inducible 
 

In the OFF state, the promoter is inactive because a bound repressor protein 

actively prevents transcription. Once an inducer binds the repressor protein, the 

repressor protein is removed from the DNA. With the repressor protein absent, 

transcription is turned ON. For example, pLac promoter is one of the most used 

prokaryotic promoters and is a negative inducible promoter. The pLac promoter 
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requires removal of the lac repressor (lacI protein) for transcription to be activated. 

In the presence of lactose or lactose analogy IPTG, the lac repressor undergoes a 

conformational change that removes it from lacO sites within the promoter and 

ceases repression of the target gene. A simplified lac inducible system is found in 

many bacterial expression vectors. Another negative inducible prokaryotic 

promoter is the pBAD promoters often used for bacteria purification. 

A basal expression control for protein expression can be achieved in this instance 

by the introduction of a mutated promoter of the lacI gene, called lacIQ, that leads 

to higher levels of expression (almost 10-fold) of LacI (Calos, 1978). The lac 

promoter and its derivative lacUV5 are found to be weak and thus not very useful 

for recombinant protein production (Makoff and Oxer, 1991). Synthetic hybrids 

such as the tac promoter demonstrate a combination of the optimised strength of 

other promoters and the advantages of the lac promoter.  The tac promoter 

consists of the -35 region of the trp (tryptophan) promoter and the -10 region of 

the lac promoter and approximately 10 times stronger than lacUV5 (De Boer et al., 

1983). Commercial plasmids of these promoters that use the lac or tac promoters 

to drive protein expression are the pUC series (lacUV5 promoter, Thermo Scientific) 

and the pMAL series of vectors (tac promoter, NEB) which was utilised in this work. 

Similarly, the T7 promoter system present in the pET vectors (pMB1 ori, medium 

copy number, Novagen) is extremely utilized for recombinant protein expression. 

In this system, the gene of interest is cloned behind a promoter recognized by the 

phage T7 RNA polymerase (T7 RNAP). This highly active polymerase is often 

provided in another plasmid or, most commonly, placed in the bacterial genome in 
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a prophage (λDE3) encoding for the T7 RNAP under the transcriptional control of a 

lacUV5 promoter (Studier and Moffatt, 1986). Thus, the system can be induced by 

lactose or its non-hydrolyzable analogy isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and the basal expression can be controlled by lacIQ and also by T7 lysozyme 

co-expression (Moffatt and Studier, 1987). T7 lysozyme binds to T7 RNAP and 

inhibits transcription initiation from the T7 promoter (Stano and Patel, 2004). 

Therefore, in the event of a leaky expression due to production of small amount of 

T7 RNAP, the T7 lysozyme will effectively control unintended expression of 

heterologous genes placed under the T7 promoter. T7 lysozyme is provided by a 

compatible plasmid (pLysS or pLysE).  Another level of control lies in the insertion 

of a lacO operator downstream of the T7 promoter, making a hybrid T7/lac 

promoter (Dubendorff and Studier, 1991). All three mechanisms (tight repression 

of the lac inducible T7 RNAP gene by lacIQ, T7 RNAP inhibition by T7 lysozyme and 

presence of a lacO operator after the T7 promoter) make the system ideal for 

avoiding basal expression. 

1.4.4 Selection Marker 

To deter the growth of plasmid-free cells, a resistance marker is added to the 

plasmid backbone. In the E. coli system, antibiotic resistance genes are habitually 

used for this purpose. Resistance to ampicillin is conferred by the bla gene whose 

product is a periplasmic enzyme that inactivates the β-lactam ring of β-lactam 

antibiotics. However, as the β-lactamase is continuously secreted, degradation of 

the antibiotic ensues and in a couple of hours, ampicillin is almost depleted 

(Korpimaki et al., 2003). Under this situation, cells not carrying the plasmid are 
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observed to increase in number during cultivation. Tetracycline has been shown to 

be highly stable during cultivation (Korpimaki et al., 2003), because resistance is 

based on active efflux of the antibiotic from resistant cells (Roberts, 1996). The cost 

of antibiotics and the dissemination of antibiotic resistance are major concerns in 

projects dealing with large-scale cultures.  

1.4.0.3. Affinity Tags 

When developing a project where a purified soluble recombinant protein is to be 

recovered (as is often the case), it is essential to incorporate means to (i) detect 

the protein along the expression and purification scheme, (ii) attain maximal 

solubility, and (iii) easily purify it from the E. coli cellular milieu. The expression of 

a section of amino acids (peptide tag) or a large polypeptide (fusion partner) in 

tandem with the desired protein to form a chimeric protein may allow these three 

goals to be straightforwardly reached (Rosano and Ceccarelli, 2014).  

Being small, peptide affinity tags are less likely to interfere when fused to the 

protein of interest. However, in some cases they may trigger negative effects on 

the tertiary structure or biological activity of the fused chimeric protein (Chant et 

al., 2005; Khan et al., 2012). Common examples of small peptide tags are the poly-

Arg-, FLAG-, poly-His-, c-Myc-, S-, and Strep II-tags (Terpe, 2003). Since commercial 

antibodies are available for all of them, the tagged recombinant protein can be 

detected by Western blot along expression trials, which is helpful when the levels 

of the desired proteins are not high enough to be detected by SDS-PAGE.                        

Also, tags allow for one-step affinity purification, as resins that tightly and 

specifically bind the tags are available. For example, His-tagged proteins can be 
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recovered by immobilized metal ion affinity chromatography using Ni2+ or Co2+-

loaded nitrilotriacetic acid-agarose resins (Bornhorst and Falke, 2000), while anti-

FLAG affinity gels (Sigma-Aldrich) are used for capturing FLAG fusion proteins 

(Hopp et al., 1988). On the other hand, adding a non-peptide fusion partner has 

the extra advantage of working as solubility enhancers (Hammarstrom et al., 2002). 

The most popular fusion tags are the maltose-binding protein (MBP; Kapust and 

Waugh, 1999), thioredoxin (Trx; LaVallie et al., 1993), glutathione S-transferase 

(GST; Smith and Johnson, 1988), ubiquitin (Baker, 1996) and SUMO (Butt et al., 

2005). The reasons why these fusion partners act as solubility enhancers are 

unclear and several hypotheses have been proposed (reviewed in Raran-Kurussi 

and Waugh, 2012). The MBP, has been shown to possess an intrinsic chaperone 

activity (Raran-Kurussi and Waugh, 2012). In a comparison studies, GST showed the 

poorest solubility enhancement capabilities (Hammarstrom et al., 2006; Bird, 

2011). The MBP, and Trx display the best solubility enhancing properties, but their 

large size may lead to the erroneous assessment of protein solubility after the 

recovery of recombinant protein (Costa et al., 2013). Therefore, fusion tags of 

smaller sizes with strong solubility enhancing effects are desirable. Moreover, the 

recombinant proteins maintained their solubility after tag removal (Costa et al., 

2013). The MBP and GST later used in this work, can be used to purify the fused 

protein by affinity chromatography, as MBP binds to reduced amylose–agarose and 

GST to reduced glutathione–agarose. The MBP (NEB UK), is present in the pMAL 

series of vectors and GST (GE) is in the pGEX series. As demonstrated in the 

workflow particularly in chapter 4 and 5, peptide tag must be added to the fusion 

partner-containing protein if an affinity chromatography step is to be applied 
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during protein purification scheme. MBP and GST bind to their substrates non-

covalently.  

1.5.0 Cloning and Expression Vectors 

 

An expression vector, also called an expression construct, is often a plasmid or a 

virus intended for gene expression in cells (Sharon and Kamen, 2017). In 

synthesizing recombinant protein, the protein-coding sequence is copied into an 

appropriate expression vector and then transferred into the host cell.  In this case, 

the vector serves as a conveyor of specific genes to a target cell and can hijack the 

cell's metabolic mechanism for protein synthesis to manufacture the protein 

encoded by the gene. Expression vectors are standard tools in biotechnology and 

proteomics for heterologous protein expression. Because of their role in protein 

synthesis, the expression vectors must contain materials that facilitate gene 

expression (Rosano and Ceccarelli, 2014). These elements include a promoter, a 

translation initiation sequence like a ribosomal binding site (RBS), initiation and 

termination codon, and a transcription termination sequence (Porowińska et al., 

2013). In addition to these, an expression vector may also have a purification tag, 

which is usually added to the target protein (Norouzi, Hojati, and Badr, 2016). 

Finally, some vectors contain unique elements that are important for 

transformation and transfection. Both the cloning vector and the expression 

vectors are circular DNA constructs which are different from the chromosomes. 

However, an expression vector is more complicated. A cloning vector is a DNA 

molecule that carries and imported DNA into a host cell, replicates, and 

manufactures copies of the desired gene. Cloning vectors are engineered for self-
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replication (Chen et al., 2016), but they do not contain regulatory materials, unlike 

the expression vectors which contain both regulatory and self-replication elements 

(Zhang et al., 2014). 

1.6 Protein expression  

 

Protein expression and purification play a principal role in biochemistry and protein 

studies (Jia and Jeon, 2016). The production of recombinant proteins is one of the 

most robust tools utilised in functional biology studies and a vital component of 

major discoveries in biologics and small molecule drug development (Sanchez-

Garcia et al., 2016). Target proteins undergo structural and mechanistic studies 

that generate essential data hence driving chemical designs (Hung and Chen, 

2014). Following the establishment of recombinant gene/protein technology 

between the 1970 - 1980s methodologies and systems have evolved with the 

development of other modalities that enable high-throughput manufacturing of 

desired recombinant genes and their variants (Jia and Jeon, 2016).   

In eukaryotic cells, protein synthesis occurs separately in a sequential manner, with 

transcription occurring in the nucleus and translation occurring in the cytoplasm 

(Chatterjee et al., 2018). After translation into proteins, the polypeptides are 

altered in different ways to complete their structure, optimize their activity, and 

assign a location for them in a process referred to as post-translational 

modification (Duan and Walther, 2015). Post-translational modifications involve 

the various structural editing of the newly produced protein and are essential to 

their overall function. To be able to carry out biologic investigations, the scientist 

usually needs a process of manufacturing functional target proteins. Hence living 
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cells and their metabolic mechanisms can be exploited as workshops for the 

construction of desired proteins given the required building materials, also known 

as genetic templates (Dudley, Karim, and Jewett, 2014). Unlike proteins, DNA is less 

unstable to construct in vitro using effective recombinant DNA technologies. 

Hence, the DNA arrangements of genes can be constructed as templates for future 

protein expression (Jia and Jeon, 2016).  These proteins manufactured from these 

templates are called recombinant proteins. 

The DNA encoding a protein of interest is replicated downstream via an expression 

vector, which, when incorporated in a host cell, using the protein synthesis 

mechanisms of the host to produce the protein of interest.  Technically, the 

expression of proteins can be complicated as it is affected by a lot of different 

biological factors. For example, the folding and structural orientation of a protein 

is tailored to its function and physiological role.  Therefore, these proteins require 

post-translational modifications to perfect their complementarity and function 

(Audagnotto and Dal Peraro, 2017; Kuan, Bergamini and Weil, 2018). Also, some 

proteins might have biological activity that impacts negatively on their host 

(Martínez-Alonso et al., 2010). 
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1.7.0 Protein expression systems 

 

The production of recombinant proteins is a complex, multidisciplinary, and costly 

process. The demand for recombinant proteins for biological research remains on 

the rise. As well as the demand for novel and improved bioprocessing strategies 

that are cost-effective and timesaving. The continuous improvement in 

biopharmaceutical expression systems has led to the synthesis of quality products. 

Modern molecular biology techniques are at the forefront of the production of 

recombinant proteins using prokaryote or eukaryote expression systems. Various 

optimised techniques, such as systems biology, metabolic engineering, and CRISPR 

systems, are currently being applied for strain engineering to improve bioprocess 

performance and to synthesize biologically active and stable proteins. With the 

help of recombinant protein technology, expression of recombinant protein has 

successfully been achieved using bacteria (E. coli), mammalian cells, yeast, insect 

cells, transgenic plants, and transgenic animals (Ahmad et al., 2014; Merlin et al., 

2014; Gupta S.K. et al., 2019; Owczarek et al., 2019). Although other hosts have 

peculiar advantages and limitations, this works especially focuses on synthesis of 

protein via bacterial (Escherichia coli) protein expression. Table 1.1 below shows a 

concise summary of the four different recombinant protein expression systems 

highlighted in this thesis, while identifying their advantages and disadvantages 

across a range of different protein overexpression parameters. Although other 

hosts have been mentioned, this work focuses on protein expression via 

Escherichia coli. 
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Table 1.1: Comparison of different recombinant protein expression systems (Ma et al., 2003) 

Parameters Organism: Expression System  

Characteristics E. coli Yeast Insect cells Mammalian 
Cells 

Cell growth Rapid (30 
Min) 

Rapid (90 
Min) 

Slow (18 – 
24 h) 

Slow (24 h) 

The complexity of 
growth medium 

Minimum Minimum Complex Complex 

Cost of growth Low Low High High 

Expression level High Low- High Low-High Low-
moderate 

Extracellular 
Expression 

Secretion 
to 
periplasm 

Secretion 
to 
mentions 

Secretion 
to medium 

Secretion to 
medium 

Post-translational 
modification 

No Yes Yes Yes 

Protein folding Refolding 
usually 
required 

Refolding 
may be 
required 

Proper 
folding 

Proper 
folding 

N-linked 
glycosylation 

None High 
mannose 

Simple no 
sialic acid 

complex 

O-linked 
glycosylation 

No Yes Yes  Yes 

Phosphorylation No Yes Yes Yes 

Acetylation No Yes Yes Yes 

Acylation No Yes Yes Yes 

Gamma-
carboxylation 

No No No Yes 

 

1.8.0 Escherichia coli Expression System Advantages, and Limitations  

The bacterial expression systems are often used in recombinant protein expression 

experiments, particularly in large scale protein synthesis. The rate of bacteria 

reproduction leads to high production yield (Baeshen et al., 2015; Gupta and 
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Shukla, 2016) and overall low production cost. The bacterial expression system is 

efficient for most applications such as the generation of antibodies (De Marco, 

2015; Beck and Liu, 2019), protein interaction research, and functional assays (Xu 

and Noyes, 2014; Caufield et al., 2017). There are, however, concerns, eukaryotic 

proteins when expressed in bacteria, maybe non-functional because the cells do 

not have the mechanisms required for post-translational modification (PMT) 

(Sahdev, Khattar, and Saini, 2007; Jia and Jeon, 2016). Most E. coli expression 

systems are not compatible with N- and O- linked glycosylation, amidation, 

sulfation or palmitation, hydroxylation. These concerns are often encountered 

during protein synthesis of protein molecules greater than 50kDa (De Marco, 

2009), intricate protein structures like several domains and integral membrane 

protein within the cell membrane, which require post-translational modifications 

such as disulphide bonds and glycosylation. PTMs characterised by glycosylation, 

disulfide bond formation, phosphorylation, or proteolytic processing are involved 

in folding processes, stability, and biological activity (Ferrer-Miralles et al., 2009). 

E. coli has been optimised to allow for PTM towards production of recombinant 

proteins, as well as modified to produce glycosylated antibodies (Wacker et al., 

2002; Valderrama-Rincon et al., 2012; Gupta and Shukla, 2016). 

 Similarly, E. coli has been engineered to allow glycosylation of proteins by 

transferring the N-glycosylation system of Campylobacter jejuni into it. However, 

further studies are required to establish it for the industrial production of 

commercial therapeutic proteins (Gupta and Shukla, 2017c).  
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Other limitations of the use of bacterial expression systems are the collection and 

formation of recombinant disulphide-bonded proteins in E. coli, often referred to 

as inclusion bodies (IB), elementary bodies, or cytoplasmic aggregates (Singh et al., 

2015). The presence of these aggregates actively prevents the formation of strong 

disulphide bonds in proteins (Rinas et al., 2017). About 70%-80% of recombinant 

proteins expressed in E. coli are localized in cytoplasmic aggregates (Baumgarten 

et al., 2018).  

To mitigate the formation of inclusion bodies in E. coli, inducing protein expression 

by lowering the temperature after induction of culture leads to soluble protein. 

This strategy also increases protein stability and proper folding.  Gupta and Shukla 

(2016) reported that the application of novel promoters and glycoengineering E. 

coli cells has also led to increased expression of a recombinant protein.  

Protein purification is time-consuming as it involves two significant steps: 

extraction of the cytoplasmic aggregates from the bacteria and subsequent 

solubilization of the pure cytoplasmic aggregates (Norouzi, Hojati and Badr, 2016). 

A technique such as the incorporation of fusion tags (Liu M. et al., 2019) to the 

sequence of the gene of interest, cofactor supplementation, and co-expression of 

the protein with molecular or chemical chaperones have shown to mitigate the 

concerns of IB formation (Gupta S. K. et al., 2019) and improve soluble expression 

(Malekian et al., 2019). Different tags such as Fh8, SUMO, His, TRX, and MBP at the 

N- or C-terminal enhance protein solubility and help in affinity purification 

(Paraskevopoulou and Falcone, 2018). 
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Another major limitation of the E. coli expression system is the occurrence of 

incomplete codon configuration known as codon bias or low usage codons. In the E. 

coli system, the absence of essential codon families has shown to cause problems 

during protein translation. This phenomenon is due to the under-representation of 

some prominent codon families that code for amino acid: Arg (AGA, AGG, and CGA), 

Ile (AUA), and Leu (CUA).  

 

 
Figure 1.5: Codon frequency for the Escherichia coli genome system:  
Represents (%) average codon usage per 100 codons and (Ration) represents codon abundance relative 
to all the codons per amino acid. Adapted from Arabidopsis Research companion 
http/weed/mgh.harvard.edu (Maloy et al., 1996). 

 

The Figure 1.6 designates that these amino acids and their codons are 

underrepresented to about 8% less, as against other codon families. A scenario 

where 61 tri-nucleotide codons encode 20 amino acids, may have led to a varying 

degree of preference for some selected codons whose essential function of amino 

acid translation into proteins may have been limited. 

http://mgh.harvard.edu/
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Interestingly, recent E. coli expression cells are modified to incorporate these rare 

codons that support appropriate protein expression, folding, required post-

translational modifications to some extent. The presence of rare codons can be 

addressed by using codon optimization or host modification. Codon optimization 

increases the expression of recombinant protein by many folds (Rosano and 

Ceccarelli, 2014; Gupta S. K. et al., 2019; Rosano et al., 2019). A few examples of 

these rare codons optimized E. coli cells are BL21 Codon plus cells which are 

genetically engineered competent cells derived from BL21, that contain the lambda 

DE3 prophage which contains the gene for T7 RNA polymerase under the control 

of a lacUV5 promoter. The BL21 Codon Plus contain rare codons like AGA, AGG, 

AUA, and CUA but do not have the recA1. The C41 (DE3) and C43 (DE3) Competent 

cells were genetically engineered from BL21 (DE3) effective E. coli cell expression 

systems for overexpressing toxic genes cloned into any T7 vector and membrane 

proteins from both prokaryotes, eukaryotes, and viral proteins. Additionally, a 

redox environment and foldases for example, disulfide isomerases (Dsb proteins) 

and peptidyl-prolyl isomerases (PPIase) are useful in the formation of the correct 

disulfide bond in the periplasm (Gupta and Shukla, 2017b), which ultimately 

reducing the concerns of codon bias. The expression of genes with rare codons 

often results in low expression and results to premature termination of the protein 

synthesis (Owczarek et al., 2019). Table 1.2 below, shows some of the newly 

developed E. coli recombinant protein expression stains, alongside their key 

features. These strains are mostly derivatives of BL21 (DE3), whose genome have 

been manipulated towards maximizing heterologous protein production. 
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Table 1.2 Escherichia coli Strains Frequently Used for Recombinant Protein Production (Adoped 

from German et al., 2019) 

Escherichia coli Strains Application/key features 

OverExpress™ 

C41(DE3) and C43(DE3) 

Production of membrane/toxic proteins/T7RNAP gene under 

control of placWeak promoter. In addition, C43 (DE3) has a 

mutated LacI repressor that binds longer to the lac operator, 

thus delaying T7RNAP transcription. It is also a Lon protease 

revertant 

ArcticExpress (DE3) Production of aggregation-prone proteins/constitutive 

expression of chaperones Cpn10 and Cpn60 from the 

psychrophilic bacterium Oleispira antarctica, which 

show high refolding activities at 4–12°C 

SixPack Codon bias correction/insertion of extra copies of genes 

encoding six rare tRNAs in a ribosomal RNA operon 

Mutant56(DE3) Production of membrane/toxic proteins/mutant T7RNAP 

with weakened binding to the T7 promoter 

TatExpress BL21 Enhanced protein secretion/ptac promoter upstream of 

tatABCD operon for increased levels of Tat secretion pathway 

Marionette Protein coexpression/independent control of expression 

using 12 different inducers 

RiboTite Control of basal expression and tunability of protein 

production levels/introduction of riboswitches upstream of 

the T7RNAP gene and the coding sequence of interest 

 

Another essential benefit for high-throughput protein expression and purification is 

the addition of a fusion tag at either the N- or C-terminus of recombinant proteins. 

For optimal result, a fusion tag must fulfil these conditions: they must enable (i) easy 

detection of protein expression, (ii) high yield of protein expression and solubility, and 

(iii) easy isolation of highly pure proteins from most prokaryotic cells example E. coli 

(Kimple and Sondek, 2004). Presently, a broad range of tags are available (Zhao et al., 
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2013; Costa et al., 2014), the general characteristics of these frequently used tags are 

listed in table 1.3.  

Table 1.3: An overview of fusion tags, availed for recombinant protein overexpression Adopted from: (Jia and 
Jeon, 2016). 
 

 

1.9.0 Regulation of Gene Expression 

The regulation of gene expression allows for the modulation of any of the gene 

expression processes, ranging from DNA-RNA transcription to post-translation 

modification. From a broader perspective, protein overexpression is regulated 

through different mechanisms, depending on which expression host systems in use 

either prokaryotic or eukaryotic (Rosano and Ceccarelli, 2014).  Regulation of gene 

expression is vital for viruses, prokaryotes, and eukaryotes, as it enhances the 
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adaptability and versatility of an organism to its cellular environment, which allows 

the cells to express proteins only when needed. With the focus of this thesis, being 

on overexpression of a range of different proteins, using E. coli expression system 

(prokaryotic), regulation of gene expression is therefore presented to focus on the 

lactose dependent metabolism in E. coli, which is regulated by an inducible system.  

1.9.1 The lac operon 

In bacteria, gene expression is regulated through the robust activity of the lac 

operon (Klug et al., 2016). The lac operon, which are made up of three main 

components; (i) the regulatory genes (activators and repressors), (ii) regulatory 

genes (promoters and operators) and 3: structural genes (encoding enzymes).     

Also, the operon is controlled via two main types of gene expression regulation 

mechanism, which are the negative and positive control (Hardison and Chu, 2019). 

Incidentally, gene overexpression is found to be repressed in the absence of lactose 

and the presence of glucose and induced in the presence of lactose and absence of 

glucose (Hardison and Chu, 2019). 

Figure 1.6: Schematics of Prokaryotic gene regulation of the lac operon (OpenStax College, Biology) 
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Furthermore, biological processes like cell differentiation and morphogenesis are 

driven by the regulation of gene expression (Chen et al., 2013).  The lactose serves 

as both an inducer, and energy source in glycolysis for bacteria gene regulation, 

constituting inducible enzymes, that are responsible for lactose metabolism.               

The amino acid sequence of these enzymes β-galactosidase, premises, and 

transacetylase are encoded by three structural genes lacZ, lacY, and lacA, 

respectively (Santillán and Mackey, 2008). The functions of these enzymes have 

been well studied and presented in several kinds of literature. Other prokaryotic 

gene regulation machinery includes the tryptophan operon and the arabinose 

operon. 

1.9.2 The lac repressor 

The gene that encodes for lac repressor protein is the I gene. The lac repressor is a 

protein that represses (inhibits) the transcription activity of the lac operon. 

Presented a mechanism of regulation (of/on). It does this by binding to the 

operator, which partially overlaps with the promoter. When the operator is bound, 

the lac repressor forms a blockage on the RNA polymerase's way and prevents it 

from transcribing the operon.  
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Figure 1.7: Schematics of Prokaryotic gene regulation of the lac repressor (OpenStax College, Biology) 

 

When lactose is not available, the lac repressor binds tightly to the operator, 

preventing transcription by RNA polymerase. However, when lactose is present, 

the lac repressor loses its ability to bind DNA. It floats off the operator, clearing the 

way for RNA polymerase to transcribe the operon as demonstrated in figure.  

This change in the lac repressor is caused by the small molecule allolactose, an 

isomer of lactose. When lactose is available, some molecules will be converted to 

allolactose inside the cell. Allolactose binds to the lac repressor and makes it 

change shape so it can no longer bind DNA. Allolactose is an example of an inducer, 

a small molecule that triggers expression of a gene or operon. The lac operon is 

considered an inducible operon because it is usually turned off (repressed) but can 

be turned on in the presence of the inducer allolactose. 
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1.9.3 Catabolite activator protein (CAP) 

With the RNA polymerase only being unable to bind tightly tp the lac operon 

promoter, the catabolite activator protein (CAP), supplements the RNA polymerase 

activity in the lac operon, by binding to the region of the DNA just before the lac 

operon promoter, thereby enabling a tighter binding of the RNA polymerase to the 

promoter. This results to a higher level of transcription. This is demonstrated in 

figure 1.8. 

   
Figure 1.8: Schematics of Prokaryotic gene regulation of the Catabolite activator protein (OpenStax 
College, Biology) 

As the CAP is not always active (able to bind DNA), it is however regulated by a 

cyclic AMP (cAMP) molecule. The cAMP is a "hunger signal" made by E. coli when 

glucose levels are low. The cAMP binds to CAP, changing its conformational shape 

and making it able to bind DNA and promote transcription. Without cAMP, the CAP 
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cannot bind DNA hence will remain inactive. In other for CAP to be active, the 

glucose levels must be low (cAMP levels are high). Thus, the lac operon can only be 

transcribed at high levels when glucose is absent. This strategy ensures that 

bacteria only turn on the lac operon and start using lactose after they have used 

up all of the preferred energy source (glucose). 

The success of protein expression using the lac operon in E. coli in largely depended 

on the regulation of its major component. The table 1.4 below, summarises the 

entire events of the lac operon and by extension a successful account of 

recombinant protein synthesis which is vital for the research carried out in this 

work. 

Table 1.4: A Summary of all gene regulation scenarios using the lac operon in E. coli protein 

expression 

Glucose Lactose CAP binds Repressor binds Level of transcription 

Positive Negative Negative Positive No transcription 

Positive Positive Negative Negative Low-level transcription 

Negative Negative Positive Positive No transcription 

Negative Positive Positive Negative Strong transcription 
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Research Questions (Aims of the Study) 

To address the current lack of evidence that may allow GPs to choose heart disease 

treatments based on an individual patient’s genetic profile, by understanding the 

individual binding kinetic affinity of drug classes presently used in the treatment of 

heart disease and their activity with interacting proteins at the drug site of 

therapeutic action. 

The original aim was to measure the binding affinity of common therapeutics for 

treating coronary heart disease against their protein targets and to create 

mutations in these proteins that corresponded to known single nucleotide 

polymorphisms that had been shown to affect therapeutic efficacy.  

Unfortunately, there was a lack of progress in this project due to issues around 

toxicity of the proteins being expressed and the death of the original Director of 

studies the late Prof. Roz Anderson who had originally developed the project. This 

led to the broadening of this research to develop methodologies within the 

research areas of the new supervisory team. The result of this work can be found 

in Chapter 3 where the work concentrated on the analysis of two CHD proteins, 

AGTR1 and HMGCR.  

This similarly resulted to a change of focus of the original aim based on the 

rationale of developing methods within the faculty to address the study of the 

biophysical and biological properties of recombinant proteins expressed in E. coli. 

This resulted in two distinct projects with a common theme around using 
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recombinant proteins to study protein: ligand and protein: protein interactions, 

however with two new aims as follows. 

1. To Investigate the biophysical and biological properties of the heparin binding 

domains in the chemokine CCL5 

2. To investigate protein-protein interactions of Rhodococcus Equi Virulence-

Associated Proteins (VAP). 
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Materials and Methods 
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2. Materials and methods 

2.1.0 Chemical and Reagents 

All chemicals and reagents used were of analytical grade standard hence were not 

purified any further. Solutions and buffers were prepared using deionised water 

and stored at room temperature unless otherwise stated. All PCR primers and out-

door synthesized DNA plasmids were supplied by Integrated DNA Technology UK, 

Source Bioscience UK was used for DNA sequencing. 

2.1.1 Media 

All liquid media were prepared using deionised water, sterilized by autoclaving, and 

stored at room temperature except for solid media that were stored at 4˚C. 

2.1.2 Solid Media 

Solid agar media used include LB agar, 2YT agar, and TB agar, and the media were 

augmented with 2% Agar (Bacteriological No.2) and autoclaved.  For 2YT agar 

media, a mixture of 16g of tryptone powder, 10g of Yeast powder extract and 5g 

of NaCl (Sigma Aldrich UK), for LB agar media, a mixture of 15g of tryptone powder, 

5g of Yeast powder extract and 5g of NaCl (Sigma Aldrich UK), for TB agar media 

12g of tryptone powder, 24g of yeast powder extract and 4ml of sterile glycerol 

were dissolve and adjusted to 1000mL of double-distilled water and autoclaved. A 

solution of sterile and filtered 100ml of 0.17M KH2PO4 and 0.72M K2HPO4 were 

added and accounted for to TB agar media final volume upon cooling. At 50 ˚C, the 

agar broth was aseptically poured into designated Petri dishes and allowed to cool 

at room temperature. 
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2.1.3 Liquid Media (Broth) 

Liquid media (broth) used in the study include Luria-Bertani (LB), Nutrient Broth 

(NB), and 2 times Yeast Extract (2YT). Preparation is similar to the same as in solid 

broth except for no agar where added. All liquid broth were stored at 4˚C. 

2.1.4 Selective Media 

Here, liquid (broth) and solid media were prepared as normal. After autoclaving, 

each medium could cool at about 50˚C and the sterile-filtered antibiotic stock 

solution was added to the concentration of choice and gently shaken. Antibiotics 

used were ampicillin (100µg/mL). 

2.1.5 Bacterial Strains, Plasmids and Cloned Genes 

Cloned genes used include, AGTR1, HMGCR, Wild-type-CCL5, 44BBXB47 mutated 

CCL5 region (CCL5-Mut-LOW), 55BBXXB59 mutated CCL5 region (CCL5-Mut-HIGH), 

both regions mutated CCL5 (CCL5-Mut-BOTH), and the R VAP A, D, E, G, H genes. 

Bacterial strains used include Escherichia Coli Subcloning Efficiency DH5α Competent 

Cells (ThermoFisher Scientific UK), BL21 (DE3) Competent Escherichia Coli cells (New 

England Biolabs UK) and OverExpress™ C43 (DE3) Chemically Competent Escherichia Coli 

cells (Sigma-Aldrich UK). (Hayashi et al., 2007) 

 
Competent cells E. coli genotypes 

OverExpress(tm)C43(DE3) F– ompT gal dcm hsdSB(rB
- mB

-)(DE3) 

BL21(DE3) E. coli str. B F– ompT gal dcm lon hsdSB(rB
–mB

–) λ(DE3 [lacI lacUV5-T7p07 
ind1 sam7 nin5]) [malB+]K-12(λS) 

DH5α F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 
φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK

–mK
+), λ– 

 

E. coli DH5α competent cell was used as a host for cloning while E. coli BL21 (DE3) 

and C43 (DE3) competent cells were used for the recombinant gene expression. 
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Bacterial strains where stored and maintained at -80˚C while plasmids were stored 

at -20˚C. The vector plasmids used include pGEX-6p-1, pMAL-c5x, pMAL-p5x, and 

pET32a. The relevant features of these vector plasmids have been briefly 

described. 

2.2.0 DNA Methods 

2.2.1 Extraction of Plasmid DNA  

Plasmids DNA was extracted using the plasmid miniprep kit (Thermo fishers 

Scientific USA) gel extraction following the manufacturer’s protocol. Plasmid DNA 

concentrations were quantified using a NanoDrop 1000 spectrophotometer 

following the manufacturer’s protocol after calibration using a blank (control). 

2.2.2 Plasmid Maps 
 

Plasmid maps were constructed using PlasMapper, a web-based plasmid map 

drawing software designed by Dong et al., (2004). CDS templates of genes were 

infused into the cloning restriction digest site of the plasmid sequence and fed into 

the program which generates the plasmid-DNA map. The software was available at 

http://wishart.biology.ualberta.ca/PlasMapper/. 

2.2. 3 Electrophoretic analyses of DNA 
 

Agarose gel casting was prepared by boiling 1g of dry agarose powder in 100mL of 

TAE-buffer (Tris-Acetic acid-EDTA) to obtain 1% agarose gel. A comb was inserted 

into the electrophoresis tray, and the molten agarose, which contains 10µL of Gel 

Red, was poured into the casting chamber and allowed to set. Upon setting, the 

casted agarose was placed in the electrophoresis chamber and filled with TAE 
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buffer up to the designated mark in the tank. The comb was carefully withdrawn 

and DNA sample mixture which contains DNA loading buffer loaded on each well. 

The agarose gel was run at a constant current of 120mA for 30 min. Agarose images 

were resolved under UV light using Bio-Rad ChemiDoc imaging machine and 

software. 

2.2.4 Restriction Analysis 
 

The double digest restriction method was applied to all plasmid-DNA, respectively, 

using BamHI and EcoRI restriction endonuclease enzymes (Fermentas Thermo 

Fisher Scientific USA). This was done to generate cohesive ends in a 10 times fast 

digest buffer (Fermentas Thermo Fisher Scientific USA) which supports maximal 

activity for digestion using two enzymes. The concentration of the plasmid-DNA 

(8.6ng/µL), BamHI (38.6ng/µL), and EcoRI (38.5 ng/µL) was recorded as Restriction 

digest mixtures as shown below were incubated for 15min at 37˚C. Restriction 

digest analysis was resolved by agarose gel electrophoresis at a constant current of 

120mA for 30 min. 

Table:  2.0 Restriction Digest Mixtures 
 

Restriction enzymes digest mixture 

Items  Volume (µl) 

Plasmid –DNA  30 

10 x Fast Digest Buffer 12 

Bam H1 4 

EcoR1 4 

PCR-water 50 

Total 100 

 



46  

2.2.5 Cloning of amplified DNA in Vector through Ligation  
 

The genes were cloned into the BamH1 and EcoR1 cloning sites of vectors (pGEX-

6p-1, pMAL-c5x, pMAL-p5X, and pET32a) MCS as shown in DNA-vector maps. 

Purified human AGTR1, HMGCR, CCL5 gene inserts were separately digested with 

BamH1 and EcoR1 restriction enzymes to generate cohesive ends in the NE buffer 

3, that supports optimal activity for double enzymes digestion see table. The 

restriction digestion mixture is shown in table 4.0. Each digestion mixture was 

incubated at 37 °C for 20mins (now linearized) and the DNA inserts were gel 

purified using QIAGEN mini-prep protocol after that. DNA inserts were ligated using 

a sticky end ligation method to the linearized plasmid using the help of DNA ligase. 

The ligation reaction mixture is shown in table 4.1. The ligation reaction products 

were resolved by agarose gel electrophoresis and gel purified. An online tool 

known as ligation calculator (http://www.insilico.uni-

duesseldorf.de/Lig_Input.html) was used to calculate the amount of insert to be 

used at a 3:1 insert to vector ratio, and this was derived by factoring the size of the 

insert (bp), size of the vector (bp) and concentration of the vector (ng), which was 

deduced using a table-top nano-drop spectrometer. The T4 DNA ligase reagents 

are from (Thermo Fishers Scientific). 

 

 

 

 

http://www.insilico.uni-duesseldorf.de/Lig_Input.html
http://www.insilico.uni-duesseldorf.de/Lig_Input.html
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Table 2.1 Sticky End Ligation Mixture  

Ligation Mixture 

Items Volume (µL) 

Vector  1 

5x Ligase buffer 1.4 

Ligase buffer 4 

PEG 4000 1 

Distilled- Water 1.5 

Total 20 

 

 

2.2.6 VAP Protein Plasmid-DNA Constructs 
 

All Rhodococcus equi virulence-associated protein (Vap) DNA-plasmid clones, were 

received as a kind gift from Dr. Lynn Dover of Newcastle University, under adequate 

refrigerated conditions. The R. equi vap clones were transformed firstly into 

Escherichia Coli DH5α and later re-transformed into Escherichia Coli C43 (DE3) in 

the methods described below in section (4.2.7). 

2.2.7 Transformation of chemically competent Escherichia Coli DH5α 
 

An E. coli DH5α strain (New England Biolabs UK) was used as a first-line cloning 

strain. Five microliters of suspected ligated DNA constructs were added to a 50µL 

aliquot of freshly thawed stock of DH5α, chemically competent E. coli and 

incubated on ice for 30 min. It was heat-shocked at 42°C for 45 seconds and 

transferred immediately to the ice for 2 min to recover. A 2YT medium (500µL) was 

added to the solution and incubated at 35°C for 1 hour. A 200 µL and 50µL sample 

of suspension (containing transformed cells) were respectively spread on a 

100µglmL ampicillin-resistant LB agar plate and incubated at 37°C overnight. Single 
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colonies (transformants) were selected and inoculated overnight in a 5 mL of 

ampicillin-resistant 2YT medium and incubate overnight at 37°C with shaking at 

160 rpm, acquired broth was used for plasmid extraction and sent for DNA 

sequencing. 

2.2.8 Transformation into BL21 (DE3) chemically competent Escherichia Coli Strain 
 

An E. coli BL21 (DE3) strain (Sigma Aldrich UK) was used to sub-clone sequence-

verified plasmid DNA products from the original DH5α cloning. 5µL of sequence-

verified plasmid was added to a 50µL aliquot of freshly thawed stock of BL21 (D3) 

chemically competent E. coli and incubated on ice for 30 min. Sample suspension 

was heat-shocked at 42°C for 45 seconds and transferred immediately to the ice 

for 2 min to recover. A 1% glucose supplemented 2YT medium (500µL) was added 

to the solution and incubated at 35°C for 1 hour. A 200 µL and 50µL sample of 

suspension (containing transformed cells) was spread on a 100µglmL ampicillin-

resistant LB agar plate and incubated at 37°C overnight. Single colonies 

(transformants) were selected and inoculated overnight in a 5 mL of ampicillin-

resistant 2YT medium and incubate overnight at 37°C with shaking at 160 rpm, 

lysate recovered was used for plasmid extraction and sent for DNA sequencing. 

 

2.2.9 Transformation into C43 (DE3) chemically competent Escherichia Coli Strain 
 

Ten microliters of suspected ligated DNA constructs were added to a 40µL aliquot 

of freshly thawed stock of C43 (DE3) chemically competent E. coli and incubated 

on ice for 30 min. It was heat-shocked at 42°C in a water bath for 45 seconds and 

transferred immediately to the ice for 2 min to recover. A recovery growth medium 
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(250µL) was added to the solution and incubated at room temperature for 1 hour. 

After that, a 50µL and 200 µL sample of suspension (containing transformed cells) 

was spread on LB agar plates containing 100µglmL ampicillin and incubated at 37°C 

overnight. Selective single colonies (transformants) were selected after the 

overnight incubation and incubated overnight in a 5mL of 2YT broth (with ampicillin 

resistance) at 37°C with shaking at 160 rpm. The transformant broth was pooled 

together and extracted according to Gene Jet plasmid miniprep protocol (Thermo 

scientific UK) and sent for DNA sequencing after plasmid concentration had been 

resolved using nano-drop spectrometer. 

2.3.0 Post-Overexpress Plasmid Stability Assay 

 

About 100µL of lysate samples were withdrawn at 2hours, 3 hours and overnight, 

post-IPTG-induction (0.5mM IPTG) of AGTR1-Fusion protein overexpression. The 

lysates were treated using plasmid preparation methods as described in 2.3.0, to 

extract lysate DNA plasmid. The plasmid concentrations were obtained and 

recorded using a tabletop nano-spectrometer and further clarified using agarose 

gel electrophoresis methods as described in 2.2.3. The stability and quality of 

AGTR1-plasmid DNA are thereafter analysed.  

2.4.0 Protein Method 

2.4.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE 

Analysis)  

A discontinuous electrophoresis gel system (Laemelli, 1970) was used with a 12% 

15 well-precast TGX stain-free gels (Criterion ® Bio-Rad UK). The buffers required 



50  

include a loading buffer 4:1 leammli buffer: ẞ-mercaptoethanol(Biorad UK)), SDS 

running buffer of 1x TGX buffer and precision plus ladder.  The precast TGX strain-

free gel was clamped and placed inside the chamber filled with 1xs TGX running 

buffer.  Each overexpression protein samples, and other lysates were mixed with a 

5:1, loading buffer. SDS-PAGE suspensions were sonicated using a water bath 

sonicate for 5min and heated for 99°C for 5min. The fitted comb attached to the 

precast gel was removed before loading 10µL of protein samples unto the stain-

free gel wells. Gels were electrophoresed for 45 min at a constant voltage of 180V. 

The gels were activated before images were taken. For Coomassie blue staining, 

gels were soaked overnight in coomassie blue and de-stained after 24 hours of 

Coomassie blue staining. SDS-PAGE gels were captured and visualized by the 

ChemiDoc system and software (Bio-Rad UK). 

2.4.2 Protein Overexpression 

Gene fusion protein overexpression was performed after a recombinant plasmid 

had been inserted into a host. This is achieved by transforming a gene into a 

chemically competent cell (BL21 (DE3) and C43 (DE3) with each of the plasmids as 

detailed in 3.2.5. Antibiotics-resistant colonies were selected and grown in 5 mL 

2YT broth overnight at 37°C left to shake at 250 rpm. 1mL portions of the overnight 

grown colonies were sub-cultured into 50mL LB or 2YT broth (ampicillin-resistant). 

The 50mL culture was grown at a selected temperature at 180 rpm. At an optical 

density of 0.6 (OD600), the overexpression culture was induced by a lactose analog 

1mM Isopropyl β-D-thiogalactopyranoside (IPTG) at different concentrations and 

incubated at different times before harvesting by centrifugation. 
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2.4.3 Large-scale gene expression 

Large-scale expression is achieved by selecting a single ampicillin-resistant colony 

(transformant) and grown in 10mL LB or 2YT broth (supplemented with ampicillin 

and 0.5M sorbitol and 1mM Betaine) overnight at 37°C left to shake at 250 rpm. 1 

– 3mL portions of the overnight pre-culture were used to inoculate a 100 mL LB or 

2YT broth (ampicillin-resistant). The 100mL culture was grown at a selected 

temperature and 180 rpm to an optical density of 0.6 – 1 at 200 rpm, 37°C. Protein 

expression was induced upon the addition of optimal IPTG concentration and 

incubated at temperature and time duration that gave maximum protein 

overexpression following optimization. 

2.4.4 Production of Lysates 

After a 300 mL protein overexpression, the cell products were harvested by 

centrifugation at 3000 x g for 10 min at 4°C. The pelleted cells were re-suspended 

with 30mL phosphate buffer saline (PBS), corresponding to the equivalent volume 

of overexpression medium. Thereafter the PBS re-suspended lysates were lysed 

mechanically by sonicating the cell lysates, under these conditions 10 cycles of 

30sec “ON” and 30sec “OFF” sonication, using ultrasonic disintegrator (MSE 

Soniprep 150 plus UK). The cell lysates were sonicated in a sterile 50 mL universal 

tube place on the ice, during the cell lysis procedure. The protein lysates were 

clarified by ultra-centrifugation at 20,000 g for 20 min at 4°C. The supernatant 

recovered from the lysate production was stored as a soluble fraction; 20µL of the 

sample were verified using SDS-PAGE analysis and pellet stored for further 

solubilization analysis, all storages were at -20°C.  
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2.4.5 Protein Refolding and Solubilisation  

The lysate production pellets were weighed and resuspended in 1/10th of 

expression volume firstly in 6M Urea and later in an optimized Urea detergent (8M 

Urea, 0.5% Tween 20, 10mMDTT in 20mM Tris pH 9). The suspension was 

incubated overnight at 4 ° C on a roller. Thereafter, the overnight incubated 

suspension was centrifuged 3000 x g for 10 min at 4°C and supernatant recovered 

and refolded. The refolded fraction was obtained by diluting the supernatant with 

about 20-folds of refolding buffer (20mM Tris buffer at PH 9). The mixture was 

stirred slowly while adding the refolding buffer. A fraction of these products, 

including soluble fraction, insoluble fraction, and refolded fraction, were resolved 

by SDS-PAGE analysis. The rest of the samples stored at -20°C using absolute 

(100%) glycerol for long-term preservation. 

2.4.6 Extraction of Soluble Protein by Further Mechanical Approach 

Initial steps towards harvesting soluble recombinant fusion protein samples are 

described in (2.5.4). Further methods were applied, when soluble protein was 

unable to be harvested sufficiently via the steps described in (2.5.4). Protein lysates 

were re-suspended with centrifugation supernatants obtained at (2.5.4) and stored 

at -20°C for 48 hours. Protein lysate sample, thereafter, withdrawn and freeze-

thawed, after which they were sonicated under these conditions, 10 cycles of 30sec 

“ON” and 30sec “OFF” sonication, using Soniprep 150. Thereafter protein lysate 

samples were clarified by ultra-centrifugation at 20,000 g for 20 min at 4°C. The 

supernatant was recovered as the soluble recombinant protein lysate and stored 

at -20°C, while 20µL of the sample, were verified using SDS-PAGE analysis. 
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2.5.0 Protein Purification Analysis 

The recombinant fusion proteins produced in this research were purified from their 

clarified lysate using two main protein purification methods, which are the batch 

purification and Ni-NTA Spin purification method. 

2.5.1 Batch Purification 

Maltose Binding Protein tagged recombinant fusion protein lysates (soluble 

fractions) were purified through batch purification. This was by applying an 

Amintra MBP resin (Expendeon UK) for MBP tagged protein. A 50% slurry working 

stock was made-up by re-suspending 0.5mL of neat MBP slurry in 0.8mL phosphate 

buffer saline (PBS). For low scale batch purifications, 5mL of lysate suspension were 

added onto 100µL of the 50% slurry in a tightly sealed 15 mL sterile universals, this 

sample suspension, was placed on tabletop roller machine 60mins in a 4 ° C 

environment. After that, the suspension was centrifuged at 6000 rpm for 10mins, 

and supernatant marked and stored as bound protein. 10mL of PBS was applied to 

washing the pellet recovery post-centrifugation for three times in 15 min. To wash, 

the PBS embedded pellet is collected in 15 mL sterile universal tube and placed 

those on a tabletop roller, following the same conditions and time described above. 

After the third wash, pure recombinant fusion proteins were eluted by applying 

100µL of 10mM Maltose to the slurry bound lysates. To analyse the success of this 

procedure, a small fraction of the eluted sample was analysed using SDS-PAGE 

analysis and the rest of the samples stored at -20°C. 
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2.5.2 IMAC Column Chromatography Protein Purification 

N-terminal and C-terminal Histidine-tagged R. equi Vap-fusion protein were 

purified using Ni-NTA IMAC column (Bio-Rad UK) on the Biologic column 

chromatographic system. The application of 1 x NP, 20mM imidazole, positioned 

as running buffer A, was applied throughout the manual mode protein purification, 

at 1 mL/min flow rate. Buffer A was run through the system until the system was 

flushed and a straight baseline, consistently observed on the LP data view. The 

system flow was stopped, and the filling loop isolated and the IMAC-column was 

connected unto the system. Buffer A was running through again, through the 

system, until the baseline was observed to be stable.  About 2 mL of recombinant 

Vap-fusion protein lysate sample was collected on a sterile syringe and loaded into 

the fill-loop. Also, the outflow was connected to the fraction collector and started, 

at a collection volume of 1mL.  The filling loop was then connected in-line and 

purification initiated by pressing “start” and “record.” The sample could continue 

to run until unbound Vap-fusion proteins flow through completely and the 

chromatogram is returned to baseline. This was repeated until an optimal pure 

sample set of 8 – 10 fractions were collected. The system was thereafter stopped 

and buffer A, replaced with 1 x NP imidazole 500 mM buffer B, and the buffer B 

could run until final pure proteins were eluted, and baseline stabilized. The sample 

collection was stopped, and LP data view recording saved. The IMAC-column was 

dismantled and gently flushed by applying 0.1 M NaOH using a syringe. 
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2.5.3 Bradford Assay 

Bradford assay is a rapid and sensitive protein quantitation method for testing for 

the presence of microgram proteins, using protein binding dyes. This assay 

measures the concentration of absolute proteins in a sample. About 30µL each of 

some selected eluted Ni-NTA purified proteins, was added unto a sterile 96 well 

plate. Assay blank was established by adding 30µL of water on a separate well. 

Thereafter, 1.5 mL of Bradford reagents were added unto each well-containing the 

sample and mixed appropriately by pipetting up and down. The reaction was 

observed at room temperature for 5mins and measured thereafter at 595mm using 

a plate reader machine. 

2.5.4 Cleavage Restriction 

The purified MBP fusion protein lysate sample was measured for its concentration 

using a tabletop nano-drop spectrometry. The sample concentration per mg/mL 

was used to calculate the total volume of pure MBP fusion protein lysate required 

to perform cleavage restriction. A variable amount of PBS was used to mark up the 

volume of pure lysate to 20µL in cases where the concentration of the pure MBP 

fused protein lysate required a low amount due to its original concentration.  

Thereafter, 1µL of 200µg/mL of factor-Xa protease (NEB, UK #P80105) was added 

to the purified MBP fusion protein lysates respectively and mixed by vortex for 30 

seconds. The only 5µL of the factor-Xa protease mixture was applied to the 

analysis, alongside MBP5 paramyosin (NEB UK, #E80525), which was used as a 

positive control. Cleavage removal mixture was incubated for a 24hours period and 

samples were taken at the 4th hour, 6th hour and 24th hour period respectively. 
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Thereafter, 2.5µL of 4x loading buffer was added after cleavage was completed at 

every stage of sample withdrawal (4H, 6H, and 24H). MBP restricted sample was 

heated for 5min and analyzed using SDS-PAGE analysis. Most of the samples are 

thereafter stored at -20°C. 

2.6.0 Protein Isolation  

After the recombinant CCL5-MBP fusion proteins were successfully cleaved, using 

factor Xa protease (Bio Lab UK). A few other techniques were employed to harvest 

and isolate and independent recombinant CCL5 protein, from its original fusion 

protein construct. Below are the methods applied with the aim of isolated non-

tagged recombinant CCL5 wild type and mutant proteins. 

2.6.1 Protein Isolation by MBP Reverse-Batch Purification  

1 mL of Factor-Xa digested, pure CCL5 - fusion protein lysates, was withdrawn from 

-20°C and freeze-thawed and transferred into a 1.5mL microcentrifuge tube. 400µL 

of MBP Amintra Resin 20% Ethanol (Expendon UK), was added to the pure cleaved 

fusion protein sample and mixed gently. The sample mixture was thereafter 

incubated at 4°C for a period of 1 hour and 12 hours respectively on a tabletop 

rolling machine. After the incubation, the sample mixture was centrifuged at 

14,000 rpm for 15 mins on a table-top microcentrifuge. The sample mixture 

supernatants were recovered and a 20µL analyzed using SDS-PAGE for the 

presence of isolated pure CCL5 protein. The pellets containing the MBP-resin were 

all analysed by SDS-PAGE. The rest of the samples were stored at -20°C thereafter. 
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2.6.2 Protein Isolation by Heparin Reverse-Batch Purification  

5mL of soluble Wildtype-CCL5 – MBP fusion protein lysates, was withdrawn from -

20°C and freeze-thawed and transferred into a 10 mL sterile universal tube. 100µL 

of Capto TM Heparin Resin (GE Healthcare Science UK), was added to the soluble 

protein sample and mixed gently. The sample mixture was thereafter incubated at 

4°C for a period of 2 hours on a table-top rolling machine. After the incubation, the 

sample mixture was centrifuged at 14,000 rpm for 15 mins. The sample mixture 

supernatant decanted, while the resin pellet was recovered and washed three 

times intermittently with PBS, by incubating on a table-top roller for 30min at 4°C. 

After the final wash, the heparin resin was recovered and analysed using SDS-PAGE 

for the presence of isolated pure CCL5 protein.  

2.6.3 Isolation by Centrifugal Filtration 

The Amicon Ultra-15 Centrifugal Filter Device is a single spin protein recovery 

approach of the retained protein (CCL5) via ultra-filtration. The device was 

calibrated by adding 5 mL of PBS unto the filter chamber unit and centrifuging at 

3000 rpm for 5 mins, to wet the filter. 1.5 mL of Factor-Xa digested, freeze-thawed 

pure CCL5 - fusion protein lysates were loaded unto the upper chamber of a 30,000 

Da Amicon Ultra-15 Centrifugal Filter Device (Millipore UK). The filter chamber was 

inserted back to the Amicon device and tightly sealed to avoid leakage. Thereafter, 

Amicon tube was centrifuged at 6,000 rpm for 15 Min at 25°C.  The CCL5-fusion 

protein samples, retained at the filter chamber of the Amicon tube, were obtained 

by pipetting and designated as a supernatant sample. While the samples that had 

flown through the 30,000 Da pores, where retained at the lower part of the 
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chamber, and collected by pipetting and designated as flow-through samples. Both 

the supernatant and flow-through samples of the 30,000 Da Amicon Ultra-15 

Centrifugal filtration, were analysed for the presence of native recombinant CCL5 

protein from its fusion construct. About 20µL the samples were further analysed 

using SDS-PAGE analysis. The remaining samples are thereafter stored at -20°C. 

2.6.4 Buffer Exchange Optimised Centrifugal Filter Isolation 

A buffer exchange reaction was initiated on purified factor-Xa cleaved, CCL5-MBP 

fusion protein samples, by applying 50 mM Tris pH 8.5 150 mM NaCl buffer, to 

purge the purified protein lysate of Phosphate buffer saline (PBS). A 1 mL sample 

of factor-Xa digested, purified CCL5 - fusion protein lysate of 1.28mg/mL was 

withdrawn from -20°C and freeze-thawed. Thereafter, the sample was loaded unto 

the filter chamber unit of a 30,000 Da, Amicon Ultra-15 Centrifuge device and made 

up to 3 mL volume by adding 2 mL 50mM Tris pH 8, 150 mM NaCl buffer. The filter 

chamber was inserted back to the Amicon device and tightly sealed to avoid 

leakage. Thereafter, Amicon tube was centrifuged at 5,000 rpm for 20 Min at 25°C. 

This buffer exchange and centrifugation process were repeated three times, by 

applying a total volume of 6 mL of 50mM Tris pH 8, 150 mM NaCL buffer on the 

PBS buffered, purified CCL5-fusion protein sample. After the last centrifugation, 

the purified CCL5 protein samples, retained at the filter chamber of the 30,000 Da 

Amicon tube, were obtained by pipetting at stored at -20°C. About 20µL of the 

samples were further analysed using SDS-PAGE analysis to verify the presence of 

8kDa pure CCL5 protein. 
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2.6.5 2nd Buffer Exchange and Size Differential Optimised Centrifugal Filter 

Isolation 

A second buffer exchange reaction was initiated on purified factor-Xa cleaved, 

CCL5-MutBoth-MBP fusion protein samples by applying 20mM Tris, 1mM EDTA, 

1mM DTT, 5mM MgCl2 pH 8.0 buffer, to purge the purified protein lysate of 

Phosphate buffer saline (PBS). A 1 mL sample of factor-Xa digested, purified CCL5-

MutBoth-MBP protein lysate of 3.731 mg/mL was withdrawn from -20°C and 

freeze-thawed. Thereafter, the sample was loaded unto the filter chamber unit of 

a 30,000 Da and 50,000 Da Amicon Ultra-15 Centrifuge device respectively, and 

made up to 500 µL of 20mM Tris, 1mM EDTA, 1mM DTT, 5mM MgCl2 pH 8.0 buffer. 

The filter chamber was inserted back to the Amicon device and tightly sealed to 

avoid leakage. Thereafter, Amicon tube was centrifuged at 6,000 rpm for 35 Min at 

25°C. This buffer exchange and centrifugation process were repeated three times, 

by applying a total volume of 1.5 mL of 20mM Tris, 1mM EDTA, 1mM DTT, 5mM 

MgCl2 pH 8.0 buffer on the PBS buffered, purified CCL5-MutBoth-MBP protein 

sample. After the last centrifugation, the supernatant and flow-through CCL5-

MutBoth-MBP samples, retained at the two chambers of both 30,000 Da and 

50,000 Da Amicon tubes, were obtained by pipetting at stored at -20°C. About 20µL 

the samples were further analyzed using SDS-PAGE analysis to verify the presence 

of 8kDa pure isolated CCL5-MutBoth protein. 
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2.6.6 Size Differential Exclusion Based Centrifugal Filter Devices Isolation 

A 4 mL purified CCL5 -fusion protein lysate product (1.28 mg/mL) which had been 

buffer exchanged, and protease cleaved was withdrawn from -20°C and freeze-

thawed. Thereafter, the sample was loaded unto the filter chamber unit of a 30,000 

Da, Amicon Ultra-15 Centrifuge device. The filter chamber was inserted back to the 

Amicon device and tightly sealed to avoid leakage and was centrifuged at 5,000 

rpm for 20 Min at 25°C. About 400µL of protein samples, retained at the filter 

chamber of the 30,000 Da Amicon tube, were obtained by pipetting and stored at 

-20°C, while about 2.5 mL 30KDa and 50kDa Amicon separation of CCL5MutBoth- 

MBP flow-through sample was recovered and analysed further, by concentrating 

protein sample, using a 3,000 Da Amicon Ultra-15 Centrifuge device. The samples 

were loaded unto the filter chamber unit of the 3,000 Da, Amicon Ultra-15 

centrifuge device and centrifuged at 5,000 rpm for 20 Min at 25°C. 200µL 

supernatant samples retained at the filter chamber were obtained by pipetting at 

stored at -20°C.Thereafter, 20µL of each the samples were further analysed using 

SDS-PAGE analysis to verify the presence of 8kDa pure CCL5 protein. A second size 

differential protein isolation was assayed, by applying a 4 mL buffer exchanged, 

protease cleaved purified CCL5 - fusion protein lysate to a 30,000 Da and 50,000 

Da Amicon Ultra-15 Centrifuge device, respectively. The rest of the methods 

followed through as described in 2.7.2 except with centrifugation time been 

increased to 1 hour. Both supernatant samples (held at the filter chamber) and 

flow-through samples of the 30,000 Da and 50,000 Da Amicon Ultra-15 Centrifuge 

devices were recovered and 20µL of each sample verified using SDS-PAGE analysis.  
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2.7.0 Isolation of Disrupted Cellular Debris by Dialysis  

Before SPR investigation, all purified protein samples used in this work were 

subjected to nucleic acid removal treatment by adding 0.05mg DNase (Sigma 

Aldrich USA), and 0.005mg RNase (Sigma Aldrich USA) into 4mL purified protein 

samples, to remove unwanted nucleic acid /disrupted cellular materials from the 

recombinant protein in other to reduce viscosity. Thereafter, the protein sample 

was loaded upon a molecular porous dialysis membrane tubing MWCO-35Kd 

(Spectrum Laboratories Inc. USA) after water had been added to the dialysis tubing 

to moisturize and allow for easy loading protein sample. Care was taken to ensure 

that samples were loaded carefully before and after a double airtight knot was 

formed. About 500 mL of dialysis buffer 10mM HEPES, 2M NaCl, 50mM EDTA, 

0.005% Tween 20 (for CCL5-proteins) and 10mM HEPES, pH 7.4, 150 mM NaCl, 

3mM EDTA 3mM, Tween 20 0.005% respectively were added unto 1000 mL beaker, 

with a magnetic stirrer aid added. Thereafter the purified protein knotted dialysis 

tubing was dropped into the buffer-loaded beaker and place on a stirrer to stir at 

30 rpm for 24 hours at 4°C. The protein concentration after dialyzed chemokine-

CCL5 and Vap-proteins are presented in chapters 4 and 5 respectively.  

2.7.1 Dialysis of Biotin-Heparin Sodium Salt 

Heparin-biotin sodium salt ≥ 97% of 15kDa lot (B9806) acquired from Sigma Aldrich 

was found to have excess unbound biotin contamination. To clean up the heparin-

biotin sodium salt, dialysis was applied using a Slide-A-Lyzer 2K (2,000 MWC) 

dialysis cassette (Thermo Scientific. USA). Heparin-biotin sodium salt was bought 

in a 10mg/mL stock concentration. A 1mg/mL concentration to a 3mL volume was 
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obtained by diluting 300µL of 10mg/mL heparin-biotin sodium salt, in a 2.7mL of 

300mM NaCl salt. The 3mL of heparin-biotin sodium salt 1mg/mL was collected 

using a 500 mL sterile string and injected into the dialysis cassette, by channelling 

the needle through the tiny hole of the dialysis cassette. About 400 mL of 10mM 

HEPES, 2M NaCl, 50mM EDTA, 0.005% Tween 20 (dialysis buffer) was added unto 

1000 mL beaker, with a magnetic stirrer aid added. Thereafter the heparin-biotin 

loaded dialysis cassette was dropped into the buffer-loaded beaker and place on a 

stirrer to stir at 30 rpm for 5 hours at 4 °C. The dialysis buffer was changed 

intermittently hourly. About 1.5 mL, 63µg/mL (0.063 mg/mL) of dialyzed heparin-

biotin sodium salt sample was recovered at the end of the dialysis. 

2.8.0 Surface Plasmon Resonance 

Surface Plasmon resonance (SPR) is a specialized and reproducible microfluidic 

technique used to investigate the binding interaction, kinetics, and affinity 

between non-labelled molecules and substrates as previous described ((Sarrazin et 

al., 2005, Martínez‐Burgo et al., 2019). The SPR used for this study is a Biacore 

system, this instrumentation works by immobilizing a molecule often referred to 

as a “ligand” onto the surface of a sensor chip, after which the “analyte” molecule 

is flown over the immobilized ligand. The binding interaction assayed in this thesis 

using SPR is (i) WT-CCL5 and its mutants against a biotinylated heparin sugar 

molecule and the (ii) binding interactions between of R. equi Vap proteins. All SPR 

work was performed in the Newcastle University United Kingdom using a Biacore 

X100 under the guidance of Dr. Helen Waller (ICaMB, Newcastle University). The 

running buffer used was HBS-P (10mM HEPES pH7.4, 150mM NaCl, 0.005% P20) 
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and all reagents used are from GE Healthcare (Uppsala, Sweden), except otherwise 

stated. 

2.8.1 SPR Capturing Methods 

2.8.1.1 VapA-pET22a Immobilisation 

The outer layer of CM5 Biacore sensor chips are coated with a matrix of covalently 

linked carboxymethylated dextran; these unbranched polymers of carbohydrate 

molecules present to be flexible therefore permitting the movement of ligands 

when attached on them.  The binding interaction of R. equi VapA-pET23a was done 

via Surface Plasmon Resonance at 25°C. The immobilization method for CM5 

sensor chip was initiated via the amine coupling process (direct or covalent 

coupling method) as introduced in section 1.2.1. A new CM5 chip was docked unto 

the BIAcore X100 and was activated using a 1:1 mixture 200µL of 1-ethyl-3-(3-

dimethylamino propyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

respectively, were injected unto flow path 2-1 for 600 seconds at 5µL/min flowrate. 

Thereafter injection flow path was changed to flow cell 2 (fc2), leaving the flow cell 

1 (fc1) as the reference flow cell. An RNase and DNase purified VapA-pET23a 

dialyzed in 10mM HEPES, pH 7.4, containing 150 mM NaCl, EDTA 3mM, Tween 20 

0.005% overnight at 4°C, and was diluted to 650 µg/mL and injected on the 

activated sensor chip at 5 µL/min for 120 seconds on flow cell 2. After enough 

VapA-pET23a was immobilized, the flow path was changed to 1 and 2, where the 

reactive groups remaining on the activated CM5 surface were blocked with 1M 

ethanolamine-HCl pH 8.5 at flow rate 5 µL/min on both flow cell 1 and 2 for 60 
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seconds. VapA-pET23a CM5 biosensor chip immobilization level was found to be 

1,911 response units (RU).  

 
Figure 2.1: A typical sensorgram schematics of ligand immobilization using amine coupling.  
 
Trace showing the surface activation of CM5 chip using EDC/NHS followed by the ligand immobilization 
and deactivation by ethanolamine. (Jahanshahi et al., 2014) 
 
 

2.8.1.2 Biotinylated-Heparin Immobilisation 

The outer layer of streptavidin (SA) Biacore sensor chips are coated with a matrix 

of covalently linked streptavidin dextran, these unbranched polymers of 

streptavidin molecules present to form an irreversible binding complex with 

biotinylated ligand molecules when attached on them.  The binding interaction of 

biotinylated heparin was done via Surface Plasmon Resonance at 25°C. The 

immobilization method for the SA sensor chip was initiated via a non-covalent 

coupling process (indirect coupling method) as introduced in section 1.2.1. A new 

SA chip was docked unto the BIAcore X100 and was normalized by injecting a pre-

wash buffer (1.5 NaCl, 50mM NaOH) for 60 seconds at 10µL/min flowrate on fc 2-

1. Thereafter injection flow path was changed to flow cell 2 (fc2), leaving the flow 

cell 1 (fc1) as the reference flow cell.  20µg/ml of biotinylated heparin in 300 mM 
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NaCl was at 10µL/min unto the flow cell 2 of the SA Biacore sensor chips for 60 

seconds. Thereafter dialyzed biotinylated heparin immobilization reached 77 RU; 

hence flowrate was changed to 5µg/mL and injected for 120 seconds to obtain an 

immobilization level of 204 RU. This injection was repeated for another 120 

seconds until the maximum RU of 517 was reached. The flow path remained 

unchanged, and the immobilized SA-biosensor chip was regenerated by injecting 

2M NaCl, at 5µL/min for 120 seconds to remove unbound heparin. 

2.9.0. SPR Binding Affinity and Kinetics Interaction Methods 

 

2.9.1 Binding Interaction of R. equi Virulence Associated Proteins 
 

The following Vap proteins VapG-pET23a, VapG-pET28, VapH-pET2 and VapE-

pET23a, at 50µM and 100µM (diluted in 10mM HEPES, pH 7.4,150mM NaCl, EDTA 

3mM, Tween 20 0.005%), were passed over the VapA-pET23a activated and 

immobilized biosensor on a customised automatic run at 25°C.  Custom assay was 

set up at 60 seconds association time and 500 seconds dissociation time, at flow 

rate of 10µL/min and regeneration at 60 seconds at 10µL/min using buffer. The 

binding affinity and kinetics results of VapA-pET23a protein against VapG-pET23a, 

VapG-pET28, VapH-pET2, and VapE-pET23a, were shown on a sensorgram and 

analyzed using a BIAcore SPR X100, BIAevaluation software. 

2.9.2 Binding Interaction Chemokine - Biotinylated Heparin 
 

Following the surface preparation of the SA Biacore sensor chips, SPR binding 

affinity was performed to compare the binding interaction properties of the 

immobilized biotinylated heparin, against different concentrations of CCL5 
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chemokines (wild-type and mutants). A concentration range of CCL5 protein 

(positive control) acquired from 1 µg/mL – 0.01 µg/mL (control-CCL5), Wt-CCL5-

MBP, CCL5-MutBoth-MBP, CCL5-MutBoth-MBP and CCL5-MutBoth-MBP of 

consistent concentrations (1µg/mL – 0.01µg/mL), were flown over the surface of 

the immobilized SA chip at 30µL/min for 120 seconds (association), with a 

dissociation phase of 500 seconds as similarly described (Martínez‐Burgo et al., 

2019). A flow cell of 2 – 1 was used for the streptavidin immobilized SPR 

experiment, were the reference flow cell (flow cell 1) was subtracted from the RU 

and the binding kinetics sensorgram results analysed using a BIAevaluation 

software. 

2.10. Other Binding Interaction Assay Techniques 

 

2.10.1 Trans Endothelium Flow Assay 
 

In other to investigate the neutrophil adhesion in response to endogenous and exogenous 

CCL5 peptides under physiological in vitro condition, the Venaflux platform (Cellix Ltd., 

Dublin, Ireland) was applied. 

2.10.1.1 Cell culture 

A 175 cm2 tissue flask was grown to confluency in MCDB-131 media (Carter et al, 

2003) with HMEC-1 endothelial cells and then stimulated for 24 hours with TNF-α 

(10 ng ml-1) and IFN-γ (10 ng ml-1). THP-1 monocytes were grown in suspension to 

confluency and stimulated with TNF-α (10 ng ml-1) and IFN-γ (10 ng ml-1) for 24 

hours prior to running the assay. 
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2.10.1.2 Seeding the flow chamber 

A vena8 endothelial+ chip (Cellix, Ireland) is used for the assays and image of the 

biochip platform is shown below. Each channel of the chip was loaded with 10 µl 

of Bovine Fibronectin (5mg ml-1 in 0.5M TBS pH 7.5, Sigma Aldrich, UK) and left 

overnight. The Following day the endothelial cells are trypsinised, washed, and 

then resuspended in 400 µl of complete MCDB-131 media. The Fibrinogen solution 

was flushed out of the chambers with air and then 5 µl of HMEC-1 cells were 

pipetted into each of the 8 channels, the number of endothelial cells was in excess. 

 

Figure 2.2: A typical sample image of a vena8 endothelial chip 

The flow chamber is then placed in a tissue culture incubator for three hours to 

allow the endothelial cells to form a monolayer on the lower surface of the chip. 

After three hours the wells are flushed with warm Gey’s balanced salts solution 

(Sigma-Aldrich, UK) to remove any unbound endothelial cells. 

2.10.1.3 Performing the flow assays under flow condition. 

The flow assays were performed using an Exigo pump (Cellix, Ireland) controlled 

using the Smartflow software provided by the manufacturer. The pump was run 

using a 1ml syringe to hold the fluid and the viscosity of the fluid was set in the 

software as 0.01 dyne. The chamber was placed on an inverted microscope 
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connected to a GXCAM hichrome-lite digital camera (GT Vision, UK). The assays for 

each chamber were run as follows. Each chamber was run with Gey’s balanced salt 

containing either no chemokine or chemokine added at concentration of 100 ng 

ml-1 for the peprotech CCL5 or at 500 ng ml-1 of the recombinant CCL5-MBP fusion 

protein, the solution was run through the chamber at 10 µL/min, for three minutes. 

The recombinant chemokine had been digested to release the MBP tag, but the 

MBP was still present in solution, so this is accounted for by adding a higher weight: 

volume. Then the stimulated THP-1 cells were run into the chamber at a flow rate 

of 10 µl min-1 for 30 secs followed by a flow rate of 1µl min-1 for 4.5 mins and this 

was recorded using camera device attached to the microscope. The number of cells 

sticking to the surface of the endothelium was counted for analysis. 

2.10.2 Thermal Shift Assay 
 

Thermal shift assay was conducted using manufacturers control and recombinant 

R. equi Vap proteins in accordance with manufacturer’s guidelines. The protocol for 

Thermal Shift™ Dye Kit manufactured by Thermo Fisher Scientific USA was applied. 
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3.0 Case Study: Coronary Heart Disease  

Coronary heart disease (CHD) or coronary vascular disease (CVD) is a group of 

diseases caused by the build-up or blockage of coronary arteries by lipid plaques. 

These arteries supply oxygenated blood to the heart (Nhlbi.nih.gov, 2020). CHD is 

clinically characterized by angina (chest pain), periodic heartburn and discomfort, 

often traveling into the arm, jaw, neck, shoulder or back. These clinical indications 

are often followed by heart attacks and, commonly, heart failure (Benjamin et al., 

2019, CDCP, 2020). Many risk factors have been implicated by many risk factors, 

including high blood cholesterol, genetics, obesity, smoking, diabetes, excessive 

alcohol, diet, and lack of exercise, among others (Mehta et al., 2014; Mendis et al., 

2011). According to the 2018 Global Burden of Disease study and a 2019 review on 

the epidemiology of CHD in the United Kingdom, CHD has maintained its lead as the 

number 1 cause of global mortality (Mensah et al., 2019), with an estimated 17.5 

million global mortality rates in 2015 (Nowbar et al., 2019) and 17.9 million deaths 

in 2016 (Who.int, 2020). About 26.6 million people were diagnosed with CHD in the 

United States in 2014, of which 611,105 eventually died (CDC, 2015; Mozaffarian 

and Benjamin, 2015). 

In the United Kingdom alone, an average of 1.7million instances of CHD-related 

episodes was recorded in NHS hospitals between 2013 and 2016. Consequently, 

CHD is the second main cause of death at 28%, with over 155,000 deaths annually 

(British Heart Foundation, 2015). According to recent reports, CHD accounted for 

about 404,000 inpatient cases in NHS hospitals, with a total health cost expenditure 

of about £6.8 billion in 2013 alone (Townsend et al., 2015). A review based on the 
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Cardiovascular Disease Statistics 2014 shows the northeast of England has the 

highest prevalence of CHD, with the maximum mortality rate of 4.5% in the United 

Kingdom (Prachi et al., 2015). 

While the coronary heart disease pandemic remains alarmingly on the rise, some 

epidemiologists have suggested that cardiovascular disease-related mortality rate 

by the year 2020 might be a leading cause of 25 million deaths, representing about 

36% of the global mortality rate.  (Katz 2011, Prachi et al., 2015)  

This research focuses on the eminent need to achieve clinically proven and 

acceptably safe, effective, and more personalized medication for millions of 

patients suffering from coronary heart disease through the application of 

pharmacogenomics. Earlier research by Miller and Miller (1975); David and John 

(2002) and Sekar et al. (2008) have uniformly reported high intracellular LDL (serum 

cholesterol) as a significant risk factor associated with increased occurrence of CHD. 

Cooper-DeHoff and Johnson in 2015 similarly reported the present clinical 

application of blood pressure control drugs to have only achieved ˂50% result 

among patients undergoing hypertension treatment. The angiotensin-renin system 

via aldosterone in the kidney plays a long-term blood pressure-lowering function in 

the management of hypertension (Doolittle, 1983). Rose and Mark (2002), 

however, reported that this mechanism often progresses to heart failure when it 

becomes maladaptive. 
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3.1.0 Pharmaceutical CHD Treatment Options 

 

Presently, according to the National Institute for Health and Care Excellence (NICE) 

prescription clinical guideline, as adopted by the National Health Services (NHS) in 

the United Kingdom, the available clinical chemotherapeutic options for the 

management and treating coronary heart disease revolve around six major classes 

of drugs (NHS 2014). 

Table 1.1 presents these six classes of drugs, their precise corresponding binding 

protein or site of action where the individual classes of drugs have been observed 

to exert pharmacological activity in the human intracellular or extracellular 

membrane. More so, the table presents information on the domain 

characterization of these individual proteins, whether they are enzyme-bound 

proteins, transmembrane proteins, or receptor-bound proteins. 

 
Table 3.1: NICE Current CHD Treatment Options 

 
 Names of Drug Drug Site of Action/ Protein 

Targets 
Types of 
Proteins 

Target Location Protein 
Classification 

1 Statins 3-Hydroxy 3-methyglutanyl 
coenzyme (HMG-CoA) 

reductase Inhibitor 

Enzyme Endoplasmic 
reticulum 

membrane 

Glycoprotein 

2 Angiotensin-
Converting Enzyme 

Inhibitors 

Angiotensin-Converting 
Enzyme (ACE) 

Enzyme Cell membrane  

3 Angiotensin II 
Receptor 

Antagonists 

Angiotensin II Receptor 
Type 1 (AGTR1) 

Transmembrane 
and Receptor 

Cell membrane G-pro 

4 Calcium Channel 
Blockers 

Calcium channel voltage-
dependent gamma subunit 

3 (CACNA1A) 

Receptor Multi-pass 
membrane 

 

5 β-Blocker Adrenergic Receptor Beta 1 
(ADRB1) 

Receptor Plasma 
membrane 

 

6 Anti-platelet 
Agents 

Platelet’s adenosine 
diphosphate receptor 

(P2Y12) 

Receptor Cell membrane  
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While there has been significant therapeutic intervention in the treatment and 

management of CVD in the last two decades using these classes of drugs (BHF, 

2015), studies have shown alarming numbers of CHD patients who experienced no 

therapeutic benefit, and others with life-threatening adverse drug reaction 

concerns (Gholami et al., 2008). 

These concerns are largely due to the present limitations in understanding the few 

cases of therapeutic inefficacy and adverse drug reaction concerns associated with 

the NICE clinical prescription guidelines for the six classes of drugs used in treating 

CHD. The drugs that are presently available to hospitals and GPs have continued to 

be prescribed to patients as a first, second, and third line of CHD prescription 

medication without recourse to individual patient’s genomic profile. The 

challenges posed by the present prescription guidelines have ultimately resulted in 

a non-patient specific one-dose-fits-all medication approach. These worrisome 

realities may lead to more complications of patient disease and health states, 

toxicity-related adverse drug reaction concerns, and perhaps death in some cases. 

3.2 Mechanism of Action of CHD Drugs 

 

3.2.1 Statins 

Statins or HMG-CoA reductase inhibitors are classified under the anti-cholesterol 

family of drugs. Their major effectiveness is evident in both the primary and 

secondary inhibition of ischemic cardiac attack (David and John, 2002). Statins, also 

known as 3-hydroxy-3-methylglutanyl coenzyme (HMG-CoA) reductase Inhibitors, 

acts by competitively inhibiting the enzyme 3-hydroxy-3-methylglutanyl coenzyme 

(HMG- CoA) reductase or HMGCR, and act as therapeutic agents in the reduction 
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of CHD risk. HMGCR is classified as a rate-regulating enzyme in the mevalonate 

pathway of cholesterol biosynthesis using four electrons in the reduction of 

HMGCR enzyme to mevalonic acid and coenzyme A (CoA) and two NADPH as 

electron donors. Mevalonate (mevalonic acid), an isoprenoid, is a precursor of 

cholesterol in the cholesterol biosynthesis pathway; other products of mevalonic 

acid biosynthesis are heme and farnesyl-pyrophosphate. The activity of the HMGCR 

enzyme is regulated by the availability of intracellular cholesterol plasma levels, 

through a series of controlled transcription and translation mechanisms. These 

mechanisms involve the degradation of present enzymes and a protein kinase-

catalyzed phosphorylation of Ser872, which results in a reduced affinity for NADPH 

and a consequent decline in HMGCR activity (Istvan and Deisenhofer, 2000, Istvan 

et al., 2001).  The affinity of statins for the enzyme HMGCR is nearly 3-fold greater 

than the HMG-CoA natural substrate (Moghadasian, 1999). The overall 

pharmacokinetics of statins because of an up-regulation of low-density-lipoprotein 

receptors in the liver, leads to an intracellular decrease of low-density lipoprotein 

cholesterol (LDL-C) of between 20-60% patient users, depending on the dosage and 

the exact statin administered (David and John, 2010). Statins do to exhibit 

pleiotropic characteristics hence the inhibition of the mevalonate pathway is not 

only associated with the treatment of coronary heart disease but also with 

inhibiting proliferation signals for cancerous cells, as review by Swanson and Hohl 

(2006). 
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Table 3.2: Generational classification of major statin drugs 

First Generation      Reg: Year Second Generation    Reg: Year Third Generation    Reg: Year 

Simvastatin 1981 Fluvastatin 1993 Pitavastatin 2009 

Lovastatin 1987 Atorvastatin 1996 Rosuvastatin 2010 

  Pravastatin 1996 

 

 

          

        Lovastatin                              Fluvastatin                                 Pitavastatin 

 (1st Generation)           (2nd Generation)            (3rd Generation) 

 

Figure 3.0: Structure of selected Statin based on their generation. 

 

3.2.2 Statin Binding Receptor 

3.2. 2.1 Hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) Reductase 
Enzyme 

 

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is a 

member of the transmembrane glycoprotein encoded by the human HMGCR gene, 

which has a length of about 2500bp in its open reading frame (ORF) and positioned 

on chromosome 5 at the 5q13.3-q14 position (Friesen and Rodwell, 2004). Human 

HMG-CoA reductase, also designated as HMGCR, has a molecular weight of 

97,476Da with 888 amino acids (Navdar et al., 2003). HMGCR is a four-electron 

oxidoreductase which performs a rate-limiting enzymatic activity in the conversion 

of mevalonate to cholesterol in the biosynthesis of cholesterol and other 

isoprenoids (Istvan and Deisenhofer, 2001, Friesen and Rodwell, 2004). The 
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activities of HMGCR are implicated in the regulation of cholesterol biosynthesis by 

activation of sterol regulatory element-binding proteins (SREBP) signaling (Osborne 

and Espenshade, 2009) metabolism. Kersten (2008) demonstrated the role of 

HMGCR in the metabolism of intracellular fatty acid, triacylglycerol, and ketone 

bodies; furthermore, HMGCR plays a role in lipid metabolism regulation through 

the activation of peroxisome proliferator-activated receptor alpha (PPARα). 

HMGCR is routinely regulated by a negative feedback mechanism with the aid of 

sterols and non-sterol metabolites derived from mevalonate. The catalytic domain 

of the human HMGCR gene approximately 200kDa in size is composed of four 

monomeric polypeptide units consisting of two α-subunits and two β-subunits 

which are joined to form a αβ-dimers (Holm and Rosenstrom, 2010).  

3.2.2.2 Statin Interaction with HMGCR 
 

The statin binding interactions with HMGCR remains a crucial aspect of 

understanding their intracellular pharmaco-efficacy in human species. All statins 

share a similar HMG-like moiety, often present in an inactive lactone form. During 

statin metabolism, these pro-drugs become enzymatically hydrolyzed to form their 

active hydroxy acids (Corsini and Maggi, 1995).  Istvan (2003) similarly reported the 

formation of ionic and polar interactions between HMG-like statins and HMGCR 

enzymes interaction, offers flexibility and a degree of conformational 

rearrangement on the carboxyl-terminal residue that permits for the statin 

hydrophobic group to fit between the L-domain helices. 
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Figure (3.1): Quaternary structure of HMG-CoA reductase source: http://www.genecards.org/cgi-
bin/carddisp.pl?gene=HMGCR Date accessed: 13/10/2015 
 

Statins have similar rigid, hydrophobic groups that are covalently linked to the 

HMG-like moiety. Lovastatin, pravastatin, and simvastatin resemble the 

substituted decalin-ring structure of mevastatin, a naturally occurring HMGCR 

inhibitor sourced from a microorganism in the ’70s called Penicillium citrinum 

(Endo et al., 1976).  Fluvastatin, cerivastatin, atorvastatin, and rosuvastatin are 

known as type 1 statins and bind through hydrogen bonds. Furthermore, the 

decalin-ring interactions are entirely synthetic HMGCR inhibitors, which consist of 

larger groups linked to the HMG-like moiety. They allow for a range in 

hydrophobicity from very hydrophobic (e.g., cerivastatin) to partly hydrophobic 

(e.g., rosuvastatin) and bind through their fluorophenyl groups (figure 3.2).  

All statins are competitive inhibitors of HMGCR and effectively binds the HMGCR 

active site substrate; this, however, does not apply to the binding of NADPH in 

HMGCR active site (Endo et al., 1976). The inhibition constant (Ki) values for the 

statin-enzyme complexes range between 0.1 to 2.3nM for all statins (Corsini and 

Maggi, 1995), whereas the Michaelis constant (Km) for HMG-CoA is 4nM (Bischoff 

and Rodwell, 1992).  

http://www.genecards.org/cgi-bin/carddisp.pl?gene=HMGCR
http://www.genecards.org/cgi-bin/carddisp.pl?gene=HMGCR
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Figure 3.2: Comparison of basic type 1 statin structure (mevastatin) and type 2 statin structure (Rosuvastatin) 

 

Furthermore, statins maintain the same structural fold around the active site 

residue. The 3-dimensional X-ray crystallography structure of human HMGCR 

showed that the monomeric αβ-dimers form firm tightly associated tetramers 

(Istvan et al., 2000). However, HMGCR only becomes active for catalytic function 

in its dimeric form. 

Individual monomers of HMGCR consist of three distinct domains that form its 

tertiary structure; a helical amino-terminal domain (N-domain) constituting of 

residues 460 – 527, a large domain (L-domain) constituting of residues 528 – 590 

and 694-872, made up of a 27-residue of α-helix as the central element, and a small 

domain (S-domain) constituting of residues 592 to 682, containing a central 

antiparallel four-stranded β-sheet (Roche, 2004). 
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Figure 3.3: Enclosed view of HMGCR enzyme active site, showing inhibitor (statin) binding. Binding networks 
designated with dotted lines, with numbers that indicate angstrom distances. Reproduced from (Istvan 2003). 

 

The structure of the catalytic portion of human HMGCR is characterized by a loop 

(residues 682– 694, called the “cis loop”), making it ideal for the binding and 

catalysis of statins.  Because statins are competitive to HMGCR, their HMG-like 

moieties bind to the HMG-binding portion of the HMGCR active site. This binding 

occurs at the L-domain of a single monomer, with Tyr479 of the nearest monomer 

forming a hydrophobic shield above the adenine base that encloses the catalytic 

binding pocket (Istvan, 2003).  However, the HMG-binding bulky hydrophobic 

group clashes with residues that constitute the narrow pocket during binding, 

which is meant to provide accommodations for the pantothenic acid moiety of 

CoA. The binding affinity of most statin molecules (particularly the HMG-like 

portion) to the HMGCR enzyme is characterized by a conformational change in the 

less-rigid C-terminal of the HMGCR enzyme α-helices, a movement that allows a 

mild hydrophobic binding site to accommodate the bulky hydrophobic part of the 

statin molecules. Istvan and Diesenhofer (2001) argued that the exhaustive 

mechanism of statin inhibition of HMGCR has remained unresolved.  
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The ability of all statins to function similarly by binding firmly to the HMGCR active 

site thereby inhibits the activities of HMGCR in cholesterol synthesis. Statins are 

found to possess different structural variations that partly account for differences 

in the degree of statin therapeutic potency when administered and their behavior 

on HMGCR enzyme inhibitory activity (Eva, 2003). 

Interestingly, the enclosed view of the human HMGCR active site allows for a better 

understanding of why the HMGCR enzyme active site is considered structurally 

ideal for the binding of statin molecules and ultimate functional in HMGCR 

inhibition (Istvan and Deisenhofer 2009). The ‘cis-loop’ feature permits a 

conformational positioning of different amino acid residues, which binds to the 

HMG-moiety of statin. Several amino acids, such as Lys 691, Ser 684, Lys 692, and Arg 

690, are reported to binding effectively with HMG moiety, while Glu 559 and His 866 

have been suggested as two important amino acids residue that binds the CoA 

moiety of statin (Istvan, 2003). These amino acids are found on the right-hand side 

of the ‘cis-loop’. 

A recent study credited eubacterium (Pseudomonas mevalonii) as the host in which 

the first class II-HMGCR was discovered (PmHMGCR), possessing desirable 

characterization for structural and mechanistic investigation. An HMGCR sequence 

identity-based alignment study of HMGCR (class I) and PmHMGCR (class II) showed 

that the active catalytic domains of both classes are conserved. However, the two 

proteins differ when they form quaternary structures, in that the PmHMGCR 

monomers form a hexamer, in contrast to the formation of a tetramer by human 

HMGCR (Istvan, 2001). Also, one of the major differences between the PmHMGCR 
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and the human HMGCR is the absence of the cis loop on the PmHMGCR, hence, 

the Human HMGCR is the focus of this study. 

While many advanced studies have been ongoing to understand the pharmaco-

therapeutics and pharmacogenetics of statin interaction with HMGCR, most 

researchers have only focused on the effect of one or two individual statins on 

patients of different ages and racial backgrounds. Krauss et al., (2015) reviewed 

variation in the HMGCR gene against ethnic differences in LDL cholesterol response 

to simvastatin treatment; it was concluded that the overall simvastatin-mediated 

LDL cholesterol reduction per ethnicity was not significant, accounting just for only 

2% of total variance in the study response of sample population of 57 people (24 

blacks and 23 whites), in which a total of 79 SNPs was distinctly studied. 

Other vital research on human HMGCR relating to its pharmacodynamics and 

pharmacokinetic have also implicated individual single nucleotide polymorphism 

(SNP) variation and cytochrome P2D6 (CYP2D6) polymorphism as influential factors 

that affect the cholesterol-lowering ability of selected statins (Nordin et al., 1997, 

Salonen et al., 1999, David and John, 2002). 

These studies have further highlighted the need for a new understanding of statin 

and HMGCR gene interaction from a more genomic and pharmacogenomics 

perspective. Hence information was acquired from a pharmacogenomics database 

and used to identify possible HMGCR gene SNPs and mutations that have strong 

clinical annotation among statin users. The focus was to understand the 

pharmacogenomics dynamics associated with statin dosage and usage, and in to 

identify its mutants/SNPs that show clinical annotation. 
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3.3.0 HMGCR Gene Mutants and Polymorphisms 

 

The initial objective of this research with the HMGCR gene was to clone, over-

express, purify and characterize a recombinant human HMGCR gene (Wild Type) 

alongside available variants (mutants) that show convincing clinical annotation and 

prevalence across wider patient statin users. The first task was to acquire 

information on existing human HMGCR mutant genes and identify avail be the 

mutations (mutants)/SNPs that may affect how the drug acts across a range of 

different SNP user categories. A bioinformatics and pharmacogenomics database 

known as PharmGKB used to investigate and retrieve this data. The PharmGKB was 

used to explore the available genomic information on human HMGCR and its SNPs. 

The computational data obtained from PharmGKB indicated that human HMGCR 

has five recognized mutants (Table 2.0). 

  Table 3.3:  Human HMGCR gene mutants 

 
 

HMGCR 
Variant 

 
HMGCR 
Variant 

Location 

Allele 
Variation 

 
Variant 

Characterization 

 
Variant 

Amino Acid 
Translation rs12654264 Intron 12 of 

IVS 12 
A>T Non-coding 

region (Intronic) 
Not 

Applicable 

rs17238540 SNP 29 T>G Intronic Not 
Applicable 

rs17671591 SNP 12 A>T Not Available Not 
Applicable 

rs3846662 N/A A>G Intronic Not 
Applicable 

rs10474433 N/A T>C Not Available Not 
Applicable 

H7 N/A N/A Not Available Not 
Applicable 

  

Source: PharmGKB https://www.pharmgkb.org/gene/PA189#tabview=tab1&subtab=33. Date accessed 7/03/2016 

 

However, rs17238540 and rs3846662 human HMGCR gene mutants generated 

from PharmGKB data were observed to be intronic mutant genes, meaning that 

they have only non-coding sequences within the human HMGCR gene open reading 

https://www.pharmgkb.org/gene/PA189#tabview%3Dtab1%26subtab%3D33
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frame, hence upon protein translation, the mutations do not translate to any 

amino acid substitution. Currently, there are not sufficient literature information 

that exists of human HMGCR rs12654264, rs17671591 and rs10474433 gene 

variants. Available literature shows that the above mentioned human HMGCR gene 

variants cannot be transcribed among statin patient’s users (Table 2.0). The original 

aim of studying how the inhibition of human HMGCR gene by statins could be 

affected by human HMGCR mutations appears not to be possible because the non-

coding sequences of the human HMGCR gene mutants would not reflect mutations 

as amino acid substitution even though it could undergo protein overexpression in 

effect. 

3.3.1 HMGCR Gene Exon 13 Splicing  

Interestingly, Marisa and Ronald (2009), identified a degree of functional variability 

in a non- functional H7 haplotype mutant of recombinant human HMGCR protein 

in their investigation on the role of human HMGCR gene alternative splicing on 

statin efficacy. HMGCR-H7 has been discovered to be linked with baseline lipid 

levels The Multi-Ethnic Study of Atherosclerosis (MESA) and Cholesterol and 

Pharmacogenomics Society study populations. The CAP study showed that African 

American H7 carriers had lower reference line total cholesterol and LDL-cholesterol 

level compared to non-HMGCR-H7 carriers (Krauss et al., 2008). On the other hand, 

MESA investigation with a study population of 612 European Americans, 597 

African Americans, 108 Hispanic Americans, and 627 Chinese Americans, a HMGCR 

H7-haplotype with SNPs 12, 20144 and 29 were reportedly linked with significantly 
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reducing reference line triglycerides within the African American and Hispanic 

American ethnic participants of the study population (Chen et al., 2009). 

Many researchers had earlier reported that an allele of HMGCR v1 haplotypes 

could be associated with reduced LDL-C response to statin (Chasman et al. 2004, 

Krauss et al. 2008, Marisa & Ronald 2009). HMGCR variant H7 haplotype consists 

of three intronic SNPs (rs17244841, rs3846662, and rs17238540) with no obvious 

functionality (splice site) or disequilibrium linkage with exonic SNPs. 

Furthermore, recombinant human HMGCR gene, with an alternative splice of SNP 

rs3846662 located at exon 13 are predicted, to be associated with most of statin-

induced expression when HMGCR mutant H7 exon 13 splice Hmgcr13 (-), which 

means the alternative deficiency of a single HMGCR-H7 exon 13 monomer from its 

theoretical tetramer structure (Medina et al., 2008, Marisa and Ronald 2009). 

Alternative splicing has been implicated as an integral mechanism, regulating the 

risk of most cardiovascular diseases (Komamura et al., 2004; Mango et al., 2005). 

In another study by the Cholesterol and Pharmacogenetic Society (CAPs) on full-

length human HMGCR transcript HMGCR 13(+) and an alternatively spliced HMGCR 

13(-) transcript without exon 13 in an immobilized lymphocytes cell line of 944 

genotyped individuals (335 black and 609 white men and women), 40mg/day 

simvastatin for six weeks showed that alternatively spliced HMGCR mRNA lacking 

exon 13 (SNP rs3846662), along with other CHD risk factors helped to inform nearly 

24% variation of LDL- cholesterol response in the study population (Marisa et al., 

2008). Marisa and Ronald (2009) further hypothesized that successful regulation of 

the human HMGCR gene alternative splicing mechanism might be crucial in 
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understanding how HMGCR exon 13 splicing could inform more effective statin 

response to patients with CHD (Figure 2.3). 

 

Figure (3.4): Schematics of HMGCR alternative splicing Adopted from (Marisa & Ronald 2009). 

 

Although the SNP rs3846662 allele of HMGCR H7 haplotype is known for its role in 

statin-induced expression of HMGCRV_1, the CAPs studies have suggested it may 

not be the sole determinant of exon 13 alternative splicing and hence may not be 

directly or significantly associated with variation in statin response (Marisa et al., 

2008 and Krauss et al., 2008). Interestingly, full-length and HMGCRV_1 transcript 

was identified in all 944 genotypes subject tested in the study. Considering the 

limitation of the CAPs study, in which immobilized lymphocyte cell lines were used 

as a model system for investigating full-length HMGCR expression in vitro.  

3.4.0 AGTR1 Genes and Angiotensin II Receptor Blockers  

Angiotensin II type 1-receptor protein, also designated as AT1-receptor protein, is 

a 41kDa protein, which forms an integral part of the renin-angiotensin system, 

which mediates major cardiovascular functions of the angiotensin II. The human 
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AT1-receptor protein is located on chromosome 3 at the q24 location 148405658 

– 148463790 positions of the human genome (Koike et al., 1994; Lazard et al., 

1995). This transmembrane protein is vital in the regulation of blood pressure and 

modulation of intracellular salt and body fluid level in patients with hypertension, 

myocardial infarction, and coronary heart disease (Wilko et al., 2005, Renato et al., 

2014 and Cooper-DeHoff and Johnson 2011). The AT1-receptor proteins are 

encoded by human angiotensin receptors 1, also known as the AGTR1 gene (Thu et 

al., 2003), and classified under the transmembrane G-protein coupled receptor 

family (Balakumar and Jagadeesh 2015). 

The drug classified as angiotensin receptor II blockers (ARBs), and known as 

angiotensin receptor II antagonist binds specifically, to the angiotensin II receptor 

subtype 1 (AGTR1) or angiotensin II subtype 1 receptor gene. The ARBs act by 

selectively and effectively blocking the angiotensin II activation at the angiotensin 

II AT1 –receptor, which prevents the formation of angiotensin 1. This blockage 

results in a vasodilatory effect and consequent de-activation of the renin-

angiotensin system. On the contrary, when the renin-angiotensin system becomes 

active, vasopressin is produced, thereby reducing the intracellular concentration of 

secreted aldosterol. The aldostreol is found in the kidney as an effective 

osmoregulator, which helps to achieve an increased renal tubule by speeding up 

the re-absorption of potassium, sodium, and water in the blood and urine. This 

phenomenon results necessitates the maintenance of osmolarity in the kidney and 

heart and effectively reduces the risk of CHD and high blood pressure. 

The renin-angiotensin system is primarily involved in a range of activities including, 

the regulation of intracellular plasma volume, moderation of electrolyte, and 
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regulation of arterial blood pressure (Richard et al., 1998).  The renin-angiotensin 

system consists of two distinct enzymes called the rennin, which is an aspartyl 

protease enzyme and angiotensin-converting enzyme (ACE), which are 

characterized as a kinase II zinc protease enzyme. The eventual product of the 

renin-angiotensin system on endogenous angiotensinogen is to produce 

angiotensin II that acts as an effective vasoconstrictor, which affects the renal and 

cardiovascular function (Yel et al., 2004).  Interestingly, AGTR1 genes have been 

associated with cancer (Suganuma et al., 2005; Rhodes et al., 2009). A DNA meta-

COPA analysis, using 3200 microarrays from 32 breast cancer bioinformatics 

databases, identified AGTR1 and ERBB2 as the two most prevailing breast cancer 

genes (Tomlins et al., 2005, Burshra et al., 2009) 

Concerning CHD, the overall role of ARBs is to inhibit the renin-angiotensin 

pathway, one of the earlier developed ARBS (1995) called losartan, and an analog 

of imidazole-5-acetic acid was classified, and an effective antidepressant drug 

known as a selective but less competitive agonist of angiotensin II receptor 1. 

Structural alignment of losartan’s benzyl group of S-8308 directly towards the N-

terminus of angiotensin II, alongside other molecular modifications, resulted in a 

high receptor affinity of losartan (IC50=0.019µmol/L) and administrable through 

oral route (Thomas et al., 2013). Most types of ARBs possess a similar structure 

with losartan except valsartan, which differs not only in structure as a non-

imidazole ARBs but also exhibits stronger potency of IC50 =0.0089 µmol/L (Bauer 

and Reams, 1995). Table 1.0 below shows different generations of ARBs and the 

year of release into the market. The dosage concentration and generation of ARBs 

are fundamental factors to be considered in studying the binding affinity of ARBs – 
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AGTR protein interaction. Allowing for a clearer understanding, whether the new 

generation ARBs (Olmestran and Irbesartan) have become more 

pharmacogenetically compliant.  

Table 3.4: Generational classification of ARB Drugs 

 First Generation        Reg:  Year Second Generation    Reg:  Year 

Losartan 1995 Olmesartan 2002 

Eprosartan 1997 Irbesartan 2012 

Valsartan 1997 

Candesartan 1998 

Telmisartan 1998 

 
 

 

                          Losartan                                                                 Irbesartan 

Figure 3.5: Structure of selected Angiotensin receptor II blockers based on their generations 

 

 

 

 

     
 
Figure (3.6): Tertiary structure of Angiotensin II Receptor Subtype 1 (AGTR1) Homology models (3D 
structures) Ang II-AT1 receptor. Colours are according to the secondary structure. The red color in the 
figure indicates α-helix, yellow colour indicates β-sheet, and turns are in green color structures with C- 
and N-terminal ends. 
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3.4.1 AGTR1 Gene Mutants and Polymorphisms 

Single nucleotide polymorphism (SNPs) are important markers in 

understanding and resolving the behaviors of DNA sequences with alterations 

that lead to phenotypic changes (Syvanen, 2001). The application of SNP 

information has helped to identify SNP interactions linked to common 

diseases (Li et al., 2014). Thereby providing new genomic treatment options 

that accommodate genetic susceptibility due to existing polymorphic 

phenotypes. SNPs are the most occurring variation in the human genome, with 

about 9million SNPs reported in SNPs databases (Kim and Misra, 2007). 

An online-based pharmacogenomics database, called pharmGKB was used, to 

search for SNPs information associated with the AGTR1 gene. AGTR1 gene 

pharmGKB search showed many SNPs, among which only two were selected 

and studied further, being the rs12721226 and the rs5182. At the DNA level, 

both rs12721226 and rs5182 of the AGTR1 gene showed an SNP alteration of 

G > A and C > T, respectively. The rs5182 SNP, however, showed an amino acid 

translation of Leucine to Leucine, which had no phenotypic variation and, 

consequently no clinical relevance. On the other hand, rs12721226 SNP of the 

AGTR1 gene codes for the amino acid translation of residue A163T showing 

alteration from alanine to threonine at position 163 (Arsenault et al., 2010). 

The use of specialist high thorough put binding interaction techniques will be 

used to acquire binding affinity data of ABR drugs of the wild-type AGTR1 and 

its rs12721226 phenotype. Experimental drug binding interaction will be 

measured in a concentration-dependent manner until an optimal drug 

concentration-dependent binding interaction is attained.  
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Table 3.5: AGTR1 SNPs 

 

Available AGTR1 SNPs on pharmGKB 

AGTR1 
Mutants 

Alleles Function Amino Acid 
Translation 

rs12721226 G > A SNP A163T 

rs2640543 A > G SNP N/A 

rs275651 T > A SNP N/A 

rs5182 C > T SNP L191L 

rs5186 A > C SNP N/A 

 
 
The pharmacodynamics of ARB drugs differ among patients who carry wild-type 

AGTR1 genes, in comparison to others who carry rs12721226 mutant phenotype 

(Arsenault et al., 2010).  The extent of drug binding discrepancy was verified by 

investigating the hypothesis that AT1-receptor proteins and ARB drug binding 

interaction differ among patients with different AGTR1 phenotypes. An earlier 

independent study by Arsenault et al., (2010), had investigated the binding 

interaction of wild-type AGTR1 and rs12721226 against antihypertensive 

antagonists, where mammalian cells were used to express wild-type AGTR1 and 

rs12721226 proteins. The study had generated a relative binding affinity data, by 

assessing the quantity of 3H-inositol phosphate secreted when antihypertensive 

antagonists interacted with wild-type AGTR1 and rs12721226 respectively. 

That previous study differs from this present work in a few ways. Firstly, the 

previous work was an independent study of the AGTR1 gene alone, and its mutant 

and drugs. The study used a mammalian cell line for the overexpression of wild-

type AGTR1 and rs12721226 proteins and applied biological assays rather than 

biochemical assays in generating a relative non-absolute binding interaction data.  
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Chapter Aim 

This research hoped to fill a gap in knowledge by generating a list of kinetic affinity 

binding data of wild-type HMGCR and AGTR1 proteins and their mutants that show 

clinical annotation in CHD patients. And to demonstrate that the binding behaviors 

of these proteins and their SNPs against factors like the generation of drugs and 

dosage of administration of the drugs may provide insight into the optimal dose for 

patients carrying different SNPs. 
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Results and Discussion 
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3.5.0 Amplification of Full-length HMGCR Gene 

Reverse transcriptase-polymerase chain reaction (RT-PCR) was applied to 

obtain amplified full-length HMGCR gene, using the reverse and forward full 

HMGCR transcript primers, and the methods described in section 2 

 

  

               

 

 

 

 

 

 

 

 

 

 

 

         Figure 3.5 RT-PCR DNA Amplification Analysis of Full-length HMGCR Gene 

 Lane: Showing hyper ladder 1lkb and lane 3 showing RT-PCR amplified HMGCR gene. 

 Resolved by 1% agarose gel electrophoresis. 
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3.5.1 DNA Extraction of Full-length WT- HMGCR Gene 
 

A larger volume of RT-PCR amplified sequences of the wild-type full-length 

HMGCR gene were resolved using agarose gel electrophoresis, using the same 

method as applied in section (2.2.3). The amplicon patterns generated in the 

agarose gel screening of figure 3.6 were compatible with expectations. The 

hype ladder 1kb band that migrates between 2000 and 3000bp markers 

showed to be consistent with full-length WT-HMGCR gene, which is a plasmid 

of 2500bp in length. The gels were cut and pooled out using a sterile blade. 

Qiagen DNA extraction protocol was used according to the manufacturer’s 

instruction for the extraction of the HMGCR gene (2.2.1). The extracted 

HMGCR gene concentration was measured using the benchtop nano-drop 

reader according to manufactures instruction. 

   

           Figure 3.6: DNA Extraction Analysis of Full Length HMGCR Gene  
Lane 1: showing hyper ladder 1kb, other lanes, showing: High Fidelity reverse transcriptase PCR 
amplified full-length HMGCR gene. Resolved by 1% Agarose Gel Electrophoresis. 
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3.5.2 Cloning of Amplified WT-HMGCR into pGEX-6p-1 Vector and Analysis 
 

The purified WT-HMGCR amplicon was prepared to be cloned by restriction 

digest into a pre-digested treated pGEX-6p-1 vector E. coli via a sticky end 

ligation method (2.2.5). The ligation suspensions were used to transform 

competent E. coli DH5α strain, and transformants were selected in solid 

culture with ampicillin.  The full-length HMGCR-pGEX-6p-1 plasmid was 

extracted from selected transformants after small scale LB or 2YT broth 

culture and analysed through restriction digest profiling with the same 

enzymes used for plasmid DNA cloning (2.2.4) and resolved by agarose gel 

electrophoresis (figure 3.7). 

 

 

 Figure 3.7: Cloning of full-length Wild-Type-HMGCR Gene into pGEX-6p-1 plasmid vector using DH5α 
E. coli strain and evaluation by restriction digest. 
Lane 1: showing hyper ladder 1kb and lane 3-8: various full-length Wild-type-HMGCR-pGEX-6p-1 
constructs. Digested with BamH1 and EcoR1 restriction endonuclease enzyme and resolved by 1% 
Agarose Gel Electrophoresis.   ٭ Linear,  pGEX-6p-1  ∆ full-length Wild-type HMGCR fragment.    
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The amplicon patterns generated in the agarose gel screening of figure 2.7 

(Lane 3, 4, 5, 7, and 8) were compatible with expectations. The hype ladder 

1kb band that migrates between 5000 and 6000bp markers showed to be 

consistent with pGEX-6p-1, which is a plasmid of 4984bp in length. The WT-

HMGCR gene transformants all generated bands that migrated consistently 

with expectations, as defined in section 2.2.1., which implied that the WT-

HMGCR gene, effectively cloned into the pGEX-6p-1 expression vector. 

However, nucleotide sequencing could not validate the successful cloning of 

the HMGCR gene. 

 

3.5.3 HMGCR gene cloning and over-expression challenges and troubleshooting 

attempts 

The cloning and overexpression of the recombinant full-length human HMGCR gene 

are vital to this study. However, earlier attempts made to clone and overexpress the 

gene have been unsuccessful due to a cascade of unexplainable events. A previous 

study though using a different expression vector called pGEX-cs plasmid had used 

similar methods as applied in this work to successfully clone and overexpress the 

catalytic domain of wild-type HMGCR gene (Eva et al., 2000). Furthermore, there is 

no literature-based evidence to suggest that full-length HMGCR had been successfully 

cloned and expressed using a bacterial host expression system anywhere. This 

section, therefore, conveys the rationale behind the troubleshooting approaches 

applied to accomplish bacterial production of recombinant WT full-length HMGCR 

gene overexpression.  The size of the full-length coding sequence of the HMGCR gene 

is about 2670 base pairs (Dong et al., 2004). The production of recombinant HMGCR 
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protein via bacterial host system needed for this investigation; hence, the HMGCR 

gene was to be cloned into other bacterial expression (eg: pMAL-c5x expression 

vectors) and expressed using the DH5α and C43 (DE3) E. coli cell.  

3.5.4 Recombinant Overexpression of Full-length WT-HMGCR-GST Fusion Protein. 

The HMGCR-pGEX-6p-1 plasmid clone could not be validated through DNA 

sequencing, the overwhelming evidence observed on the plasmid-DNA 

cloning and restriction digest agarose gel (figure 3.7) informed the decision to 

attempt protein overexpression of a selected clone further.  At first, the 

recombinant HMGCR-pGEX-6p-1 plasmids were transformed into E. coli DH5α 

strain, and later sub-cloned into an E. coli C43 (DE3) strain (figure 3.10). The 

heterologous protein overexpression of the HMGCR catalytic domain (Eva et 

al., 2000) had applied the use of low temperature. Also, the overexpression 

media (2YT) was supplemented with 0.5M Sorbitol and 1mM Betaine 

consistent with other researchers' experiment protocol (Eva et al., 2000). 

Therefore WT-HMGCR-GST overexpression culture was grown to a mid-log 

phase of 24˚C and induced with 0.5mM IPTG after increasing to an induction 

temperature of 30˚C for 2 hours duration. The SDS-PAGE analysis of clarified 

HMGCR-GST fusion protein overexpression lysates showed a non-definitive 

synthesis of HMGCR-GST recombinant protein was induced under these 

conditions when protein expression was induced using 0.5mM IPTG at 30˚C 

(figure 3.9). 
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A review of the HMGCR-GST fusion overexpression SDS-PAGE gel at time (T2) 

figure 3.9, showed the precision plus band that migrates between 100 and 

110kDa markers, which is not consistent with the expected recombinant 

HMGCR-GST fusion protein size of about 123kDa. 

 

Figure 3.9 Protein Overexpression Analysis of Wild-Type HMGCR-GST fusion overnight protein expression in 
C43 (DE3) E. coli strain at 30˚C in 0.5M Sorbitol and 1mM Betaine 2YT Media.  
Lane1: precision plus marker, Lane 3 – 8 Wildtype HMGCR-GST expression profiles showing post-
IPTG (1mM) induction. T0 (L3), T1 (L5), T2 (L6). Resolved by SDS-PAGE methods at 150 Volts.  
 

 

3.5.5 Comparative HMGCR-GST fusion protein Overexpression in DH5α E. coli 
strain and HMGCR-GST fusion protein expression in C43 (DE3) E. coli strain 

 

In other to investigate the effect of different E. coli strains, or the 

overexpression ability of the non-verified HMGCR-pGEX-6p-1 plasmids. Two 

lots of HMGCR-pGEX-6p-1 plasmids were used for comparative HMGCR-GST 

overexpression analysis. The first was transformed by been transformed using 

a competent DH5α E. coli strain, and the second was transformed by being 

transformed using a competent C43 (DE3) E. coli strain (figure 2.9) respectively 

and both preserved in absolute glycerol. The synthesis of HMGCR-GST fusion 

protein utilised a yeast extract media (2YT) supplemented with 0.5M Sorbitol 

and 1mM Betaine.  The two-glycerol preserved HMGCR-pGEX-6p-1 
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transformed plasmids (BL21 (DE3) and C43 (DE3)) where cultures were grown 

to a mid-log phase of 37˚C and induced with 1mM IPTG respectively. 

Overexpression profiling was analysed by withdrawing a sample from both 

expressions, at 1 hour, 2hours, and overnight after IPTGS induction, at a 

temperature of 30˚C. The Coomassie blue-stained and stain-free SDS-PAGE 

analysis, of clarified 100% glycerol preserved HMGCR-GST fusion protein 

overexpression lysates, in BL21 (DE3) and C43 (DE3) respectively. A review of 

the HMGCR-GST fusion overexpression SDS-PAGE gel (Coomassie blue-

stained) for DH5α E. coli strain (figure 2.11a lane 3-6), showed no sign of 

successful protein overexpression (figure 2.11b lane 6). Although there was a 

migration of the precision plus bands between 37 and 50kDa position, it was 

not consistent with the expected recombinant HMGCR-GST fusion protein size 

of about 123kDa.  Similarly, the HMGCR-GST fusion overexpression for C43 

(DE3) E. coli strain showed that the putative HMGCR-GST fusion protein band 

migrated between 20 and 25kDa markers, which is not consistent with the 

expected recombinant HMGCR-GST fusion protein size of about 123kDa but 

relatively consistent with GST protein size of about 26kDa. 
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Figure 3.10: Comparative Wild-Type Recombinant HMGCR-pGEX -6p-1 plasmid in DH5α Strain 
and HMGCR-pGEX -6p-1 plasmid Sub-cloned C43 (DE3) Strain.  
Lane 1: showing hyper ladder 1kb and lane 3-5: various. Wild type-HMGCR-pGEX-6p-1 
constructs. Digested with BamH1 and EcoR1 restriction endonuclease enzyme and 
resolved by 1% Agarose Gel Electrophoresis.   
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Figure 3.11  Comparative Protein Overexpression Analysis of an HMGCR-GST fusion protein in DH5α E. coli strain and HMGCR-GST fusion protein expression in C43 
(DE3) E. coli strain with glycerol preservation in 0.5M Sorbitol and 1mM Betaine 30˚C in 2YT media.  
(A)Lane 1: Precision plus marker, Lane 4 – 6, showing Glycerol preserved HMGCR-GST fusion protein expression profile post IPTG(1mM) induction in DH5α 
E. coli strain. T0 (L3), T1 (L4), T2 (L5), To/n (L6). Lane 7: Precision plus marker, Lane 10 – 12, showing Glycerol preserved HMGCR-GST fusion protein expression 
profile post IPTG (1mM) induction in C43 (DE3) E. coli strain. T0 (L9), T1 (L10), T2 (L11), To/n (L12). (B)  Lane 3 – 6, showing coomassie blue stained gel of 
glycerol preserved HMGCR-GST fusion protein expression profile post-IPTG (1mM) induction in DH5α E. coli strain. T0 (L3), T1 (L4), T2 (L5), To/n (L6). Lane 9 
– 12, showing Glycerol preserved HMGCR-GST fusion protein construct-5 expression profile post IPTG (1mM) induction in C43 (DE3) E. coli strain. T0 (L9), T1 
(L10), T2 (L11), To/n (L12). Resolved by Coomassie blue-stained and Stain-free SDS-PAGE methods, respectively, in 150 Volts.
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Based on the results of this comparative DH5α and C43 (DE3) E. coli 

transformed HMGCR‐GST tag fusion protein expression, it could be concluded 

that it may be, that this overexpression machinery is unable to synthesize a 

full‐length HMGCR‐GST fusion protein. The result (figure 3.10) shows the 

outcome of different overexpression profiles in the two different E. coli strains, 

although figure 3.9 previously showed the recombinant HMGCR‐pGEX‐6p‐1 

plasmid‐DNA as being consistent with the expected amplicon sizes after gene 

cloning. Additionally, the inability to obtain an accurate recombinant HMGCR‐

pGEX‐6p‐1 plasmid (figure 2.7), through gene sequencing, confirms the 

hypothesis that wild‐type recombinant HMGCR‐pGEX‐6p‐1 plasmid, was 

unable to be cloned and protein synthesis through bacteria overexpression 

could not produce the expected HMGCR‐GST recombinant protein. 

 

3.5.6 Solubilisation and Refolding of HMGCR-GST Fusion Protein 
 
Protein overexpression lysates from HMGCR‐GST fusion protein 

overexpression in C43 (DE3) E. coli strain were solubilized separately, using 6M 

urea and solubilization detergent containing 8M urea, 0.5% Tween 20, 10mM 

DTT in 20mM Tris pH nine according to the protocol described in section 2.3.5., 

as shown in figure 2.11 and 2.12. A review of the HMGCR‐GST fusion 

overexpression SDS‐PAGE gel (Coomassie blue stained and stain‐free gels) 

figure 2.11 lane 8 and 9, showed a relative expression that is not consistent 

with the expected recombinant HMGCR‐GST fusion protein and even clearer 

on the stain‐free SDS‐PAGE gel (figure 2.10b lane 6). The fusion protein band 

migrated 



103  

 

 

 
Figure 3.12  Protein Solubilisation Analysis of HMGCR-GST fusion protein in C43 (DE3) E. coli strain 37˚C in LB media. 

(A)Lane 1: Precision plus marker, Lane 4 – 7, HMGCR-GST fusion protein expression profile post IPTG (1mM) induction in C43 (DE3) E.coli strain.T0 (L3),T1 
(L4),T2 (L5), T3 (6),To/n (L7), soluble fraction (L8) insoluble fraction (L9) (B)  coomassie blue stain of 2.11a: Lane 4 – 6, showing HMGCR-GST fusion protein 
expression profile post IPTG (1mM) induction in C43 (DE3) E.coli strain.T0 (L3),T1 (L4),T2 (L5),T3 (6), To/n (L7), soluble fraction (L8), insoluble fraction (9). 
Resolved by Coomassie blue-stained and stain-free SDS-PAGE methods, respectively, in 150 Volts. 
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between 37 and 50kDa markers, which is not consistent with the expected 

recombinant HMGCR‐GST fusion protein size of about 123kDa Evaluating the 

C43 (DE3), E. coli transformed wild-type HMGCR-GST fusion protein 

expression profile in figure 2.11. The presences of dense (but not so clear) 

layouts on lane 6: T3, lane 7: To/n, and lane 8: soluble fraction indicates some 

extent of migration between the 37kDa – 50kD, similarly, the presence of an 

amplified layout on lane 8: soluble fraction indicated a migration between the 

100kDa – 150kDa of the precision plus ladder. The observed amplification on 

lane 6 and 7 is not consistent with the expected size, based on the expression 

profile of a recombinant HMGCR-GST fusion protein. However, the 

amplification on lane 8 (soluble fraction) migrating between 100kDa – 150kDa, 

showed a protein size of about 120kDa. This size closely relates to the 

expected size of wild-type recombinant HMGCR- GST protein of 123kDa.  

However, it may not be accurate to claim that figure 2.11, lane 8 amplification 

was a synthesized recombinant wild type HMGCR-GST protein, since the 

HMGCR-pGEX-6p-1 plasmid clones and were unable to be validated through 

protein sequencing. 
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3.6.0 AGTRI Protein Synthesis 

This section presents most of the laboratory work that had been carried out in 

other to address the limitations of AGTR1-GST protein expression. Previously, 

the wild-type angiotensin receptor 1 (WT-AGTR1) gene, had been studied and 

successfully cloned into E. coli pGEX-6p-1 (Figure 1.2.1), pMAL-p5x and pMAL-

c5x E. coil vector systems. The pGEX-6p-1 vector and pMAL-c5x vectors encode 

for GST gene fusion protein of 26kDa size and MBP fusion protein of 42.5kDa 

size respectively (Guan et al., 1987). These two vectors are both used for 

expression, detection, and purification of their respective tagged proteins 

produced in Escherichia coli cells (Maina et al., 1988). In the context of this 

work, AGTR1 was thoroughly attempted to be synthesized using GST, MBP and 

His tag fusion protein, with each having a higher degree of genetic modification 

and promoter, whose feature were exploited to synthesise AGTR1 in E. coli 

expression system. 

The pGEX-6p-1 bacterial vector constitutes of a tac promoter for chemically 

inducible, high-level expression of GST-tagged recombinant proteins. Towards 

its application for bacteria protein overexpression, pGEX-6p-1 plasmid vector, 

contains internal lacIq gene for use in any E. coli host (Dilworth et al., 2018).  

The pGEX being a host to a hybrid tac/lac promoter exhibit both an IPTG 

inducible relatively weak promoter characteristics and for its tac promoter 

features, a hybrid promoter between Trp and Lac promoter, semi-strong in 

gene expression regulation (Dilworth et al., 2018). 
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The use of DH5α and C43 (DE3) E. coli strains respectively, for the 

overexpression of AGTR1 protein synthesis are reported in the chapter as well.  

Recombinant AGTR1 plasmids were verified using DNA sequencing methods. 

The results obtained, validated that recombinant AGTR1- pGEX-6p-1, AGTR1-

pET32a and AGTR1- pMAL-c5x constructs were within frame the ORF of the 

vectors.  

 

 

Figure 3.14   Sequence Verified AGRT1-pGEX-6p-1 plasmid-DNA Polylinker 
     Showing AGTR1 plasmid fitted between BamH1 and EcoR1 within MCS frame of the  
     PGEX-6p-1 overexpression vector. 

 
 
 
 

3.6.1 WT-AGTR1 Cloning into E. coli Vector pGEX-6p-1 
 

A synthetic WT-AGTR1 plasmid was commercially acquired (IDT UK). The WT-

AGTR1 gene and was retrieved from the commercial vector using a preliminary 

restriction digestion reaction. After that, the WT-AGTR1 plasmid amplicon was 

extracted and cloned into a pGEX-6p-1 vector via sticky end ligation (2.2.5). The 

ligation suspensions were used to transform competent E. coli BL21 (DE3) strain. 

The AGTR1-pGEX-6p-1 was extracted from selected transformants after small 2YT 

broth culture and analysed through restriction digest profiling EcoR1 and BamH1 
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restriction endonuclease enzymes (2.2.4). The AGTR1-pGEX-6p-1 cloning was 

further analysed using agarose gel electrophoresis methods (figure 3.15). 

 

 

Figure 3.15:  Cloning of full-length Wild-Type-AGTR1 Gene into a pGEX-6p-1 plasmid vector using DH5α E. coli strain and 
evaluation by restriction digest. 
Lane 1: showing hyper ladder 1kb and lane 3-7: various full-length Wild-type-HMGCR-pGEX-6p-1 constructs. 
Digested with BamH1 and EcoR1 restriction endonuclease enzyme and resolved by 1% Agarose Gel 
Electrophoresis.   ٭ Linear,  pGEX-6p-1, and O full-length Wild-type AGTR1 fragment.    

 

 

The amplicon patterns generated in the agarose gel screening of figure 3.15 (Lane 

3, 4, 5, 7, and 8) were compatible with expectations. The marker ladder 1kb band 

that migrates between 5000 and 6000bp markers showed to be consistent with 

pGEX-6p-1, which is a plasmid of 4984bp in length. The WT-AGTR1 gene 

transformants on lane 4-7 of figure generated bands that migrated consistently 

with expectations as defined in section 3.2.1. The result shows that the WT-AGTR1 

gene effectively cloned into the pGEX-6p-1 expression vector. Further recombinant 

plasmid sequencing validated that the WT-AGTR1-pGEX-6p-1 construct 

successfully cloned. 
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3.6.2 Overexpression of recombinant WT-AGTR1-GST fusion Protein 
 

Further attempts to overexpress recombinant AGTR1-pGEX-6p-1 construct, by 

transformed the recombinant plasmid into an improved overexpression E. coli 

strain BL21 (DE3) at 37˚C was unsuccessful figure 3.16. What remained unclear was 

the specific reason behind AGTR1-GST recombinant events, which occurred against 

time (post-induction). This unresolved expression (figure 3.16) and AGTR1 gene 

termination (figure 3.17 lane 3 and 4) were observed in 6 hours post IPTG induction 

plasmid stability assay using BL21 (DE3) E. coli strain at 37˚C in an AGTR1-GST fusion 

protein overexpression.  

 
 

Figure 3.16:  Protein Overexpression Analysis of AGTR1-GST Tag fusion protein Expression in BL21 (DE3) E. coli strain at 
  28˚C in LB media:  

Lane 1 – 10 showing expression profile post-IPTG (1mM) induction T0 (L1), T1 (L2), T2 (L3), T3 (L4), T4 (L5), 16 
hours overexpression (L9), 18 hours overexpression (L10). Resolved by stain-free SDS-PAGE method.  
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Below are the troubleshooting approaches that were applied to improve on the 

apparent lack of AGTR1-fusion protein overexpression, including the Introduction 

of pET32a vector and other protein expression parameter interventions.  It is 

crucial to highlight that there was a lack of success in synthesizing recombinant 

AGTR1-fusion protein, impacted on the continuity of this project. 

3.7.0 AGTR1 over-expression challenges and troubleshooting attempts (problem-

solving attempts) 

3.7.1 Recombinant protein AGTR1 Overexpression using GST-fusion protein 

The estimated AGTR1-GST fusion protein size should be about 67KDA, which 

constitutes the 41,061 Daltons being the size of AGTR1 protein and 26,000 Daltons 

being the size of GST protein. The recombinant AGRT1-pGEX-6p-1 plasmid was 

initially used to transform DH5α E. coli strain and subsequently transformed into 

BL21 (DE3) E. coli strain according to methods described in section 4.2.7. In earlier 

AGRT1-GST fusion protein overexpression assays, 37˚C was used as induction 

temperature without successful protein production. The overexpression condition 

of the AGRT1-GST fusion protein synthesis was optimized by growing culture to 

mid-log phase and inducing with 0.5mM IPTG at an induction temperature of 28 ˚C 

for 18 hours post-induction. SDS-PAGE Electrophoretic analysis of clarified lysates 

prepared from recombinant AGRT1-GST overexpression showed that there was no 

overexpression of AGTR1-GST fusion recombinant protein (shown in figure 3.17). 
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Figure 3.17:   Plasmid Stability Analysis of the Wild-Type AGTR1-GST Fusion Overexpression in BL21 (DE3) E. coli Strain at 
         37˚C in 2YT Media.  

Lane 1: showing hyper ladder 1kb and lane 2-4: various AGRT1-GST fusion protein of 2 - 6 hours post 1mM 
IPTG induction lysates using 2YT media. Lane 2: AGTR1-GST fusion protein at 2hours post-induction, Lane 3: 
AGTR1-GST fusion protein at 4hours post-induction, and Lane 4: AGTR1-GST fusion protein at 6hours post-
induction. Digested with BamH1 and EcoR1 restriction endonuclease enzyme and resolved by 1% Agarose Gel 
Electrophoresis at 150Volts.  
 

Further plasmid stability analysis, using BamH1 and EcoR1 digested post-induction 

lysates, of recombinant WT AGTR1-GST fusion protein at 37˚C, which were taken 

at a different time interval. Revealed that AGTR1-GST fusion protein expression at 

2 hours post-induction (lane 2 figure 3.17), may have been truncated as the bands 

observed were not consistent with the expected recombinant AGTR1-pGEX-6p-1 

plasmid size. The complete disappearance of the AGTR1-protein band of the 

recombinant AGTR1-GST fusion protein lysate (lane 3 and 4 of figure 3.17) shows 

that AGTR1-protein within the pGEX-6p-1 (GST-fusion) may have been eliminated 

because of series of unexplainable transcription and translation events in pGEX-6p-

1 plasmid in the BL21 (DE3) E. coli strain. The GST-tag fusion protein (26kDA) earlier 

used in AGTR1 fusion protein expression had shown no success. The major factors 
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considered that could be limiting AGTR1 fusion protein overexpression may be due 

to the AGTR1 gene’s characteristic features as a transmembrane GPCR protein.  

Hence the AGTR1-GST fusion protein may be undergoing leaky expression and 

other unknown recombinant events. These events may have led to truncation 

(Figure 3.17) of the fusion protein in the tac-promoter of the pGEX-6p-1 vector 

during bacterial overexpression (Frangioni et al., 1993).  

Additionally, GPCRs are also widely noted for their difficulty to overexpress in 

bacterial host systems (Saida et al., 2006). The pGEX-6P-1 expression system is 

known to have a less tightly regulated overexpression of chemically inducible toxic 

genes during bacterial overexpression (Rathore and Gautam, 2014). Protein 

synthesis results for AGTR1 gene overexpression, suggests, that bacterial system 

probably may not be suitable for recombinant protein synthesis of AT1-receptor 

proteins. Shukla and co-workers reported, other overexpression systems, like the 

mammalian system and baculovirus/insect system, have previously overexpressed 

AGTR1 protein for functional studies (Shukla et al., 2009).  Unfortunately, those 

kinds of overexpression systems produced very low quantities of recombinant 

AGTR1 proteins at a high cost and taking a lot of time. Therefore, to optimize wild-

type AGTR1 fusion protein overexpression, using conditions that may enhance 

gene expression of sequenced verified wild-type AGTR1-plasmid genes, formed the 

primary focus of AGTR1 further studies after the last review. Systematically, the 

effects of following overexpression elements were studied closely ranging from the 

application of different overexpression vectors, host cell line, induction 

temperatures, and AGTR1-host cell toxicity assay.  



112  

3.7.2 Optimization of AGTR1 Overexpression Parameters 

3.7.2.1 Vectors 

The choice of a cloning vector in the recombinant E. coli overexpression system is 

fundamental to successful overexpression. Toxic or hard to express genes, require 

tight regulation during protein overexpression. Consequently, the use of tightly 

regulated hybrid promoters (T7lac, ARA_pro) is known to ease the difficulty in 

expressing very toxic proteins (Saida et al., 2006). Different bacterial 

overexpression vectors (fusion tags) have been produced, to enhance protein 

overexpression, improve protein folding, solubility, and ease the purification 

processes of some toxic genes.  These vectors are often genetically modified in 

their promoters and selective marker regions, to enhance tighter regulation of 

protein expression as obtained with the pET32a vector systems and to enhance 

protein folding as obtained with pMAL vector systems. The pET32a vector system 

(His-tag) has a molecular size 1kDa and contains a T7lac promoter, while the pMAL-

p5x vector system (MBP-tag) has a molecular size of   42.5kDa and consists of a Ptac 

promoter. 

Protein expression vector-based optimization of AGTR1 fusion protein includes the 

expression of recombinant AGTR1-pET32a and AGTR1-pMAL-p5x plasmids. The 

estimated size of AGTR1-HIS and AGTR1-pMBP fusion proteins should be about 

42kDa and 83.5kDa respectively. The AGTR1 protein constitutes 41 kDa in both 

fusion protein complexes, respectively.  
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3.7.2.2 Cloning of WT-AGTR1 into E. coli Vector pET32a 
 

The open reading frame encoding the codon-optimized AGTR1 gene was amplified 

with the signal peptide region for cloning pET32a vector for production with a C-

terminal hexahistidine tag. The amplified was purified and digested using 

restriction endonucleases BamH1 and EcoR1 and extracted from agarose. The 

purified and digested AGTR1 gene was ligated to pET32a (also digested with 

BamH1 and EcoR1) using sticky end ligation, as described in the methods section. 

The ligation mixture was used to transform competent E. coli BL21 (DE3). The 

plasmid DNA was recovered from ampicillin resistant transformant and verified for 

the release of the AGTR1 gene (migrating consistent with the expected 1100bp of 

AGTR1 fragment) as shown in (Figure 1.2.2) after digestion with BamH1 and EcoR1 

and resolved using electrophoresis.  The product after that was gel extracted and 

purified from the agarose gel and subjected to restriction digestion for cloning into 

the pET32a vector. 

 
 

Figure 3.18:    Restriction Digestion Analysis of Recombinant pET32a ligated with AGTR1   
Lane 1: showing hyper ladder 1kb and lane 2-11: various AGTR1-pET32a constructs. Digested with BamH1 and 
EcoR1 restriction endonuclease enzyme and resolved by 1% Agarose Gel Electrophoresis.   ٭ Linear,  pET32a 
fragments. Vector, O Linear AGTR1 gene. 
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Nucleotide sequence verification of selected AGRT1-Pet32a clones is present 

below (Figure 1.2.3). 

 
 
 Figure 3.19:   Sequence Verified AGRT1-pET32a plasmid-DNA Polylinker. 

Showing AGTR1 plasmid fitted between BamH1 and EcoR1 within MCS frame of the  
PET32a overexpression vector in BL21 (DE3) E. coli strain. 
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3.7.2.3 Cloning of WT- AGTR1 into E. coli Vector pMAL-p5x 
 

The amplified codon-optimized AGTR1 gene was cloned into the pMAL-p5x vector 

down-stream of the malE gene, which encodes the maltose-binding protein. 

 
 

3.7.3 AGTR1-Fusion Protein Overexpression Temperature Viability Assay 

Heterologous recombinant protein production in E. coli depends essentially on 

temperature, among many other factors (Weickert et al., 1996). Induction 

temperature influences the process of protein folding and stability. In E. coli 

recombinant protein expression, induction temperature has a major impact on the 

production of toxic or difficult to express recombinant proteins. A few studies have 

shown that high overexpression yield of toxic or difficult to express proteins are 

achievable when overexpressing at low induction temperature ranging from 4⁰C - 

20⁰C (Teresa et al., 2013, Rosano and Ceccarelli 2014).  

Further analysis of recombinant AGTR1-fusion protein overexpression in this work, 

considered the application of low temperature. The sequence-verified 

recombinant plasmid AGTR1-pET32a was used to transform BL21 (DE3) E. coli 

strain and previously overexpressed of glycerol-preserved sequence-verified 

AGTR1-pET32a plasmid at 37˚C using 1mM IPTG induction and 3 hours post-

induction, showed no synthesis of AGTR1-His-Tag fusion protein.  Comparatively, 

the same plasmid was overexpressed for 23 hours using 1mM IPTG induction after 

cooling from 37˚C to 17˚C induction temperature. Upon resolving the clarified 

lysate by SDS-PAGE electrophoretic analysis (figure 3.21), the result showed 

AGTR1His-tagged protein synthesis was unsuccessful. Hence the reduction of 
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induction temperature may not be a sufficiently independent factor for the 

optimization of AGTR1-His-Tag protein synthesis through bacteria overexpression. 

However, induction temperature for bacterial protein expression has been found 

to have a pronounced effect on protein stability and folding (Weickert et al., 1996). 

Consistent with other research opinions (Natalia and Salvador, 2006), Perez-

Bermudez et al. (2010) studied the effect of various temperatures various during 

recombinant protein production in E. coli and concluded that the highest soluble 

recombinant protein yield was acquired within 4⁰C and 15⁰C over 20 hours. Low 

induction temperatures were found to aid overexpression yield and solubility in 

the production of hard to express proteins (Chi-Yen et al., 2015). Also, the 

reduction of overexpression temperature, have become a widespread strategy for 

minimizing aggregate formation during recombinant protein production of 

polypeptides and membrane proteins (Vasina and Baneyx, 1996). For toxic 

membrane protein MBP-P5ẞR2, optimal overexpression temperature was 

obtained at 15⁰C and 4⁰C overexpression at 18 hours and 72 hours, respectively 

(Teresa et al., 2013).  

3.7.4 Comparative Expression of AGTR1-HIS tagged fusion protein at 37⁰C and 

17⁰C 

Two respective colonies of AGTR1-pET32a plasmid-DNA sequencing results showed 

to be positive, containing properly cloned recombinant AGTR1-pET32a plasmid-

DNA, which indicates, that AGTR1 genes were in frame with no mutation. The 

recombinant AGTR1-pET32a plasmids had been previously cloned using a DH-5α E. 

coli strain, and now, we're used to retransforming E.coli BL21 (DE3) cells. 
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Preliminary cell culture, of the selected AGTR1-pET32a colonies, were grown under 

the following conditions, 10mL yeast extract broth containing 10µL of ampicillin for 

antibiotic resistance, incubated overnight at 37⁰C, shaking at 200rpm. The protein 

overexpression of two respective colonies AGTR1-HIS tagged fusion protein at 37⁰C 

and 17⁰C was initiated by inoculating a 150mL of yeast extract broth containing 

150µL of ampicillin with 2mL of overnight grown samples and grown until cultured 

attained 0.7 optimal densities relative to OD600. After that, protein overexpression 

was induced by adding 1mM IPTG (isopropyl β-D-thiogalactopyranoside) after pre-

induction expression lysates were withdrawn at times zero (T0). Protein expression 

was observed for a period of 3hours with sample withdrawn every hour 

intermittently, after which incubation could continue 23 hours post-overnight 

(figure 1.3). In other to further understand the effect of different overexpression 

temperatures, in the recombinant production of AGTR1-HIS fusion proteins. Two 

lots of AGTR1-pET32a colonies were expressed at different temperatures, after 

OD600 at 37˚C (figure 1.3) and 17˚C (figure 1.4) respectively and used for 

comparative AGTR1-HIS overexpression analysis. 

A further review of the 17˚C AGTR1-HIS, tagged fusion overexpression SDS-PAGE 

gel (Coomassie blue-stained) for BL21 (DE3) E. coli strain (figure 3.21), showed that 

at overnight expression (lane 7-10), there appeared to be a degree of non- 

confirmed expression. However, the fusion protein band migrate between 50 and 

75kDa markers showed the expression not to be consistent with the expected 

recombinant AGTR1-HIS fusion protein size of about 50kDa.  



118  

 
 

Figure 3.21:  Protein Overexpression Analysis of AGTR1-HIS Tag fusion construct protein expression in BL21 (DE3) E. coli                                            
       Strain at 17˚C in LB media.  

Lane 1: Precision plus marker, Lane 3 – 10, showing AGTR1-HIS Tag fusion protein expression profile post IPTG 
(1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3 (L6), 16 hours overexpression (L7), 18 hours overexpression (L8), 
20 hours overexpression (L9), and 23 hours overexpression (L10). It is resolved by Coomassie blue-stained SDS-
PAGE methods at 150 Volts. 

 
 

Figure   3.22:  Protein Overexpression Analysis of AGTR1-HIS Tag fusion protein construct-1 expression in BL21 (DE3) E. coli 
        strain with and without glycerol preservation at 37˚C in LB media.  

Lane 1: Precision plus marker, Lane 3 – 6, showing Glycerol preserved AGTR1-HIS Tag fusion protein construct-
1 expression profile post IPTG (1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3 (L6). Lane 7: Precision plus marker, 
Lane 8 – 11, showing non-glycerol preserved AGTR1-HIS Tag fusion protein construct-1 expression profile post 
IPTG (1mM) induction. T0 (L8), T1 (L9), T2 (L10), T3 (L11), Lane 12: Precision plus marker. It is resolved by 
Coomassie blue-stained SDS-PAGE methods at 150 Volts. 
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The AGTR1-pET32a plasmid stability was also investigated simultaneously by 

analysing the effect of glycerol preserved recombinant AGTR1-pET32a plasmid 

against the non-glycerol preserved AGTR1- pET32a plasmid DNA. 

The glycerol preserved and non-glycerol preserved AGTR1-pET32a, BL21 (DE3) 

transformed plasmid-DNA were cultured and grown to a mid-log phase of 37˚C and 

induced with 1mM IPTG at 37˚C respectively. The protein expression profile was 

analysed by withdrawing a sample from expressions, 1 hour, 2hours, and overnight 

post-induction (figure 3.22). The Coomassie blue-stained and stain-free SDS-PAGE 

analysis, of clarified glycerol, preserved and non-glycerol preserved AGTR1-HIS 

tagged fusion protein overexpression lysate in E. coli BL21 (DE3), showed a no 

synthesis of a protein not consistent with the expectation of AGTR1-HIS 

recombinant protein under these conditions when protein expression was induced 

using 1mM IPTG at 37˚C (figure 1.4). 

 

3.7.5 Optimizing Choice of Bacteria Host Cell Strain 
 

Unlike most soluble proteins, membrane proteins (GCPR like proteins) are 

generally introduced into bacteria host membranes to adopt their appropriate 

conformation (Ren et al., 2009). This effectively induces toxicity to the host cell 

during protein overexpression. Hence of empirical importance is the choice of the 

most suitable host strain appropriate for the overexpression of the toxic gene. 

Routinely, the first line E. coli competent cell used in this research was a DH5α 

competent E. coli cell. This E. coli strain is primarily known for its ability to ensure 
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insert stability, due to a controlled resistance for heterologous recombination in 

the presence of its recA mutation.  

Additionally, DH5α is commonly deficient in plasmid degrading endonucleases, 

whose activities digest the plasmids through an isolation process. Gene constructs 

were sub-cloned into BL21 (DE3) competent E. coli cell.  BL21 (DE3) is known for its 

lack of Lon protease and ompT outer membrane protease; hence, degrading 

recombinant proteins during purification (Grodberg and Dunn, 1988). Also, Studier 

F.W. and Moffat B.A (1991), reported that T7 gene 1 of BL21 (DE3) expression strain 

was found to be regulated by a promoter lacUV5 in a poorly modulated manner 

under repressive conditions. Ideally, protein expression in the E. coli BL21 (DE3) 

work by the incorporating lambda DE3 with the gene which encodes the T7 RNAP, 

under the control of the lacUV5 promoter. Upon induction of IPTG (isopropyl β-D-

thiogalactopyranoside), a non-metabolized analog of lactose, the T7 RNAP 

precisely transcribes the gene interest inserted in the T7 expression plasmid 

downstream of the T7 promoter. The mRNA of the gene of interest is highly 

expressed, thereby producing the desired protein (Augius et al., 2016). In the case 

of toxic genes or hard to express proteins, mRNA of the gene of interest, overloads 

the translation machinery, which often results to ribosome destruction (Dong et 

al., 1995). 

However, consistent with AGTR1-fusion protein’s high toxicity in the bacterial cells, 

the use of BL21 (DE3) E. coli strain was unable to demonstrate successful 

recombinant AGTR1 fusion protein overexpression. This observation was 

consistent with an earlier similar work by Laurence et al., (2004), where a 

comparison of toxic recombinant proteins overexpression was assayed among 
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BL21 (DE3), C41 (DE3) and C43 (DE3) E. coli cells respectively. The study findings 

showed that the transformation efficiency of 62% was recorded for BL21 (DE3), 

while 100% transformation efficiency was recorded in C41 (DE3) and C43 (DE3), 

respectively. Interestingly, the percentage of toxic plasmid showed BL21 (DE3) 

transformed reaction, to have demonstrated 96% toxicity, which was evidenced by 

the absence of single colonies on the LB ampicillin plates contrary to C41 (DE3) and 

C43 (DE3). These transformed cell lines had 50% and 4% respectively, which 

demonstrates plasmid instability in BL21 (DE3) during the expression of toxic 

proteins in E. coli (Laurence et al., 2004). The findings of this work are consistent 

with other research that have compared a series of E. coli strains (Miroux and 

Walker, 1996; Dumon-Seignovert et al., 2004). Hence the rationale for choosing 

C43 (DE3) competent E. coli cell as a viable host cell for sub-cloning sequence-

verified AGTR1-plasmids (AGTR1-pGEX-6p-1, AGTR1-pET32a, AGTR1-pMAL-c5x, 

and AGTR1-p5x) DNA. 

 

3.7.5.1 AGTR1-HIS-Tagged Fusion Protein Expression in C43 (DE3) Strain 

A comparison of an SDS-PAGE resolved recombinant AGTR1-HIS fusion tag 

overexpression for construct 1 and 2 using E. coli strain BL21 (DE3) at 17⁰C (figure 

1.3), at 37⁰C (figure 1.4) and E. coli strain C43 (DE3) strain, transformed 

overexpression at 28⁰C see (Figure 1.5), showed a degree of expression in the C43 

(DE3) expressed fusion protein when 2YT media was applied. Although the 

migration on the AGTR1-HIS tag BL21 (DE3) transformed overexpression at 17⁰C 

and 37⁰C showed no valid successful recombinant protein overexpression (figure 

1.3 and figure 1.4), the C43 (DE3) transformed AGTR1-HIS-tagged construct 1 and 
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2 fusion protein, overexpression at 28⁰C, in the presence and absence of glycerol 

preservation, showed a rather faint expression, especially with the non-glycerol 

preserved AGTR1-HIS tag contrast 1 and 2, which appears to be consistent with the 

expected molecular size of a recombinant AGTR1-HIS tag fusion protein of about 

50kDa. 

 

Figure 3.23:    Protein Overexpression Analysis of AGTR1-HIS Tag fusion protein construct-1 and construct-2 expression in 
         C43 (DE3) E. coli strain without glycerol preservation at 28˚C in 2YT media.  

Lane 1: Precision plus marker, Lane 3 – 7, showing non-glycerol preserved AGTR1-HIS Tag fusion protein 
construct-1 expression profile post IPTG (1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3 (L6), To/n (L7). Lane 9 – 
13, showing non-glycerol preserved AGTR1-HIS Tag fusion protein construct-2 expression profile post IPTG 
(1mM) induction. T0 (L9), T1 (L10), T2 (L11), T3 (L12), To/n (L13). It is resolved by Coomassie blue-stained SDS-
PAGE methods at 150 Volts. 
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Figure 3.24:   Protein Overexpression Analysis of AGTR1-HIS Tag fusion protein construct-1 and construct-2 expression in 
        C43(DE3) E. coli strain with glycerol preservation at 28˚C in 2YT media.  

Lane 1: Precision plus marker, Lane 3 – 7, showing Glycerol preserved AGTR1-HIS Tag fusion protein construct-
1 expression profile post IPTG (1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3 (L6), To/n (L7). Lane 8: Precision 
plus marker, Lane 9 – 13, showing Glycerol preserved AGTR1-HIS Tag fusion protein construct-2 expression 
profile post IPTG (1mM) induction. T0 (L9), T1 (L10), T2 (L11), T3 (L12), To/n (L13). Resolved by Coomassie blue-
stained SDS-PAGE methods at 150 Volts. 
 
 

 

 

Figure 3.25:  Plasmid Stability Analysis of Wild-Type AGTR1-HIS Tag fusion protein overexpression in C43 (DE3) E. coli strain 
        at 37˚C in 2YT Media.  

Lane 1: showing hyper ladder 1kb and lane 3-5: Showing different AGRT1-HIS fusion protein post 1mM IPTG 
induction lysates using 2YT media. Lane 3: 3-hours post-induction AGTR1-HIS overexpression lysate. Lane 4: 6-
hours post-induction AGTR1-HIS overexpression lysate. Lane 5: Pre-induction AGTR1-HIS lysate at time zero. 
Digested with BamH1 and EcoR1 restriction endonuclease enzyme and resolved by 1% Agarose Gel 
Electrophoresis.   
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The evaluation of AGTR1 plasmid stability analysis, during a wild-type AGTR1-HIS 

fusion tag protein expression, both before and after IPTG induction (figure 3.25), 

showed a clear degradation of AGTR1 gene, in a C43 (DE3) E. coli transformed 

expression. The obvious loss of AGTR1 plasmid integrity was observed after, a 

plasmid preparation, and restriction digest analysis of samples, isolated at 3hours 

and 6 hours post IPTG induction (figure 3.25, lane 3 and 4), which were compared 

with the AGTR1-HIS tag fusion overexpression samples, isolated pre-IPTG-

induction (figure 2.25, lane 5). This apparent AGTR1 gene degradation during 

protein expression maybe because of the AGTR1 gene toxicity effect and also 

connected to the difficulty experienced during AGTR1 gene fusion protein 

overexpression. 

3.8.0 Other Troubleshooting Interventions and chapter conclusion 

Cellular osmolytes concentration was among the troubleshooting interventions 

employed to enhance overall recombinant protein expression and solubility. 

Folding integrity of native proteins has been maintained during bacterial cell 

protein synthesis in the presence of betaine, high salt, and sorbitol (Oganseyan et 

al., 2007). Bacterial chaperon co-expression and increase of intracellular osmolyte 

concentration has shown to aid formation of soluble native proteins, thereby 

preventing protein aggregation and formation of properly formed disulphide bonds 

and increasing the expression of difficult to express proteins (Goenca et al., 2001, 

Zhang et al., 2002, Chen et al., 2003 and Liu et al., 2005). These findings formed the 

rationale for supplementing 1mM of betaine and 0.5M of sorbitol into AGTR1-HIS-

Tag and AGTR1-MBP-Tag protein overexpression media. 
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4.0. Chapter Four 

4.1 Introduction 

Finding a novel approach of tightly regulating the chemokine system, has been a 

major focus of many researches to find cure to diseases, such as infectious diseases 

like HIV (Suresh and Wanchu, 2006, Paolo, 2015), inflammatory diseases like 

rheumatoid arthritis (Iwamoto et al., 2008, Zoltan et al., 2010 and Rory and 

Christian, 2010), auto-immune diseases like multiple sclerosis (Adam and Jacek, 

2006; Mazzi, 2015 and Tahereh et al., 2018) kidney dysfunction, reproductive 

endocrinology and cancer diseases (Stephen et al., 2007, Raymond et al., 2016). 

Inflammatory disease is used in this chapter as a case study. Here also we looked 

at the binding affinity interactions and implications of WT-CCL5 chemokines against 

glycosaminoglycans (heparan sulphate). A thorough understanding of this binding 

interaction may reveal how to disrupt the CCL5 – GAG interaction, hence 

attenuating the mobilization of white blood cells towards sites of inflammatory 

insults in vivo. We believe resolving this hypothesis may portends a viable anti-

inflammatory strategy. 

4.1.1 Chemokine and Chemokine Receptors 

Chemokines are small peptides and a subfamily of the cytokine family; the name is 

derived from the contraction of chemotactic cytokines, because of its principal 

chemo attractant characteristics (Fernandez and Lolis, 2002). Chemokines are 

small soluble proteins that act as molecular signals to influence cellular mobility 

during inflammation (Dandan et al., 2013). This means that chemokines can 

provide directional signals for the migration of cells both in vivo and in vitro (Kunkel 

and Butcher, 2003), and aid in cell positioning throughout development and 
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homeostasis.  Chemokines play important functions in leukocyte recruitment and 

activation (Kunkel and Butcher, 2003), other functions of chemokines include there 

its ability to induce cellular activation (Sokol and Luster, 2015 and Alex Klaren Beek 

et al., 2012), to feature as a co-receptor for HIV infectivity and to play important 

role in cellular development (Sokol and Luster, 2015). Most chemokine proteins are 

about 8 – 10KDa in size, of which about 50 different chemokines have been 

discovered to date. Most chemokines and their corresponding gradients are 

detected by their ability to bind specific chemokine receptors (Sokol and Luster, 

2015). However, there has been considerable redundancy between chemokines, 

largely due to a limited number of chemokine receptors, when compared with 

available chemokine ligands, ultimately leading to promiscuous chemokine ligand-

receptor binding. A simple taxonomical system was invented for chemokines and 

its corresponding receptors, which had previously been classified based on their 

original identified functions (Bacon et al., 2002). There are two types of chemokine, 

the inflammatory chemokines, and the homeostatic chemokines. The 

inflammatory chemokines are critical for chemo-attractant features of leukocyte 

mobilization and are expressed in inflamed tissues, whereas homeostatic 

chemokines sustain immune surveillance by leukocytes and maintain physiological 

traffic (Moser and Loetscher, 2001). 

 

4.1.2 Chemokine Structures 
 

Generally, the chemokine family, consist of about 50 low molecular weight 

polypeptides, which are composed of a tertiary conserved structure of four (4) 

cysteine motifs (White et al., 2013), which are distinctly divided, into four 
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subfamilies of CC, CXC, CX3C and C sub-family (Murphy, 2002 and Allen et al., 2007) 

as illustrated in figure 3.  The classifications of the CC subfamily are essentially 

defined by the positioning of the two inherent cysteine residues at the N-terminus. 

These cysteine residues participate in disulphide bonding and are adjacent, 

oriented, or juxtaposed (CC) or separated by 1 or 3 non-conserved amino acid (CXC 

and CX3C, respectively). The CXC subfamily, has its amino acid between them, 

while the CX3C family of one member, has three (3) amino acids between the CC 

motif, while the C-subfamily have one amino acid within its structural orientation (White 

et al., 2013). 

 

 

Figure 4.1: Structure of the four chemokine families 

Schematics showing the disulphide connecting bonds, the peptide chains, and C and N terminals of the 
four chemokine families – C, CC, CXC, and CX3C. Further indicating the position of their cysteine 
placement. The image was created using bio-render software. 
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All the CC subfamilies are thought to acts through the transmembrane spanning G- 

protein-coupled receptors (section 4.1.1), a feature that has made the studying of 

chemokines an interesting target for the pharmaceutical industry. The chemokines 

are interestingly the only kind of cytokines that act upon the 7-transmembrane 

receptors (Arimont et al., 2017).  Chemokines are made up of a common tertiary 

fold, a Greek key motif (Richardson, 1977), containing three antiparallel β-

sheets, which is stabilized by multiple hydrogen bonds and hydrophobic 

interaction (Handel and Domaille, 1996). At the C-terminal α-helix of the 

chemokine structure, the structure is stabilised aided by disulphide bonds 

between the conserved cysteine residues (Schwiebert, 2005). The N-terminus of 

the chemokine structure plays a crucial role in receptor binding and activation. 

It’s largely disorderly and the well-oriented regions create a scaffold to ensure 

appropriate conformation of protein binding interaction, even though they are 

often not directly involved in binding (Clark-Lewis et al., 1995).   

 

 

Figure 4.2 Chemokine Structure 
Illustration of general chemokine structure. The Greek key-like motif containing three antiparallel β-
sheets and an α-helix. 
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4.1.3 Cellular Recruitment for Chemokine Activities 
 

Most biologic effects of chemokines are facilitated by their interaction with their 

receptors on the surface of the cell. Leukocyte mobilization into the tissues during 

inflammation, for example, is regulated by chemo-attractive cytokines and 

chemokines (Hans and David, 2012), which is potent upon interaction with GAGs 

(Farrugia et al., 2017). Upon intracellular damage of cells, pro-inflammatory 

cytokines like TNFα and IL-1B are secreted, thereby activating the endothelium 

(Proudfoot et al., 2017). The activated endothelium induces the production of 

chemokines, which are immobilized, to the endothelial cell surface-expressed GAG 

to form a chemotactic gradient with a directional signal (Proudfoot and Uguccioni, 

2016). Some of the main events at the point of leukocyte recruitment and during 

the inflammation process are tightly regulated by GAGs, mostly embedding the 

surface of endothelial cells and leukocytes (Moore et al., 1995; Parish, 2006; Webb 

et al., 1993; Gotte, 2012; Oschatz et al., 2011).  

To arrive at sites of injury, leukocytes must exit the blood by traversing the 

endothelium, by attaching to the surface of the endothelium of post capillary 

venules (HEV). At this point, the cell starts to roll along the endothelium cells 

surface; this phenomenon creates a transient interaction of selectin-mediated 

leukocyte interactions (Lawrence and Springer, 1993).  Selectins are lectin-like 

linkage glycoproteins that mediate leukocyte rolling, and they also facilitate the 

reduction of the velocity of leukocyte movement along endothelial cell, which 

results to firm adhesion on the surface of the endothelial matrix (Grange and 

Kube’s, 1994, Bauer et al., 2000, Hickey et al., 1999, Gavins et al., 2007). The 
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chemokine in two major steps, further activates the integrins via 1) integrin-

mediated adhesion (tethering) and rolling of the flowing leukocytes on the 

endothelial cells matrix and 2) via stimulating the movement of adherent leukocyte 

across the endothelium and through the extracellular matrix as shown in Figure 4.6 

(Springer, 1994; Butcher and Picker, 1996). The slow pace of rolling leukocytes on 

selectins presents and advantaged encounters with the chemokines which are 

overlaid on the apical surface of the endothelium by glycosaminoglycans (Tanaka 

et al., 1993; Morla, 2019). These interactions provide strong leukocytes attachment 

to the endothelium, which expedites leukocyte haptotactic trans-endothelial 

migration (Springer, 1994; Rot, 1993 and Schimmel et al., 2017).  

Heparin appears to be one of the principal GAGS involved in the binding and release 

of bio-immune mediators and chemokines, that modulate almost all stages of 

leukocyte recruitment, adhesion, rolling and transmigration of leukocytes from 

circulation (figure 4.6) (Parish, 2006, Archana et al., 2015). 

The binding interaction between chemokines and its receptors expressed on the 

cell surface of leukocyte leads to a series of cellular events like the changing of β2 

integrin viability, mostly the CD11b/CD18, on the leukocyte cell surface, and other 

activities which ultimately, aims at eliminating the inflammatory stimuli. Other 

events, such as enhanced locomotion due to changes in cell shape, production of 

superoxide anions, and secretion of lysosomal enzymes, are also vital to the 

recruitment of leukocytes. Therefore, leukocytes mobilization toward the point of 

inflammation activates a cytokine-rich milieu which is sustained until the invading 

stimuli are eliminated. The behaviour of monomeric and oligomeric chemokines 
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during leukocyte recruitment, including systemic details of leukocyte mobilization 

for the inflammatory response, during trans endothelial migration, were all 

recently reviewed by Schimmel et al., (2017). 

 

 

Figure 4. 3: Cellular recruitment of leukocytes/chemokine trans-endothelial migration. 
 
Recruitment of leukocyte from circulation to stimuli position or inflammatory site through a series 
discrete event: tethering, rolling, adhesion and diapedesis, including chemotaxis through the endothelial 
membrane to the affected area.  
 

 
 
 

4.1.4 CCL5/RANTES 
 

Human CCL5 protein is an 8kDa protein, also known as (C-C motif) chemokine 

ligand 5, which is encoded by the CCL5 gene and categorized as a cytokine or 

chemokine protein. The CCL5 gene, also referred to as RANTES (regulated on 

activation, normal T cell expressed and secreted) are part of the chemokine genes 

localized to the q-arm12 of the human chromosome 17 (Donlon et al., 1990). The 

CCL5 was first discovered in 1998 (Schall et al., 1988), and first isolated and 

characterized in 1990 (Schall et al., 1990).  It belongs to a superfamily of proteins 
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that are vital in inflammatory and immune-regulatory activities and are expressed 

in over 100 human diseases. CCL5 proteins exhibit a chemo-attractant 

characteristic by responding to chemical signals for blood monocytes, basophils, T 

cells, and eosinophil. It also aids in the active mobilization of leukocytes into 

inflammatory sites, enabling angiogenesis, stimulating growth or survival, and 

triggering tumor cell metastasis (Coussen and Werb, 2002; Taichman et al., 2002, 

Manes et al., 2003). 

4.1.5 CCL5 and Inflammatory Diseases 
 

Chemokines have been reported for their important role in inflammatory diseases, 

including promoting stroma genesis and carcinogenesis (Cambien et al., 2011). The 

CCL5 are classified among the C-C chemokine subfamily, with its chemokines 

present on adjacent cysteine position, and consist of most of the chemokines 

(Murphy, 2002; Allen, 2007). The CCL5 does induce the in vitro migration and 

mobilization of eosinophils, T cells, dendritic cells, basophils, mast cells, and NK 

cells. The original name of CCL5, was RANTES as it thought to have been a T cell-

specific cytokine (Schall et al., 1988). The blood platelets, macrophages, 

endothelium, fibroblasts, epithelial, endometrial cells, and eosinophils all produce 

the CCL5.  The most relevant three chemokine C-C motif receptors (CCRs) linked 

with CCL5 are CCR1, CCR3, and CCR5, similarly known as inflammatory chemokine 

receptors (Murphy, 2002; Sarvaiya et al., 2013). CCL5 had also been revealed to 

bind the G protein-coupled receptor 75 (Ignatov et al., 2006), thereby potent in 

inducing G protein signalling, independently. Upon the activation of the G protein-

dependent signalling, the CCL5-receptor complex is co-opted through the clathrin-
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mediated endocytosis associated to the Adaptin-2 and b-Arestin adapter 

molecules. Additionally, the recycling of receptors and the degradation of viable 

chemokine receptor complexes are a function of mobilizing cytoplasmic organelles 

and vacuoles. These mobilizations are important to regulate chemokine receptor 

levels at the extracellular membrane, thereby presenting a channel for the 

regulation and reduction of the cellular activities of CCL5 and other chemokines 

extracellular level, a feature important to maintaining homeostasis (Cardona et al., 

2008; Mantovani and Locati, 2008). The CCL5 protein activities are implicated in 

multiple biological processes, such as inflammatory disorders, HIV, and cancer 

(Levy, 2009), due to the variety of cells that express and mediate the protein. 

The inflammatory CCL5 chemokine variably binds to these receptors. For instance, 

the CCL5 demonstrates a greater binding affinity towards CCR5 and CCR1 

receptors, whereas its binding affinity towards the CCR3 receptor is lesser 

(Blanpain et al., 2001). The interaction between the CCL5 chemokine and its 

receptor and other chemokine receptors are illustrated in figure 1. 

On a broader perceptive Elias et al., (2013), had extensively investigated and 

reported the role of CCL5 in various diseases such as viral infections, respiratory 

tract infection, neurotropic infection, liver infections, helminth infection, asthma, 

atherosclerosis, angiogenesis and cancer, fibrosis, and transplant rejection. The 

figure below previews the list of current CCL5 new investigative tools presently 

available under different studies. 
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Figure 4.4: The Biology of CCL5.  

Schematics of known chemokine receptors for CCL5 and their commonly shared agonist. Also illustrating 
the effects of chemokine activation on the leukocyte and non-leukocyte populations. The CCL5 biological 
effects are often modulated by the activities of a non-functional CCR5Δ32 or Atypical (decoy) receptors 
(D6 and DARC) 
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4.1.6 Structure of CCL5 
 

The structure of CCL5/RANTES (PDB codes 1RTN and 1HRJ) was first determined 

CCL5 as a dimer by using the NMR spectroscopy method at pH 3.7 in 1995 (Repeke 

et al., 2018, Jin-Ye et al., 2020). The CCL5 was first found in the T cell-specific cDNA, 

gaining attention for the chemokine as a new subfamily of chemotactic proteins 

with potential, in influencing a major biological and pathological processes (Levy, 

2009). The identification of CCL5 has assisted in collaborating on the functional role 

of its residues. 

 

 

Figure 4.5 A Dimer structure of CCL5/RANTES (Proudfoot and Borlat, 2000) 

 

4.1.7 Glycosaminoglycan 

Glycosaminoglycans also known as GAGs, are long complex linear 

polysaccharides of high molecular mass up to few million Dalton, existing in a 

varied range of sizes and often highly heterogeneous sulphated glycans (Murata 

et al., 1985, Jackson et al., 1991, Yeung et al., 2002). They are present on the 

extracellular matrix of cell surface and consist of over 1000 repetitive 

disaccharide moieties, each made up of (i) an acetamido amino sugar (N-acetyl 

glucosamine or N-acetlygalactosamine) in conjunction with (ii) uronic sugar i.e. 
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(glucuronic acid or galactose) or iduronic acid (Jeffrey et al., 2009). GAGs vary in 

two essential forms, such as (i) the type of hexosamine and hexose acid 

attachment they contain, (ii) the geometry of its glycosidic bonding (covalent 

linkage that joins the sugar molecule to another group). 

A few interesting and favourable features are peculiar to the Glycosaminoglycan 

in the human body. They also have distinguished GAG as a molecule of interest 

for futuristic therapeutic investigation and interventions. These features include 

but are not limited to, (i) GAGs are vastly polar and attract water, hence essential 

to the body as a lubricant or as a shock absorber, (ii) GAGs characterized as a 

part of the extracellular matrix (ECM) (Hay 1991), and play essential role in cell 

signalling processes and cell recognition (Mende et al., 2016), (iii) the ability of 

GAG structure to act as a polymer with multiple anionic charges at several sites 

(Grand et al., 2014), and (iv) GAGs characteristic potential to interact with 

cationic charged moieties like cytokines, growth factors, amino acids or plasma 

proteins (Bernfield et al., 1999, Osterloh et al., 2002).  

The glycosaminoglycans are classified into four functional groups among which 

are (i) heparin (HP) /heparin sulphate (HS), designated as HSGAGs (ii) chondroitin 

sulphate (CS) / dermatan sulphate (DS) designated as CSGAGs (iii) keratin 

sulphate (KS), these constituents occur as proteoglycans (Oohira et al., 1983) and 

(iv) hyaluronic acid (HA), occurring as oligosaccharide chain itself (Willen et al., 

1991). 

These classifications are essentially according to their respective core 

disaccharide structures (Ram et al., 2006). In contrast to glycoproteins of 
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predominate carbohydrates side chain, most GAG functional molecules (except 

hyaluronic acid) are known to be covalently bonded to serine residues on their 

proteins of interest via tetra saccharide linkages to form proteoglycans 

(Williams, 1998). These proteoglycans are essentially responsible for most of 

the GAGs physiological functions (Victor et al., 2009), and are structurally 

categorized based on their attached GAG sub-type group into heparan sulfate 

PG (HSPG), chondroitin sulfate PG (CSPG), dermatan sulphate proteoglycans 

(DSPG), keratan sulfate PG (KSPG) and hyalectans which are aggregates of 

HA and extracellular PG (Day and Prestwich 2002). For this chapter, only 

heparin will be investigated and discussed as a major GAG in interaction with 

CCL5. 

 

4.1.8 Heparin and Heparan sulphate 

Heparan sulphates and its fully sulphated subtype, heparin, are long linear 

sulphated, heterogeneous polysaccharides, and have the most complex GAG 

structure (Olczyk et al., 2014). More specifically, heparan sulphate is known 

to be resident on the surface of the cell membrane and in the extracellular 

matrix (ECM) of a protein core to form proteoglycans as part of heparan 

sulphate proteoglycans (HSPGs) of GAG (Maria et al., 2015).  

These Heparin and HSPGs are negatively charged carbohydrates involved in 

interactions with many HSBP; interestingly, sulphation appears to be a key 

part of driving the biological functions of heparin and heparan sulphate in 

roles as diverse as angiogenesis, cell growth, adhesion, and blood coagulation 
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(Weiss et al., 2017). Heparan sulphate and Heparin are made of alternating 

saccharide units of N-acetylated or N-sulfated D-glucosamine that are α (1-4) - or 

β (1-4) - linked to uronic acids (Liduronic or D-glucuronic acid). More precisely, the 

main disaccharide of Heparan sulphate is composed of glucuronic acid (GlcA) and 

N-acetylated glucosamine (GlcNAc), whereas the main disaccharide of Heparin 

consists of iduronic acid, which is sulfated at the carbon 2 (IdoA2S) and N-sulfated 

glucosamine which is additionally sulfated at C6 (GlcNS6S) (Kowitsch et al., 2018).  

Interestingly, HSPS is synthesized in almost all mammalian cells, in different 

forms (Rabenstein 2002; Varki 1999), unlike Heparin which is synthesized 

specifically only in the connective-tissue of mast cells or basophils as a part 

of the serglycin proteoglycan (Gallagher and Walker, 1985). The conformation 

of heparan sulphate differs unevenly and temporally in various cell types, and 

during development, more so, the factors involved in regulating the biosynthesis 

of heparan sulphate largely remains poorly defined (Esko and Lindahl, 2001)  

Interestingly, the structural similarity, existing between Heparan Sulphate and 

Heparin, does suggest they might possess similar regulative effects (Meneghetti et 

al., 2015). This is due to their common and unique ability to bind a variety of growth 

factor (GF) proteins, and thus, induce GF-mediated signal transduction 

(Eswarakumar et al., 2005; Lindahl et al., 1994). Depending on its specific sulfation 

motifs, HS can activate fibroblast growth factor proteins (FGF) - and fibroblast 

growth factor receptor (FGFR) -signaling pathways (Guimond and Turnbull 1999; 

Xu and Esko 2014). Furthermore, Heparan sulphates can inhibit or activate 

chemokines, cytokines like interleukins, and tumor necrosis factor α (TNF-α) 

(Whitelock and Iozzo 2005; Kowitsch et al., 2018). From a clinical perspective, 
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Heparan sulphate has been reported to be involved in embryonic 

development, defence of the immune system, cell growth, and inflammation 

(Xu and Esko, 2014). More precisely, a few studies have collaborated on the 

participation of Heparan sulphate in wound healing and inflammatory repairs 

(Olczyk et al., 2105). Including its ability to couple covalently with syndecan 

and glypican PGs, when present on the cell surface, hence interacting with 

integrin (Farrugia et al., 2017). 

4.1.9 CCL5 Interaction with Heparin and HSPGs during Inflammation 

During inflammation, programmed leukocyte recruitment from circulation and 

transmigration across the endothelium into the tissue and to the site of 

inflammation are essential in resolving or reversing inflammatory stimuli 

(Schimmel et al., 2017). The chemokine-mediated transmigration is facilitated by 

the interaction of CCL5 protein with Heparan sulphate proteoglycans (HSPGs). The 

HSPGs are abundantly distributed on the wall of the endothelia (Farrugia et al., 

2018) and aids the transportation of CCL5-mediated transmigration, across the 

endothelial wall, through a process called transcytosis (Christopher, 2006). 

The Heparin is reported to have multifunctional roles during inflammation, mainly 

due to the negative charge of heparin multiple sequence polysaccharides subunits. 

This allows heparan sulphate to interact with a vast range of positive chemokine 

ligands (Laura and Linda, 2018). The chemokine CCL5 is a positively charged protein 

that binds the Heparin by electrostatic interaction (Proudfoot et al., 2003). The 

binding is not a simple electrostatic interaction but appears to have specificity for 

sulphated Heparin and HSPGs (Carter et al., 2003). This leads to an increase of 
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CCL5 concentration and bioactivity at the site of production (Whitelock and Iozzo, 

2005). Hence the formation necessary haptotactic CCL5 gradient needed for in 

vivo chemokine function, such as leukocyte recruitment during an inflammatory 

response. The CCL5 protein, like most chemokines, has several highly conserved 

structural regions, including basic domains for GAG binding interactions (Segerer 

et al., 2009). The WT-CCL5 protein consists of two major clusters of basic residues, 

a BBXB motif on the “40s loop” of its amino acid sequence precisely at the 

(44RKNR47). The second binding cluster being the BBXXB motif on the “50s loop” of 

the WT-CCL5 protein, precisely at the (54KKWVR59), as illustrated in (Figure 4.6) 

(Martin et al., 2001). These two regions of WT-CCL5 matrix-binding activities have 

been widely studied previously (Proudfoot et al., 2003; Liang et al., 2016). The 40s 

cluster domains have been attributed to demonstrate more binding of GAG 

substrates (Martin et al., 2001; Proudfoot et al., 2001). The amino acid residues 

essential for GAG-binding activity have been characterized and shown to suggest 

that wildtype CCL5 protein exerts maximum specificity in the GAG interaction 

(Hoogewerf et al., 1997, Spillmann et al., 1998, Koopmann et al., 1999, Martin et 

al., 2001, Laguri et al., 2007, Laguri et al., 2008, Cox et al., 2008). To demonstrate 

the extent of GAG binding interaction within the CCL5 motif, previous studies had 

used a neutral amino acid Alanine (A) to substitute the amino acid unit designated 

as “B” within the 44-47 and 54 – 59 binding regions of the WT-CCL5 protein 

sequence. Previous studies have collaborated the claim, that a CCL5 mutation at 

the 40s loop 44AANA47, was unable to recruit cells in a model of peritoneal cell 

recruitment (Proudfoot et al., 2003, Proudfoot et al., 2001, Segerer et al., 2009). 
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4.1.10 CCL5 Oligomerization in GAG-Binding Interaction 

A broader examination of the effects of chemokine oligomerization during 

GAG binding interaction has been previously investigated and reported 

((Johnson et al., 2004; Migliorini et al., 2014; Salanga et al., 2014; Dyer et al., 

2016). Chemokines exhibit a range of different measure of affinity for GAGs. 

While some chemokine oligomerize and demonstrate improved binding 

functionality, others cannot, and this deficiency has no impact their biological 

functions and binding interactions (Dyer et al., 2015). 

Although the oligomerization of CCL5 and its mutagenic variants during 

Heparin-GAG interaction, is not the focus on this research, we note however 

that Johnson and co reported CCL5 formed high molecular oligomeric mass 

(>600 kDa) in vitro and in vivo during GAG-binding interaction (Johnson et al., 

2004). Similarly, a study by Proudfoot and co, investigated the monomeric 

CCL5 binding interaction with GAG and reported its quaternary structure was 

non-functional during cell activation and chemotaxis in vitro. On the other 

hand, the monomeric and dimeric CCL5 were functionally active in vivo, with 

only CCL5 tetramers was able to attain full cell recruitment activity (Proudfoot 

et al., 2003). 
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4.1.0 Research Aim 

This chapter aim is to systematically characterize the apparent affinities and 

binding kinetics of GAG-Heparin against wild type CCL5/ mutant’s chemokines 

using a functional Surface Plasmon Resonance assay as a way of understanding 

their contribution to leukocyte mobilization during inflammation. The SPR method 

is used to evaluate under real-time conditions, the binding affinity/kinetics 

between the wild type CCL5 binding domains, against the GAG carbohydrate 

compound, as well as the binding interaction of the same GAG against the Alanine 

substituted binding domain of mutant CCL5 protein, at position 

44RKNR47,54KKWVR59, and both respectively. 
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4.2.0 Results 

 

4.2.1 Introduction 
 

In other to make synthesized CCL5 wildtype and mutant proteins of interest, 

genomic sequences of CCL5 gene were extracted from an online data-based known 

as Ensembl tool (https://www.ensembl.org/) and aligned using EXPASY ProtParam 

tool (https://web.expasy.org/protparam/), the Integrated DNA Technology 

CodonOpt tool (https://eu.idtdna.com/site) were applied to optimize plasmid 

codons since E.coli was going to utilize as the host system for protein synthesis. To 

achieve the required neutralization of the two GAG- binding regions of the CCL5 

protein sequence, an amino acid of neutral charge Alanine was used to substitute 

the 44RKNR47 cluster to 44AANA47and the 55KKWVR59 cluster to 55AAWVA59. These 

CCL5 constructs were designated CCL5MutLOW and CCL5MutHIGH; the third CCL5 

mutant sequence had the Alanine substitution at both the RXNR and the KKWVR 

residues of the 40s and 50s cluster position respectively and designated as 

CCL5MutBOTH in this work. The Alanine substitution attenuates the conventional 

electrostatic interaction between negatively charged CCL5 binding domains and a 

positively charged GAG-heparin. The designed wild type and mutant CCL5 

sequences were outsourced from IDT UK. To achieve a robust and successful 

protein synthesis, the pMAL-c5x affinity tag, which expresses MBP were used to 

construct the CCL5 plasmids and functioned as a fusion protein tag during 

overexpression. The fusion tag as described chapter 1, was to ensure the ease 

purification of recombinant protein. Figure 4.17 below, shows the GAG binding 

https://www.ensembl.org/
https://web.expasy.org/protparam/
https://eu.idtdna.com/site
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region on CCL5 wild sequence, including point mutations of all the mutants under 

investigation.
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Figure 4.6: Heparin Binging Amino Acid Region of Wild-type CCL5 and CCL5 Mutant Sequence  
Showing regions of Alanine substitution (in red) of   all CCL5 protein constructs, where GAG’s (heparin) exacts its electrostatic affinity on RANTES
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4.2.2 CCL5 DNA Extraction  
 

The pUC57 carrier vector sequences containing full-length of both wild-type 

CCL5 and other three mutants (CCL5MutLOW, CCL5MutHIGH and 

CCL5MutBOTH) under investigation were purchased from IDT UK, the pUC57 

here, functioned as a cloning vector which cannot be used for overexpression, 

was pre-encoded with BamHI and EcoRI enzyme to allow for easy digestion 

and extraction of interest gene (CCL5). Restriction digestion reaction as 

explained in the method section 2.2.1, was used to obtain all CCL5 genes. The 

WT-CCL5 DNA band migrated in a consistent pattern with expectations for WT-

CCL5 (210 bp) as shown in Figure 4.7(A). The entire CCL5 mutant DNA bands 

were also observed to have migrated in a consistent pattern with expectations 

for CCL5 genes. Where lane 3 -5, 7-9 and 11-13 of figure 4.7(B), showed 

expression band patterns that are consistent with expected sizes of full-length 

CCL5 mutant genes, of 210bp plasmid length.  
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Figure 4.7: DNA Extraction Analysis of CCL5 Genes from IDT pUC57 Carrier Vector  
(A) Lane 1: showing hyper ladder 1kb, lane 2-10, showing digested Wild-Type CCL5-pUC57 construct. (B) Lane 1: showing hyper ladder 1kb, lane 3-5, showing digested 
CCL5MutLOW- pUC57 construct, lane 7-9, digested CCL5MutHIGH- pUC57 construct and lane 11-13, and digested CCL5MutBOTH- pUC57 construct. All plasmid construct was 
digested with BamH1 and EcoR1 restriction endonuclease enzyme and resolved by 1% Agarose Gel Electrophoresis.  Where ٭ designates pUC57 IDT carrier vector and O 
designates respective CCL5 fragments.    
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4.2.3 Wild Type CCL5 Cloning in Different E. coli Vectors 
 

Thereafter, the extracted and digested WT-CCL5 gene were ligated to several 

BamH1 and EcoR1 pre-digested vectors (pGEX-6p-1, pMAL-p5x, and pMAL-

c5x) using sticky end ligation protocol as described in the method section 

(2.2.5) to obtain recombinant WT-CCL5 DNA plasmids. Recombinant WT-CCL5- 

pGEX-6p-1 plasmids were used to transform competent E. coli DH5α strain, 

and transformants were selected in solid culture with ampicillin.  The 

recombinant WT-CCL5-pGEX-6p-1 plasmids figure 4.8(A), CCL5-pMAL-c5x 

plasmids figure 4.8(B) and CCL5-pMAL-p5x plasmids figure 4.8(C), were all 

extracted from selected transformants after small scale 2YT broth culture and 

analysed through restriction digest profiling with same enzymes used for 

plasmid DNA cloning (4.2.4) and resolved by agarose gel electrophoresis. 

The amplicon patterns generated in the agarose gel screening of figure 4.8(A) 

(Lane 3, 4, 5, 7 and 8), figure 4.8(B) (Lane 3‐8), and figure 4.8(C) (Lane 3‐7) 

were all compatible with expectations. The hype ladder 1kb band that migrates 

between 5000 and 6000 bp markers showed to be consistent with pGEX‐6p‐1, 

which is a plasmid of 4984 bp in length, which reflects the migration of 5677 

bp length for pMAL‐c5x and 5725 kb length for pMAL‐p5x respectively. The 

WT‐CCL5 gene transformants except in figure 4.8(A) (lane 6) generated bands 

that migrated consistently with expectations as defined in section 4.2.1., which 

implied that the WT‐CCL5 gene cloned into the chosen vectors. 
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Figure 4.8: Restriction Digest Analysis of Recombinant Wild-Type-CCL5 Plasmid 
(A) Showing hyper ladder 1kb and lane 3-8: various Wild-type-CCL5-pGEX-6p-1 constructs (B) Lane 1: showing hyper ladder 1kb and lane 3-8: various Wild-type-CCL5-pMAL-
c5x constructs (C) Lane 1: showing hyper ladder 1kb and lane 3-8: various Wild-type-CCL5-pMAL-p5x constructs. All digested with BamH1 and EcoR1 restriction endonuclease 
enzyme and resolved by 1% Agarose Gel Electrophoresis. Where  ٭, designates respective vector plasmids, and O Wild-type-CCL5 fragment.    
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Nucleotide sequencing was used to validate that WT‐CCL5‐pGEX‐6p‐1, WT‐

CCL5‐pMAL‐c5x, and WT‐CCL5‐pMAL‐p5x recombinant plasmids were all 

successfully cloned as sequencing results came back without any mutations. 

 

4.2.4 Cloning of CCL5 Mutants into pMAL-c5x E. coli Vector 
 

Upon the successful extraction and nucleotide sequencing of all mutant CCL5 

genes, the pre-digested extracted genes were ligated unto the BamHI and 

EcoRI restriction sites of pre-digested pMAL-c5x vectors. The sticky end 

ligation protocol as described in the method section (2.2.5) was applied to 

obtain digested recombinant DNA-plasmids. The recombinant mutant CCL5 

plasmids were used to transform competent E. coli DH5α strain, and 

transformants were selected in solid culture under ampicillin resistance.  

Single colonies of these recombinant mutant CCL5 genes were selected from 

the transformants. To confirm successful cloning a small scale 2YT broth cell 

culture was grown using selected single colonies and analysed through 

restriction digest analysis with the same enzymes used for plasmid DNA 

cloning (4.2.4) and resolved by agarose gel electrophoresis. The amplicon 

patterns generated in the agarose gel screening of figure 4.9 (A) lane 3, 4, 6, 

and 8, figure 4.9(B) lane 3, 5, 6, and 8 and figure 4.9(C) lane 2‐6, were all 

compatible with expectations. The hype ladder 1kb band that migrates 

between 5000 and 6000 bp markers showed to be consistent with the pMAL‐

c5x vector, which is a plasmid of 5677 bp length. 
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Figure 4.9: Restriction Digest Analysis of Recombinant pMAL-c5x ligated CCL5 Mutants 
(A) Lane 1: showing hyper ladder 1kb and lane 3-8: various CCL5Mut-LOW- pMAL-c5x constructs. (B) Lane 1: showing hyper ladder 1kb and lane 3-8: various CCL5Mut-BOTH- 
pMAL-c5x constructs. (C) Lane 1: showing hyper ladder 1kb and lane 2-7: various CCL5Mut-HIGH- pMAL-c5x constructs. All digested with BamH1 and EcoR1 restriction 
endonuclease enzyme and resolved by 1% Agarose Gel Electrophoresis. Where ٭ designates linear pMAL-c5x, and Δ designates respective CCL5 mutant fragment.    
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Most CCL5 mutant gene transformants except for those in figure 4.9 (A) lanes 

5 and 7, figure 4.9 (B) lanes 4 and 7 and 4.9 (C) lane 7 generated bands that 

migrated consistent with expectations as defined in section 3.2.1., which 

indicated that mutant CCL5 genes were effectively cloned into the pMAL‐c5x 

vector. DNA nucleotide sequencing was used to validate that CCL5MutLOW‐

pMAL‐c5x and CCL5MutBOTH‐pMAL‐c5x recombinant plasmids were all 

successfully cloned as sequencing results came back without no mutations 

except those we had deliberately introduced. 

 

4.2.5 Protein Overexpression and Solubilisation of Wild-Type CCL5-MBP and CCL5 
Mutants Fusion Protein 

 

Although WT-CCL5 had been successfully cloned into several vectors, as 

reported in previous publications (Proudfoot and Borlat, 2000). Those cloning 

results had similarly suggested that the solubility of CCL5 was superior if 

overexpressed as an MBP fusion protein.  Therefore, further protein synthesis 

was done using MBP-tagged selected constructs. The CCL5/MBP plasmid DNA 

constructs were transformed and overexpressed in E. coli C43 DE3 strain. For 

protein overexpression 2YT media was supplemented with 0.5M Sorbitol and 

1mM Betaine was applied (figure4.14).  Prior to the induction of expression, 

cells were grown to mid-log phase at 37˚C. Overexpression samples were 

taken for analysis at one-hour post 1mM IPTG induction at 37˚C (T1), two 

hours post IPTG induction (T2) and overnight (18 hours) post IPTG induction 

(to/n), followed by analysis using the SDS-PAGE.  After initial expression 

analysis, it was qualitatively assessed that two hours of expression gave the 
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best ratio of soluble to insoluble CCL5-MBP recombinant fusion protein. 

Examples of the expression profiles and the solubility of the CCL5-MBP fusion 

proteins for all constructs of interest can be seen in figure 4.11, 14.12 and 

14.13. A review of the SDS-PAGE analysis of clarified WT-CCL5-MBP, CCL5-

MutLOW-MBP, CCL5-MutHigh-MBP and CCL5-MutBOTH-MBP fusion protein 

overexpression profile, through the analysis of its lysates, showed that 

synthesis of these recombinant proteins of interest was induced under these 

conditions in a 2-hour period post IPTG induction. Furthermore, the precision 

plus molecular weight bands showed a migration between 37 and 50kDa 

marker, with an expected protein size of about 50.5kDa for all the 

recombinant CCL5-MBP fusion proteins of interest for this work.  
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. 

 
 

Figure 4.11: Protein Overexpression Analysis of Wild-Type CCL5-MBP and Mutant CCL5-MBP fusion overnight expression in C43 DE3 E. coli strain at 37˚C in 0.5M Sorbitol and 1mM 
Betaine 2YT Media 

(A) Lane1: precision plus marker, Lane 3 – 8 Wildtype CCL5-MBP expression profile showing post-IPTG (1mM) induction and overnight expression. T0 (L3), T1 (L4), T2 (L5), T0/N (L6), 
the soluble fraction (L7), the insoluble fraction (L8). (B) Lane1: precision plus marker, Lane 3 – 7 CCL5-MutLOW expression profiles showing post IPTG(1mM) induction. T0 (L3), 
T1 (L4), T2 (L5), soluble fraction (L6), insoluble fraction using (L7), and Lane 8: precision plus marker, Lane 10 – 14 CCL5-MutBOTH expression profile showing post IPTG(1mM) 
induction.T0 (L10), T1 (L11), T2 (L12), soluble fraction (L13), insoluble fraction (L14). (C) Lane1: precision plus marker, Lane 3 – 6 CCL5-Mut-HIGH- MBP expression profile showing 
post IPTG (1mM) induction and overnight expression. T0 (L3), T1 (L4), T2 (L5), the soluble fraction (L6). Resolved by SDS-PAGE method.  
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4.2.6 Solubilisation of WT-CCL5-MBP Protein 
 

An appreciable amount of WT-CCL5-MBP fusion protein was observed to 

reside in the soluble fraction; this appeared qualitatively to be more of an issue 

with the wildtype construct. To maximize the recovery of soluble protein 

attempts were made to re-solubilize the insoluble fraction (lanes 7 of figure 

4.12 and lanes 8 of figure 4.13). To recover these proteins, the application of 

solubilizing detergents was incorporated. Two different solubilizing 

detergents of 6M Urea and 8M Urea, 0.5% Tween 20, 10mM DTT in 20mM Tris 

pH 9 were applied respectively using the methods described in section 4.3.5. 

After lysis of insoluble WT-CCL5-MBP fusion protein lysates by sonication. 

These detergents resulted to a recovery of a slightly increased proportion of 

recombinant WT-CCL5-MBP fusion protein soluble fraction after refolding 

(figure not shown) for 6M Urea and a significant release of recombinant WT-

CCL5-MBP fusion protein soluble fraction after refolding, when 8M Urea, 0.5% 

Tween 20, 10mM DTT in 20mM Tris pH 9 solubilizing detergent was applied.  

 

 



157  

 

Figure 4.12 SDS-PAGE Protein Overexpression and Solubilisation Analysis of Wild-Type 
CCL5-MBP fusion protein expressions in DH5α E. coli strain at 37˚C in 0.5M Sorbitol and 
1mM Betaine 2YT Media.  
Lane1: precision plus marker, Lane 2 – 7 Wildtype CCL5-MBP expression profile showing 
post-IPTG (1mM) induction and overnight expression. T0 (L2), T1 (L3), T2 (L4), T0/N (L5), 
the soluble fraction (L6), insoluble fraction using 6M Urea (L7).  

 

 

Figure 4.13 SDS-PAGE Protein Overexpression Analysis of Wild-Type CCL5-MBP fusion 
protein expressions in DH5α E. coli strain at 37˚C in 0.5M Sorbitol and 1mM Betaine 
2YT Media.  
Lane1: precision plus marker, Lane 3 – 7 Wildtype CCL5 expression profile showing post 
IPTG(1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3 (L6), soluble fraction (L7), insoluble 
fraction using 8M Urea 0.5% Tween 20, 10mM DTT in 20mM Tris pH 9 (L8), Wild-Type 
CCL5-MBP Refolded Protein.  
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4.2.7 Batch Purification of WT-CCL5 and Mutant CCL5-MBP Fusion Protein 
 

From an already prepared 50% slurry stock, 200 µL of MPB resin slurry 

(Expedeon UK) was used to re-suspend 10 mL of soluble protein CCL5-MBP 

fusion lysate and was transferred into a universal tube. The MPB resin and 

CCL5-MBP fusion protein mixture were incubated for 1-hour on a roller at 4˚C. 

After the 1 hour, the sample mixture was removed, centrifuged and the 

supernatants discarded. CCL5-MBP fusion batch purification, MBP resin pellet, 

was washed using 10 ml of PBS and incubated for 10 minutes at 4˚C. The 

mixture was centrifuged at 6000rpm and supernatant stored, while the pellet 

was washed using 10 mL PBS, 10 min intermittently for a period of third 

washes.  About 100 µL supernatant of all samples was stored at 4˚C. 

Final elution was done using 200 µl of 10mM Maltose, which was added to the 

re-suspended pellet by incubating on a roller mixer at 4˚C for 15 minutes 

thereafter, centrifuged at 6000rpm for 5 min. The supernatant volume was 

stored at 20˚C as the pure CCL5-MBP fusion protein. 

All CCL5-MBP constructs were purified by batch purification, as described in 

section 2.6.1. Representative gels for batch purification were analysed by SDS-

PAGE and are shown in figure 4.14A and 4.14B. 
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Figure 4.14 Cleavage Removal Analysis of CCL5 fusion proteins  
(a) Time-Dependent Protease Cleavage of WT-CCL5-MBP, CCL5-MutLOW –MBP and CCL5-MutBOTH-MBP fusion proteins Lane 1: precision plus unstained marker, Lane 2: precision plus 
unstained marker, Lane 3 – 6: 2 hours MBP-cleavage digestion profile of Control digestion, CCL5-Mut-BOTH, CCL5-Mut-LOW and WT-CCL5-MBP. Lane 7 – 10: 4 hours MBP-cleavage 
digestion profile of Control digestion, CCL5-Mut-BOTH, CCL5-Mut-LOW and WT-CCL5-MBP. Lane 11 – 14: 24 hours MBP-cleavage digestion profile of Control digestion, CCL5-Mut-BOTH, 
CCL5-Mut-LOW and WT-CCL5-MBP. (b) MBP Resin Batch Purification and 24 hours Protease Cleavage of CCL5-MutBoth-MBP fusion protein: Lane 1: precision plus unstained marker, Lane 
3: Unbound CCL5-MutBoth-MBP soluble lysate + MBP Resin, Lane 4: 1st PBS wash, Lane 5: 2nd PBS wash, Lane 6: 3RD PBS wash, Lane 7: Batch Purified CCL5-MutBoth-MBP recombinant 
fusion protein, Lane 8: Factor-Xa Digested CCL5-MutBoth-MBP recombinant fusion protein. Resolved by SDS-PAGE methods at 150 Volts. 
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Figure 4.15:  Batch Purification Analysis of Wild-type CCL5- MBP and Mutant CCL5-MBP fusion protein.  

(a) Lane 1: precision plus marker, Lane 3 – 7 Wild-type CCL5 batch purification profile showing. Unbound Wild-type CCL5-MBP + MBP resin (L3), 1
st

 PBS wash (L4), 2
nd

 PBS 

wash (L5), 3
rd

 PBS wash (L6), and Wild-type CCL5-MBP bound eluent (L7). (b) Lane 1: precision plus marker, Lane 3 – 7 CCL5-MutLOW batch purification profiles showing. 
Unbound CCL5-MutLOW MBP resin (L3), 1st PBS washes (L4), 2nd PBS wash (L5), 3rd PBS wash (L6), and CCL5-MutLOW MBP bound eluent (L7) and Lane 9: precision plus 
marker, Lane 11 – 15 CCL5-MutBOTH batch purification profiles showing. UnboundCCL5-MutBOTH MBP resin (L11), 1st PBS washes (L12), 2nd PBS wash (L13), 3rd PBS 
wash (L14), and CCL5-MutLOW MBP bound eluent (L15). (c) Lane 1: precision plus marker, Lane 3 – 7 CCL5-Mut-HIGH-MBP batch purification profile showing. Unbound 
CCL5-Mut-HIGH-MBP + MBP resin (L3), 1st PBS wash (L4), 2nd PBS wash (L5), 3rd PBS wash (L6), and CCL5-Mut-HIGH-MBP eluent (L7). Resolved by SDS-PAGE methods 
at 150 Volt
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After the batch purification of recombinant CCL5/MBP fusion-protein, a review of 

the SDS-PAGE analysis of molecular bands of purified eluents, demonstrated that 

the MBP sepharose batch purification method, recovered high yield of purified WT-

CCL5-MBP, CCL5-MutLow-MBP, CCL5-MutHigh-MBP and CCL5-MutBoth-MBP 

fusion proteins during the batch purification process. The extent of the purity was 

to however, measured by UV-spectrophotometer at 280nm wavelength. All 

protein purification band pattern showed a gradual elution of protein of interest 

increased against incubation time and PBS wash. The precision plus molecular 

weight bands on the SDS-PAGE analysis attached in figure 4.15b – 4.16 showed 

migrations between 37 and 50 MW kDa marker, with the expected protein size and 

concentration of all recombinant CCL5/MBP fusion proteins. Their respective 

concentrations are summarised and presented in table 4.1 below. 

 

Table 4.1: Experimental recombinant CCL5/MBP fusion protein molecular weight and protein concentration 

per 2µL (mg/mL) before protease cleavage and dialysis. 

 

 

 

4.2.8 Cleave Removal of WT-CCL5-MBP and Mutant CCL5-MBP Fusion Protein 

For structural and functional studies, the MBP Factor Xa protease was used to 

digest the CCL5-MBP fusion protein by cleavage removal, as explained in the 

Methods section above. This CCL5-MBP cleavage removal result showed three 
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lots of digested CCL5-MBP proteins, which included the wild type CCL5-MBP 

and two mutants CCL5-MBP (Mut-BOTH and Mut-LOW). The cleavage result 

indicated correct digestion of these CCL5-MBP proteins at different time 

intervals which include 4hours, 6hours and 24 hours period independently. 

The concentrations of these recombinant CCL5-MBP fusion batch purified 

proteins were measured, using a nanodrop (Wild-type CCL5-MBP = 4.2mg/mL, 

CCL5-MutLOW- MBP = 1.199mg/mL, CCL5-MutLOW-MBP = 3.12mg/mL). The 

sample concentrations per mg/mL were diluted to 1mg/mL concentration and 

used to calculate the total volume of pure CCL5-MBP lysates required for 

cleavage removal. About 6µL of PBS was used to supplement the volume of 

pure WT-CCL5-MBP lysate, which was 14µL, makeup to 20µL.  Thereafter, 1µL 

of 200µg/mL of factor Xa (NEB, UK #P80105) was added to the pure WT-CCL5-

MBP lysate. 5µL of the CCL5-MBP sample mixture was used against a positive 

control called MBP5 paramyosin. The WT-CCL5-MBP lysate sample cleavage 

removal was digested for a 24hours period and samples were taken at the 4th 

hour, 6th hour and 24th hours respectively. 2.5µL of the loading buffer was 

added after cleavage was completed at every stage of sample withdrawal (4H, 

6H, and 24H). MBP restricted sample had to be heat shocked for 5min and 

analyzed using SDS-PAGE analysis. The evaluation of the pure WT-CCL5-MBP 

fusion protein cleavage removal result was successful and indicated optimal 

cleavage of all pure CCL5-MBP fusion protein to be about 24 hours post-

digestion (figure 3.16, lane 12,13 and 14). 

 



163  

4.3.0 Isolation of Recombinant CCL5-MBP Protein from Cleaved Fusion Protein 

 

After a successful batch purification and protease (Factor Xa) cleavage digestion of 

CCL5/MBP expression lysates, recombinant CCL5/MBP fusion proteins were 

obtained. Based on the objective of using recombinant WT- CCL5 and mutagenic 

variant proteins for functional assays, we made systematic attempt, to isolate the 

interest proteins (WT-CCL5, CCL5MutBoth, CCL5MutHigh and CCL5MutLow) from 

its fusion MBP tagged complex. The focus of eliminating maltose binding protein, 

is approached here by four different techniques. Firstly, by reverse MBP-resin 

batch purification as described 2.7.1, secondly by ultracentrifugation using a size 

differential Amicon Ultra-15 centrifugal device as described in section 2.7.3 and 

thirdly by a modified application of hypotonic lysis by buffer exchange. Here, 

50mM Tris pH 8.5 150 mM NaCl and 20mM Tris, 1mM EDTA, 1mM DTT, 5mM 

MgCl2 (sample lysis buffer) were applied to rid the fusion protein of its previous 

PBS buffer, this was to be achieved by modifying method for Ultra-centrifugation 

as describe in section 2.7.4 (Spada et al., 2019). Finally based on the principal of 

electrostatic affinity, a negatively charged Heparin resin was used via a modified 

batch purification method to attempt isolating chemokine-MBP fusion protein. 

The SDS-PAGE analysis of the flow-through samples for the two CCL5 isolation 

methods presented similar outcome. Although a standard 30kDa 

ultracentrifugation was applied as a means of retrieving the native CCL5 protein 

isolate, the result at figure 4.15, showed that WT-CCL5-MBP in unite (a) failed to 

produce a recovery of native CCL5 protein on lane 9 and 10, when incubate with 

MBP-resin for 1 hour via reverse-batch purification protocol although a successful 
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protease cleavage which had isolated the fusion MBP-tag from the recombinant 

CCL5 was achieved in lane 8. Additional step of incubating the protease cleaved 

WT-CCL5-MBP recovery with MBP- resin via reverse batch purification for 6 hours 

and 12 hours respectively before ultracentrifuge separation using 30kDa amicon 

device, showed that both the flow-through and supernatant recovery of the 

experimental product, on lanes 9, 10, 11 and 12 had no recovery of the 

recombinant native CCL5 protein. 

The MBP-resin reverse batch purification of CCL5-MutBoth mutant (figure 4.16a) 

and CCL5-MutLow mutant (Figure 4.16b) showed that after factor xa protease 

cleavage in figure 4.16 (unit a), the 30kDa ultracentrifugation recovery 

(supernatant and flow-through) of MBP-resin reverse batch purification on lane 6, 

7 and lane 14, 15 respectively, showed the absence of expected 8kDa recombinant 

native CCL5 mutant protein size, the SDS-PAGE however, indicated the presence of 

the 42kDa MBP.  

Similarly, after substitution of PBS buffer with 50mM Tris pH 8.5 150 mM NaCl on 

reverse batch purification attempt as shown on CCL5-MutHigh mutant (figure 

4.17a) and WT-CCL5 (figure 4.17b).    The buffer exchange, alongside the MBP-resin 

reverse batch purification and 30kDa ultracentrifugation showed in figure 4.17 

(unit b) lane 6, 7 and 14, 15 the absence of expected 8kDa recombinant native 

CCL5-MutHigh mutant and WT-CCL5 protein size respectively.  The SDS-PAGE gel 

however indicated presence of the 42kDa MBP. The inability to isolate the CCL5 

protein warranted the application of other techniques that were thought to be able 

to achieve the desired recombinant native CCL5 protein isolation objective. 
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Figure 4.16 CCL5 Proteins Isolation Analysis Using Reverse MBP-Resin  

(a) Lane 1: precision plus marker, Lane 3-6: WT-CCL5-MBP, MBP batch purification profile, Lane 7-10: MBP isolation profile showing reverse batch purified WT-CCL5-MBP eluent (L3), 
Unbound WT-CCL5- MBP sample with MBP resin (L4- L6), 1st , 2nd and 3rd PBS wash of WT-CCL5- MBP sample (L7) batch purified WT-CCL5- MBP sample. (L8) factor Xa protease 
digested WT-CCL5- MBP sample (L9) 1 hours reverse MBP-resin incubated supernatant sample of digested WT-CCL5- MBP sample (L10) MBP-resin recovery from WT-CCL5- MBP 
reverse batch purification after amicon separation (b) Lane 1: precision plus marker, Lane 3 – 6: WT-CCL5-MBP, MBP batch purification profile, Lane 7-12: MBP isolation profile 
showing reverse batch purified WT-CCL5-MBP eluent (L3), Unbound WT-CCL5- MBP sample with MBP resin (L4- L6), 1st , 2nd and 3rd PBS wash of WT-CCL5- MBP sample (L7) batch 
purified WT-CCL5- MBP sample. (L8) factor Xa protease digested WT-CCL5- MBP sample (L9 -L10) 6 hours and 12 hours MBP-resin reverse batch purification of WT-CCL5- MBP 
sample (L11) supernatant sample of 12 hours MBP-resin reverse batch purification of WT-CCL5- MBP sample (L12) MBP-resin recovery from 12 hours MBP-resin reverse batch 
purification of WT-CCL5- MBP sample after amicon separation. Resolved by SDS-PAGE methods at 150 Volts. 
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Figure 4.17 CCL5 Proteins Isolation Analysis Using Amicon Ultra Filtration and 1st Buffer Exchange.  

(a) Lane 1: precision plus marker, Lane 3 – 7 CCL5-MutBOTH isolation profiles showing batch purified CCL5-MutBOTH MBP eluent (L3), Factor-Xa digested CCL5-MutBOTH – MBP 
sample (L4), 30 kDa Amicon centrifugation supernatant CCL5-MutBOTH – MBP sample (L5), 30kDa Amicon Flow-through CCL5-MutBOTH – MBP sample (L6), Resin recovery from 
CCL5-MutBOTH – MBP batch purification (L7). Lane 9: precision plus marker, Lane 11 – 15 CCL5-MutLOW isolation profiles showing. Batch purified CCL5-MutLOW MBP eluent 
(L3), Factor-Xa digested CCL5-MutLOW – MBP sample (L4), 30 kDa Amicon centrifugation supernatant CCL5-MutLOW – MBP sample (L5), 30kDa Amicon Flow-through CCL5-
MutLOW – MBP sample (L6), Resin recovery from CCL5-MutLOW – MBP batch purification (L7). (b) Lane 1: precision plus marker, Lane 3 – 7 CCL5-MutHigh-MBP isolation profiles 
showing batch purified CCL5-MutHigh-MBP eluent (L3), Factor-Xa digested CCL5-MutHigh – MBP sample (L4), 30 kDa Amicon centrifugation supernatant CCL5-MutHigh – MBP 
sample (L5), 30kDa Amicon Flow-through CCL5-MutHigh – MBP sample (L6), Resin recovery from CCL5-MutHigh – MBP batch purification (L7). Lane 9: precision plus marker, Lane 
11 – 15 WT-CCL5-MBP isolation profiles showing. Batch purified WT-CCL5-MBP eluent (L11), Factor-Xa digested WT-CCL5-MBP sample (L12), 30 kDa Amicon centrifugation 
supernatant WT-CCL5-MBP sample (L13), 30kDa Amicon Flow-through WT-CCL5-MBP sample (L14), Resin recovery from WT-CCL5-MBP batch purification (L15) Applying 50mM 
Tris pH 8.5 150 mM NaCl as buffer. Resolved by SDS-PAGE methods at 150 Volts.
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4.3.1.1 Differential Size Exclusion Amicon Separation of CCL5/MBP Mutants 

The separation of native CCL5 protein was attempted using 30kDa and 50kDa amicon-

ultra-15-centrifugal-filter procedure like previous application as above. however, a 

different lysis buffer (20Mm Tris, 1Mm EDTA, 1mm DTT, 5Mm MgCl2) was applied via 

buffer exchange and observed for its effect in effect in facilitating the separation of 

soluble native CCL5 protein fraction from the recombinant fusion protein. 

 

 
 

Figure 4.17 Differential Size Exclusion Amicon Ultra-Filtration Separation of CCL5-MBP Mutants and 2nd 
Buffer Exchange 
Lane 1: precision plus marker, Lane 3 – 5 CCL5-MutBOTH isolation profile showing: Factor-Xa digested CCL5-
MutBOTH – MBP sample (L3), 30 kDa Amicon centrifugation supernatant CCL5-MutBOTH – MBP sample (L4), 
30kDa Amicon Flow-through CCL5-MutBOTH – MBP sample (L5), Lane 6 – 8 CCL5-MutHigh isolation profile 
showing: Factor-Xa digested CCL5-MutHigh – MBP sample (L6), 30 kDa Amicon centrifugation supernatant 
CCL5-MutHigh – MBP sample (L7), 30kDa Amicon Flow-through CCL5-MutHigh – MBP sample (L8), applying 
20mM Tris, 1mM EDTA, 1mM DTT, 5mM MgCl2 as buffer. Resolved by SDS-PAGE methods at 150 Volts. 
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Result showed a consistent loss of the native CCL5 protein in both 30kDa and 50KDa 

differential size exclusion amicon separation. Showing also that the application of 

20mM Tris, 1mM EDTA, 1mM DTT, 5mM MgCl2 buffer, may not have been effective 

in this context. 

 

4.3.1.2 Heparin Resin Batch Purification  

Heparin-resin based separation was applied to a sample of protease digested WT-CCL5 

-MBP via a modified heparin binding assay to isolate native WT-CCL5 protein, leaving 

behind MBP-fusion which ordinarily should have some affinity for heparin. The 

ultimate loss of WT-CCL5 protein and MBP tag after the second PBS wash is indicative 

that heparin resin batch purification method has not worked and not a viable 

technique for recovering native wild type CCL5 protein. There is currently, a lack of 

understanding within the context of this experiment as to the rational for the 

disappearance of the WT-CCL5 protein and MBP-tag. 
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Figure 4.18: CCL5 Proteins Isolation Analysis Using Amicon Ultra Filtration and Buffer Exchange.  
Lane 1: precision plus marker, Lane 3 – 8 WT-CCL5-MBP, heparin batch purification profile shows. Bound 
WT-CCL5-MBP + Heparin resin (L3), 1st buffer wash (L4), 2nd buffer wash (L5), 3rd buffer wash (L6), and 
WT-CCL5-MBP eluent Beads (L7), precision plus marker (L8), applying 20mM Tris, 1mM EDTA, 1mM DTT, 
5mM MgCl2 as a buffer. Resolved by SDS-PAGE methods at 150 Volts. 
 
 

4.3.2 Sample Validation of Pure Recombinant CCL5-MBP Fusion Protein 

After a successful protein overexpression, care was taken to ensure the absence of 

genomic DNAs and RNAs in the sample product. Ideally, cell lysis was introduced as 

the first step in cell fractionation (Walker, 2009; Thermofisher.com, 2020). The 

mechanical lysis of protein expression lysates, being the final stage of physical 

disruption of the overexpression cell lysate, was lysed in this work via sonication to 

break down cells, hence leading to the release of nucleic acids. The presence of 

these cellular components may reduces the sample purity of the recombinant 

protein products (Hebron et al., 2009; Tan and Yiap, 2009). Although all 

experimental cells were lysed by sonication, no step was taken to guarantee the 

elimination of nucleic acids from the expressed recombinant protein sample, which 
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ultimately would reduce the risk of shearing genomic DNAs and RNAs, and the 

ultimate concerns of low protein yield (embl.de, 2020). A preliminary purity 

concentration assessment of batch purified wild type CCL5-MBP/mutants at 

280nm absorbance under the ultraviolet spectrum, confirmed the presence of 

these nucleic acids, as the recombinant protein sample peaked at 230nm and 

260nm absorbance wavelength using methods described in section 2.8.0 and 

results shown in figure 4.18. 

A subsequent enzymatic digestion by adding DNase and RNase into a purified 

recombinant wild type CCL5-MBP/mutants protein sample and treating them using 

the dialysis method described section 2.8.0. showed the wild type CCL5-

MBP/mutants protein samples to recovered from genomic contamination as 

sample demonstrated peak absorbance of ultraviolet light at 280nm, as shown in 

figure 4.19 and consistent with expectation protein absorbance ultra-violet 

spectrum for protein (Anthis and Clore, 2013). 

The application of contaminated proteins may affect the robustness of functional 

assays (Wingfield, 2017). Because we aimed to achieve a few functional assays in 

this work, we attempted to ascertain the purity and protein integrity of both the 

control-CCL5 protein and the synthesized recombinant CCL5/MBP fusion proteins 

that have been synthesized. 
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Figure 4.19: Crude and Non-dialysed Wildtype and Mutant CCL5 –MBP fusion proteins  
Showing clarified crude protein lysate sample of (a) WT-CCL5-MBP (b) CCL5-MutHigh-MBP (c) CCL5-MutLow-MBP (d) CCL5-

MutBoth-MBP showing to absorb UV-spectrum light at A260.  Protein concentrations were measured using a Nanodrop 

Spectrophotometer ND-1000 USA. 

 

 

Figure 4.20: Purified and Dialysed Wildtype and Mutant CCL5 –MBP fusion proteins 
Showing extracted protein lysate and Dialysed sample of (a) WT-CCL5-MBP (b) CCL5-MutHigh-MBP (c) CCL5-MutLow-MBP 
(d) CCL5-MutBoth-MBP showing to absorb UV-spectrum light at A280.  Protein concentrations were measured using a 
Nanodrop Spectrophotometer ND-1000 USA. 
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Although we could now confirm that all experimental fusion proteins absorbed UV-

light at 280nm wavelength, we proceeded to resolve the recombinant protein 

sample via SDS-PAGE analysis as shown in figure 4.20, which confirmed a clear 

presentation of all pure CCL5/MBP recombinant fusion proteins, alongside the 

control-CCL5. Other essential information that may determine the extent of 

robustness of the protein synthesis, could be the degree of marginal difference 

between the theoretically size of the fusion protein, in comparison with the 

eventual experimental size of the fusion recombinant protein expressed in the 

laboratory.  The table 4.1 below compares the expected protein sizes either as 

contained in literature (protein databases) (www.expasy.org/resources/randseq) 

and the eventual experimental recombinant protein sizes. This comparison 

attempts to rationalize how much of success was achieved during the CCL5 protein 

synthesis and purification recovery of native recombinant CCL5. With the size of 

CCL5 known to 8kDa (Frauenschuh et al., 2007) and MBP size as 43kDa (Kapust and 

Waugh, 1999), the Wild type CCL5-MBP fusion protein size based on literature 

should be 51kDa. The result from table 4.1 showed that Wild type CCL5 and mutant 

CCL5 recovery to differ in sizes WT-CCL5 = 7.85kDa, Both-CCL5 = 7.42kDa, High-

CCL5 = 7.62kDa and Low-CCL5 = 7.65kDa. It is observed however from result in 

figure 4.21 that the molecular weights of the experimented synthesized MBP-tag 

remained consistent at 43kDa. These observations conclude that the Alanine based 

mutation at the GAG binding site of the CCL5 proteins resulted in change of 

molecular size of the proteins and a high protein recovery after purification of the 

wild type CCL5 and its mutants. 
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Figure 4.21: SDS-PAGE Analysis of Extracted and Dialysed Recombinant WT-CCL5 and Mutant MBP-Fusion 
Protein 
Lane1: precision plus marker, Control-CCL5 (L2), WT-CCL5-MBP(L3), CCL5-MutLow-MBP (L4), CCL5-MutBoth-MBP 
(L5), CCL5-MutHigh-MBP (L6) after protein extraction and dialysis using the dialysis cellulose tubing. Resolved by 
SDS-PAGE methods at 150 Volts. 

 

 

 

 

Table 4.1: Experimental recombinant CCL5/MBP fusion protein molecular weight and protein concentration 

(2mg/mL) post protease cleavage and dialysis. 
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4.3.3 Biotin-Heparin Immobilization 
 

The first step of this SPR experiment was to identify the ligand molecule and have 

them immobilized unto the surface of the sensor chip. Biotinylated heparin (Biotin-

Heparin Sigma Aldrich UK) was chosen as the ligand and was immobilized via 

indirect coupling as presented in section 1.2.3b. The injection of the Biotinylated 

heparin was absorbed on a BIAcore SA sensor chip via non-covalent coupling using 

the method described in section 2.9.1.2 and previously established (Dyer et al., 

2016, Martínez‐Burgo et al., 2019). After which a signal of   517 RU was obtained 

after the reference flow cell was subtracted (fc 2-1), see figure 4.22. This 

immobilization signal was stable after completion of the blocking protocol to 

prevent non-reactive capture of the analytes by the activated streptavidin dextran 

matrix. 
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Figure 4.22: Surface Plasmon Resonance of Dialyzed Biotinylated Heparin Immobilisation 

Sensogram plot showing immobilization of dialyzed biotinylated heparin to streptavidin (SA) coated chip. Three 

injections were captured, which resulted in an increased immobilization signal of 517 RU. The increase in RU from 

baseline is shown by the green and blue lines respectively. 

 

4.3.4 Binding Analysis of Recombinant CCL5-MBP Protein to GAG- Heparin 
 

To assess the heparin-binding profile and apparent affinity of the synthesized WT-CCL5-

MBP fusion protein and its mutants as earlier presented in this study, steady-state SPR 

binding kinetics studies were performed. The binding of each synthesized recombinant 

CCL5/MBP fusion protein was then studied, to evaluate affinity and kinetic (binding level 

association and dissociation) behaviour to GAG-heparin. A control experiment of heparin 

– control-CCL5 SPR manual mode injection, where a control outsourced pure-CCL5 (Sigma 

Aldrich UK) was injected over the heparin immobilized SA chip evaluate and subsequently 

confirm binding activity (figure 4.22). 

However, revealed, as previously established by similar chemokine binding assay 

experiments, that the CCL5 binding interaction with the heparin surface demonstrated a 

fast Kon (association) and Koff (dissociation) constant (Segerer et al., 2009, Dyer et al., 2015, 

Dyer et al., 2017). Therefore steady-state affinity was used as the method of determining 
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the apparent affinity of the WT-CCL5-MBP fusion protein and its available mutants against 

heparin. Apparent affinities were therefore calculated for association (ka) and dissociation 

(Kd) rates using the model KD = Ka/ Kd and a 1:1 Langmuir model of steady-state affinity 

fitting dataset however, showed CCL5 approached saturation at high concentration. The 

propensity however for chemokines including CCL5 to oligomerize both at presentation to 

GAG and in solution, may mean that this model may not provide an accurate description 

of the CCL5-MBP/Heparin interaction. For analytical runs, solutions of control-CCL5  and 

all CCL5/MBP fusion proteins, were passed over the GAG-Heparin SA-chip for 120 seconds 

in an association phase at more than four concentrations (0.01µg/mL, 0.05µg/mL, 

0.1µg/mL, 0.5µg/mL and 1µg/mL in buffer  10mM  HEPES, 2M NaCl, 50 mM EDTA, 0.005%  

Tween-20) and (0.01µg/mL, 0.1µg/mL, 0.5µg/mL and 1µg/mL in buffer  10mM  HEPES, 2M 

NaCl, 50 mM EDTA, 0.005%  Tween-20) respectively. The analysis was continued in a 

dissociation phase of 500 seconds per cycle. Experimental binding data were adjusted by 

applying reference subtraction (fc 2-1), with all complied sensorgrams shown in figure 4.23 

– 4.27. 

The result showed an apparent successful immobilization of the biotinylated heparin on 

surface of the Biacore SA-chip, however not without figure 4.21 sensogram, indicating the 

presence of free-flowing biotin on the dialysed biotinylated heparin sample which had 

interacted with activated streptavidin dextran matrix surface, therefore resulting to 

competitive binding and a reduced immobilisation of the heparin. Although the 

biotinylated heparin had been dialysed using Slide-A-lyzer 2K (2,000 MWC) dialysis 

cassette (Thermo   Scientific USA).  A polypropylene device Zebra Spin Desalting Column 

2K (2,000 MWC) made up of   high-performing size -exclusion chromatography resin, have 

been shown to provide better free-biotin decontamination, as demonstrated when 

biotinylated heparan sulphate was de-salted and high yield recovery in a similar work 

(Clausen et al., 2020). The limitation of the Slide-A-lyzer 2K (2,000 MWC) dialysis cassette, 
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is that the biotin had diffused back into the Slide-A-lyzer 2K (2,000 MWC) dialysis cassette 

permeable membrane. 

Similarly, for an immobilisation level of 517Ru, the binding association level observed with 

the control – CCL5 binding interaction after the heparin immobilisation on the SA-chip 

showed binding interaction at 380.7RU, which is a lower RU value than expected. Similar 

works have achieved better chemokine (CXCCL8) Rmax (RU) values (Martinez et al., 2019).  

It is widely noted that electrostatic interaction becomes reduced in environments of high 

salt concentration (Lindman et al., 2006; Seo, Girard, de la Cruz and Mirkin, 2019). The 

application of a 2M salt regeneration buffer (10mM HEPES pH 7.4, 2M NaCl, 50mM EDTA, 

0.005% Tween - 20) after control -CCL5 was flown over the SA-chip, may have further 

reduced the expected binding level, hence apart from the control-CCL5, the result shows 

no binding  for  all other recombinant CCL5 wildtype and mutant proteins.
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Figure 4.23: Surface Plasmon Resonance Steady State Affinity of Control CCL5 – Heparin Binding 

(a) Surface plasmon resonance sensorgram showing GAG-heparin: controlCCL5 binding. Each concentration (0.01µg/mL, 0.05µg/mL, 0.1µg/mL, 0.5µg/mL and 1µg/mL) of control-CCL5 
chemokine were flowed at 30µL/mL over the heparin immobilized SA-sensor chip. (b) Prior to fitting, values of blank (buffer) were subtracted from the real experimental value and 
the steady-state affinity fittings previewed. (c) A steady-state affinity 1:1 Langmuir model fitted curve of control-CCL5 shows the measure of steady-state fit confidence. 
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Figure 4.24: Surface Plasmon Resonance Steady State Affinity of WT-CCL5-MBP: Heparin Binding 

(a) Surface plasmon resonance sensorgram showing GAG-heparin: WT-CCL5-MBP binding. Each concentration (0.01µg/mL, 0.1µg/mL, 0.5µg/mL and 1µg/mL) of WT-CCL5-MBP chemokine 
were flowed at 30µL/mL over the heparin immobilized SA-sensor chip. (b) Prior to fitting, values of blank (buffer) were subtracted from the real experimental value and the steady-
state affinity fittings previewed. (c) A steady-state affinity 1:1 Langmuir model fitted curve of WT-CCL5-MBP shows the measure of steady-state fit confidence. 



180  

 

 

Figure 4.25: Surface Plasmon Resonance Steady State Affinity of CCL5-MutHigh-MBP – Heparin Binding 
(a) Surface plasmon resonance sensorgram showing GAG-heparin: CCL5-MutHigh-MBP binding. Each concentration (0.01µg/mL, 0.1µg/mL, 0.5µg/mL, and 1µg/mL) of CCL5-MutHigh-

MBP were flowed at 30µL/mL over the heparin immobilized SA-sensor chip. (b) Prior to fitting, values of blank (buffer) were subtracted from the real experimental value and the 
steady-state affinity fittings previewed. (c) A steady-state affinity 1:1 Langmuir model fitted curve of CCL5-MutHigh-MBP superimposed in black and the straight vertical red dotted 
line shows the measure of steady-state fit confidence. 
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Figure 4. 26: Surface Plasmon Resonance Steady State Affinity of CCL5-MutLow-MBP – Heparin Binding 

(a) Surface plasmon resonance sensorgram showing GAG-heparin: CCL5-MutLow-MBP binding. Each concentration (0.01µg/mL, 0.1µg/mL, 0.5µg/mL and 1µg/mL) of CCL5-MutLow-MBP 
were flowed at 30µL/mL over the heparin immobilized SA-sensor chip. (b) Prior to fitting, values of blank (buffer) were subtracted from the real experimental value and the steady-
state affinity fittings previewed. (c) A steady-state affinity 1:1 Langmuir model fitted curve of CCL5-MutLow-MBP superimposed in black and the straight vertical black line shows the 
measure of steady-state fit confidence. 
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Figure 4. 27: Surface Plasmon Resonance Steady State Affinity of CCL5-MutBoth-MBP – Heparin Binding 

(a) Surface plasmon resonance sensorgram showing GAG-heparin: CCL5-MutBoth-MBP binding. Each concentration (0.01µg/mL, 0.01µg/mL, 0.5µg/mL, and 1µg/mL) of CCL5-MutBoth-
MBP were flowed at 30µL/mL over the heparin immobilized SA-sensor chip. (b) Prior to fitting, values of blank (buffer) were subtracted from the real experimental value and the 
steady-state affinity fittings previewed. (c) A steady-state affinity 1:1 Langmuir model fitted curve of CCL5-MutBoth-MBP superimposed in black and the straight vertical black line 
shows the measure of steady-state fit confidence. 
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Figure 4.28 Summary of SPR CCL5/MBP – Heparin Binding Level Interaction Data 

(a) Bar chart show the measure of binding affinity KD(M) value of all CCL5-Heparin steady-state binding interaction, (B) Bar chart show over sample functional binding level activity at 
equilibrium binding interaction Rmax (RU). 
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4.3.5 Endothelial Migration Flow assay videos 
 

A schematic representation of the endothelial biochip seeded with THP-cells, and 

subsequent THP-leucocyte cell flow-based adhesion is shown in Figure 4.29 and 

4.30. Primary leukocyte adhesion in response to TNF-α and IFN-γ stimulated, 

human monocytic cell (THP-cell)-treated HMECs was used as positive control. 

Preliminary CCL5 mediated leukocyte flow-based adhesion to investigate the 

binding of endothelial GAG to two CCL5 peptides were assay in the presence of 

500ng ml-1 of wild-type CCL5-MBP and CCL5MutLow-MBP fusion protein. At 5 

minutes the potential of the two peptides to block trans endothelial leukocyte 

migration was evaluated. We observed reduced leukocyte flow-based adhesion on 

the CCL5MutLow-MBP fusion protein mediated flow chamber. The number of cells 

adhesion were about 130 (figure 4.30) in the CCL5MutLow-MBP fusion protein 

mediated flow chamber, while the wild-type CCL5-MBP fusion protein mediated 

flow chamber had about 69 counts (see figure 4.29). The cell counting was done 

visually, by spotting presence of cells on flow chamber of different CCL5 peptide at 

time 5mins, that were not on the flow chamber at time 0 second. Cells were 

identified by their black outer membrane layer.  

These experiments are considered preliminary works/data, towards understanding 

CCL5 behaviour, during leucocyte migration in the endothelia and only significant 

to the extent of more elaborate experimentation. The assay results can be viewed 

through the link below. 

https://www.dropbox.com/sh/3ubj6zl5c3ruhkl/AABOP4276syxZmb5iDXBB-QHa?dl=0 

https://tinyurl.com/sr348pf 

https://tinyurl.com/sr348pf
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Figure 4.30: Schematic representation of THP-cell perfusion and adhesion over primary human microvascular endothelial cell line-1(HMEC-1) seeded with recombinant WT-CCL5-MBP 

The HMEC-1 were first seeded over THP-1 monocyte coated biochip. The THP- leucocyte cells were loaded onto the HMEC-1 endothelial cells stimulated for 24 hours with TNF-α (10 ng ml-1) 

and IFN-γ (10 ng ml-1). Positive control is human monocytic cell (THP-cell)-stimulated HMEC-1 with 100 ng ml-1 for the peprotech CCL5 or at 500 ng ml-1 of the recombinant CCL5-MBP fusion 

protein 10 µl of Bovine Fibronectin (5mg ml-1 in 0.5M TBS pH 7.5, Sigma Aldrich, UK). The recombinant WT-CCL5-MBP (500 ng ml-1) were added over THP-stimulated HMEC-1 and leucocyte 

adhesion was analysed after 5min of treatment. (a) At time 0 second of the THP-stimulated HMEC-1 flow on a TNF-α and IFN-γ stimulated endothelia cell surface, were the recombinant WT-

CCL5-MBP had been seeded into a chamber. (b) At time 30 seconds (c) time 2.30 Minutes and (d) at time 5:00mineuts of flow analyses. Recorded in real-time using a GXCAM hichrome-lite 

digital camera (GT Vision, UK). 
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Figure 4.31: Schematic of THP-cell perfusion and adhesion over primary human microvascular endothelial cell line-1(HMEC-1) seeded with recombinant CCL5-MutLow-MBP (mutant peptide) 

The HMEC-1 were first seeded over THP-1 monocyte coated biochip. The THP- leucocyte cells were loaded onto the HMEC-1 endothelial cells stimulated for 24 hours with TNF-α (10 ng ml-1) 

and IFN-γ (10 ng ml-1). Positive control is human monocytic cell (THP-cell)-stimulated HMEC-1 with 100 ng ml-1 for the peprotech CCL5 or at 500 ng ml-1 of the recombinant CCL5-MBP fusion 

protein 10 µl of Bovine Fibronectin (5mg ml-1 in 0.5M TBS pH 7.5, Sigma Aldrich, UK). The recombinant CCL5-MutLow-MBP (500 ng ml-1) were added over THP-stimulated HMEC-1 and leucocyte 

adhesion was analysed after 5min of treatment. (a) At time 0 second of the THP-stimulated HMEC-1 flow on a TNF-α and IFN-γ stimulated endothelia cell surface, were the recombinant CCL5-

MutLow-MBP had been seeded into a chamber. (b) At time 30 seconds (c) time 2.30 Minutes and (d) at time 5:00mineuts of flow analyses. Recorded in real-time using a GXCAM hichrome-lite 

digital camera (GT Vision, UK).
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4.4.0 Discussion 

4.4.1 Introduction 

Chemokines are critical mediators and have many important protective and 

developmental functions in a range of diseases such as asthma (respiratory 

disease), atherosclerosis and inflammatory bowel disease (inflammatory diseases), 

and multiple sclerosis (autoimmune diseases) (McNaughton et al., 2018).                      

These functions include cell trafficking and cell migration and have leukocyte non-

directional mobilization and accumulation as a major component of chemokine 

activities in resolving tissue injury or inflammation (Sokol and Luster, 2015). 

McNaughton and co-worker submitted that the involvement of chemokines in 

regulating and activating leukocyte mobilisation becomes more characterized 

based on the necessities of chemokines ligands interacting with 

glycosaminoglycans on the surface of the endothelial cells (Metzemaekers et al., 

2018). A phenomenon that creates an environment of haptotactic gradient, 

previously verified to occur both in vitro and in vivo (Proudfoot et al., 2017; 

McNaughton et al., 2018). The CCL5 interaction with GAG-Heparin are essential 

towards understanding the potentials of CCL5-mediated anti-inflammation 

process. Dyer and co-workers have further validated that the formation of 

chemotactic gradients on endothelial cell surfaces and on the extracellular matrix 

(ECM), as results of the CCL5-GAG-Heparin interactions are in fact, effective in 

providing directional leukocytes mobilisation towards resolving inflammation 

(Dyer et al., 2017).   
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The CCL5-GAGs binding affinity is mediated by strong electrostatic interactions, 

although the molecular and biological details of CCL5 – GAGs have been 

summarised by many researchers, as complex and are currently poorly/not 

understood (Dyer et al., 2016; Thompson et al., 2017; Proudfoot et al., 2017).  

What is presently known, is that the disruption of CCL5-GAG-Heparin interactions 

has shown to be effective in attenuating the unidirectional migration of leukocytes 

in vivo (Carter et al., 2003; Proudfoot et al., 2010). Previous studies have 

characterised the 44BBXB47 and the 55BBXXB59 motifs as the GAG-heparin binding 

regions on the CCL5 protein structure (Johnson et al., 2004; Segerer et al., 2009; 

Dyer et al., 2015). The standard methods for investigating these GAG-binding sites 

on the chemokine structure have typically involved mutagenesis of the chemokine 

domains. Previously studies have centred the investigation of CCL5 GAG-

Chemotactic evaluation assay on the concept of neutralizing the physiological non-

specific electrostatic interaction, naturally occurring between a positively charged 

CCL5 protein and the negatively charged polysaccharide GAG-Heparin molecule 

(Johnson et al., 2005).  

Segerer and co-workers, demonstrated, that the amino acid Alanine (Ala) being a 

neutrally charged amino acid was suitable for substituting the “B” amino acid unit 

of both the 44BBXB47 and the 55BBXXB59 motifs on the CCL5 protein structure 

(Segerer et al., 2009). The two codons optimised mutagenic sequences designed 

from wildtype CCL5 proteins by alanine substitution at 40s and 50s region 

respectively (CCL5-MutLow and CCL5-MutHigh) as described in section 4.2.1 are 

consistent with previous works (Chen et al., 2018). An additional CCL5 mutagenic 

sequence the CCL5-MutBoth, bearing a simultaneous alanine substitution on both 
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the 40s and 50s GAG-Heparin binding region of the CCL5 protein structure was 

analysis in this work for its binding interaction with GAG-Heparin.  

A fundamental question that we set out to address in this study, was whether, 

three CCL5 mutagenic proteins would demonstrate differential binding interaction 

with Heparin in vitro using the Surface plasmon resonance biophysical technique, 

and other functional assays despite the neutralisation of GAG-Heparin/CCL5 

electrostatic interaction and if the results were similar to those previously reported 

(Dyer et al., 2017, Martinez-Burgo et al., 2019). And secondly, how these binding 

interaction data can inform the biology of chemokine function in resolving 

inflammation (Johnson et al., 2004, Segerer et al., 2009). Johnson and co-worker 

have previously demonstrated that the CCL5-44AANA47 mutant, lost 80% GAG 

binding capacity as compared to WT-CCL5 when inflammatory cells were induced 

into the peritoneal cavity and bronchoalveolar air space of a mice using a 

combination of in vivo and in vitro assays which are not similar to SPR (Johnson et 

al., 2004). Similarly, Segerer et al., (2009), collaborated that CCL5-MutLow-

44AANA47 using a Boyden chamber assay, exhibited a chemotaxis migration 

potential, while CCL5-MutLow-55AAWVA59 mutation did not exhibit chemotaxis 

migration effect in a modified Boyden chamber. 

The use of surface plasmon resonance as a major technique, among other assays, 

for the investigating of CCL5/GAG-Heparin binding interaction has been validated 

by other previous works on chemokine-GAG interaction (Salanga et al., 2014, Dyer 

et al., 2015). Martinez-Burgo and co-workers, had used surface plasmon resonance 

to investigate whether C-terminal CXCL8 peptide was implicated in GAG binding 

during neutrophil recruitment (Martinez-Burgo et al., 2019). 
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A range of biophysical techniques apart from SPR, have been designed to 

investigate the interactions between GAG and chemokines. These techniques 

include heparin column-based affinity chromatography (Bolten et al., 2018), 

isothermal fluorescence titration (Vanheule et al., 2015), isothermal titration 

calorimetry (Sepuru, et al., 2018), mass spectrometry techniques (Soe et al., 2013), 

and NMR spectroscopy (Pomin, 2014; Deshauer et al., 2015).  

These experiments generally require cloning of wildtype CCL5 and mutant proteins, 

expression, and purification to evaluate the contribution of specific mutagenic 

CCL5 residue to GAG binding as previously demonstrated (Proudfoot et al., 2017). 

The application of flow chamber assay was used to investigate a chemotactic flow-

based control CCL5 and CCL5/MBP adhesion on stimulated endothelial surface 

under flow conditions.  

4.4.2 Overexpression of recombinant Chemokine MBP fusion proteins 

The experimental wildtype CCL5 and mutagenic proteins were designed to be 

cloned using a plasmid vector pMAL-C5x, which expresses an N-terminal fusion 

tagged maltose binding protein (MBP) periplasmic protein encoded by the malE 

gene in a E. coli expression system (Liu et al., 2018). The final constructs of MBP-

WT-CCL5, MBP-CCL5-MutLow, MBP-CCL5-MutHigh and MBP-CCL5-MutBoth were 

also predesigned using restriction endonuclease enzymes as described in section 

4.2.4 which enabled success ligation. Wildtype CCL5 and mutagenic protein 

expression were induced in E. coli C43 (DE3) cells at 37°C for 2 hours. WT-CCL5 and 

mutagenic MBP fusion proteins were expressed with satisfactory soluble yields at 

2 hours post-IPTG expression time after cell disruption via sonication, and removal 

of cellular debris by ultracentrifugation at 20,000 rpm for 20min at 4°C.  Although 
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inclusion bodies were formed in the insoluble fractions (figure 4.10), the 

appreciable yield of soluble chemokine protein recovery, meant that further 

optimisation of the insoluble fraction was discontinued. Typically, the ratio of 

inclusion bodies observed when WT-CCL5 and mutagenic MBP fusion proteins 

were overexpressed overnight was higher (figure not shown). Similarly, a previous 

E. coli expression strategy adopted by Cho et al., (2008) and Picciocchi et al., (2014) 

utilised pMAL-C4x expression plasmid and E. coli BL21 (DE3), at 20°C post 1mM 

Isopropyl β-D-Thiogalactoside induction for 16 hours in producing a satisfactory 

quantity of recombinant MBP-CCL5-Strep protein. Deshauer and co, also 

synthesised a mature CCL5 with an E66S mutation using a pET23a expression 

plasmid and transformed into E. coli BL21 (DE3)pLysS, at 28°C post 0.5mM IPTG 

induction for 18 hours (Deshauer et al., 2015). An investigation of CCL8 functional 

expression has successfully utilised pET28a-His12-CCL8 plasmid for bacteria protein 

expression (Ge et al., 2017). 

The bacteria utilize a favourable intrinsic system to mitigate WT-CCL5 and 

mutagenic MBP fusion proteins from denaturation when in osmotic shock. The 

osmotic shock is induced by high external sugar concentrations (Barth et al., 2000). 

Hence protein overexpression media (yeast extract media) had been 

supplemented with osmotic shock buffers 0.5M sorbitol and 0.5 mM betaine which 

increases the solubility of recombinant proteins in bacterial expression (Hofmann, 

2015). Hence the reason, for the increased recovery of soluble recombinant WT-

CCL5 and mutagenic MBP fusion proteins under the described overexpression 

condition.  

 



192  

4.4.3 Chemokine Protein Purification 

Protein purification is an essential step towards characterizing recombinant 

proteins that have been synthesised for functional studies. To determine the 

extent of purity soluble recombinant WT-CCL5 and mutagenic MBP fusion proteins, 

an MBP sepharose batch purification technique with some modifications, was 

applied. The MBP sepharose, reacting with the N-terminally fused MBP-WT-CCL5 

and mutagenic proteins, achieved high level recombinant protein purification from 

bacterial genomic DNAs. The result presented a series of actively purified 

recombinant chemokine and mutants’ fusion proteins, which were verified by SDS-

PAGE. Hofmann (2015) has described protein purification by batch experiment as 

an analytical chromatographic method. Purification of MBP- tagged proteins have 

previously been achieved satisfactory by amylose column purification (Karav, et al., 

2017). Similarly, Cho and co-worker purified MBP-RANTES in two steps, firstly via 

MBP affinity chromatography using MBP Excellose, and eluting fusion protein with 

10 mM maltose, 20 mM Tris–HCl, 0.2 M NaCl, 1 mM EDTA, pH 7.4 and secondly 

through dialysis and IDA Excellose column purification via immobilized metal 

affinity chromatography (Cho et al., 2008). 

 

4.4.4 Removal of MBP-Tag 

There is evidence to show however that the removal of MBP-tag during protein 

purification may result to protein to misfolding, hence, decreasing protein 

solubility (Zhao et al., 2013). On the other hand, Wingfield (2015) insisted that 

tagging proteins with MBP necessitates increased expression levels and higher 

solubility of the target protein. Another CCL5 and CXCL12 functional 
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characterization assay successfully purified MBP-CCL5-Strep using StrepTactin 

column affinity chromatography, applying an extensive wash step after 

supplementing with 2.5mM desthioboitin (Picciocchi et al., 2014). This further 

validates the WT-CCL5 and mutagenic MBP fusion proteins batch purification as a 

robust purification technique.  

Subsequently cleavage separation of the MBP tag from the recombinant 

chemokine fusion proteins were successful after convention application of Factor 

Xa protease digestion for 24 hours. The Factor Xa was found to cleave the 

recombinant WT-CCL5 and mutagenic MBP fusion protein substrates after the 

arginine residue site Gly – Arg of its preferred cleavage site Ile-Glu/Asp-Gly-Arg 

(Quinlan et al., 1989, Kunji et al., 2018).  Vu and co showed previously that Factor 

Xa proteases was usefully used to purify and cleave a hCCL2 inflammatory 

chemokine, which had a maltose binding protein tagged at its N-terminal (Vu et al., 

2015). 

The Factor Xa being compatible with the all pMAL tagged WT-CCL5 and mutagenic 

fusion protein separation and subsequent purification. The next step after protease 

digestion of the purified WT-CCL5 and mutagenic fusion protein, was to ensure a 

successful removal of the cleaved MBP molecule from the fusion complex. Here, a 

reverse MBP-resin batch purification as shown in figure 4.15a revealed that after 

one-hour MBP-resin incubation and centrifugation of purified protease digested 

WT-CCL5-MBP fusion protein, the 10mM maltose eluent and resin fraction, 

demonstrated a complete precipitation and absence of WT-CCL5 moiety, leaving 

only the MBP of 40.5kDa. Similarly, a twelve hours MBP-resin incubation of a 

purified and protease digested WT-CCL5-MBP fusion protein (figure 4.15b) also 
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revealed the absence of recombinant WT-CCL5-MBP, while retaining only the MBP 

fusion tag. There is substantial evidence however to demonstrate that MBP moiety 

of an MBP-CCL5 fusion protein, had previously been removed successfully via two 

steps. Firstly, by purification over an amylose column and subsequently by 

subjecting the unbound chemokine fraction to Superdex 200 gel filtration after the 

unbound chemokines had been concentrated (Picciocchi et al., 2014). Although the 

MBP-isolation method adopted by Picciocchi and co-workers differs from the 

technique applied in this work only by the Superdex 200 gel filtration purification. 

The precipitation of experimental recombinant WT-CCL5 over many attempts, to 

remove the MBP-tag, can best be described as a cascade of unexplainable events. 

Several researchers have collaborated the difficulty in isolating MBP fusion tag 

from recombinant fusion protein post-protease digestion, insisting that gel 

filtration, and ion exchange chromatography ultimately could not isolate the MBP 

moiety because of a closely ranged P.I value of the MBP-tag and the MBP-resin 

(Adnan, 2020).  Although the addition of His-tag to the N-terminally tagged MBP 

has been observed to satisfactorily eliminate MBP fusion protein after passing 

recombinant fusion protein over a cobalt or nickel column chromatography. For 

example, Hong and co-worker cloned a dual affinity pMAL-p2-AqpZ-HIS fusion 

protein (an N-terminal MBP tag and a C-terminal 8 x His TAG) and purified same 

using Ni-NTA agarose column chromatographic technique (Picciocchi et al., 2014; 

Hong et al., 2016). Followed by an IMAC purification were 500mM imidazole 

increased purity to 70% (Cho et al., 2008). Other techniques employed to isolate 

MBP-tag from the WT-CCL5-MBP fusion complex are (i) independent 

ultracentrifugation using 30kDa and 50kDa molecular weight cut-off, (ii) 
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application of hypotonic lysis buffer via buffer exchange using the Amicon 

ultracentrifugation simultaneously, and (iii) applying Heparin-resin column batch 

purification. Ultracentrifugation technique, using a 30-kDa cut-off Amicon Ultra-15 

centrifugal device was used through a series of modified applications, the rational, 

was to fractionate the protease digested WT-CCL5-MBP fusion proteins based on 

their respective sizes. It was thought that since MBP was a 42.4kDa protein, under 

ultracentrifugation conditions, it would be retained on the upper chamber of the 

Amicon device, while other proteins lower than the 30kDa molecular size like the 

8kDa WT-CCL5 will be recovered in the flow through. This concept presents to be 

easy and straightforward theoretically but did result to the collect loss of the WT-

CCL5 in practical. 

This perspective was previously proposed by a researcher that the 30 MWCO 

membrane cut-off centrifugation tube, could isolate any protein of less molecular 

weight than 30kDa (ResearchGate 2013). The ultracentrifugation device technique 

was similarly used to concentrate WT-CCL5-MBP and mutagenic fusion protein 

samples, and the application resulted a good yield of highly concentrated fusion 

protein products (Hang et al., 2016).  

There still was no evidence of MBP-tag isolation and recovery of WT-CCL5 proteins 

after hypotonic lysis buffer (50mM Tris pH 8.5 150 mM NaCl and 20mM Tris, 1mM 

EDTA, 1mM DTT, 5mM MgCl2) were applied to recombinant WT-CCL5-MBP and 

mutagenic fusion proteins via a combined process of buffer exchange and 

ultracentrifugation using 30kDa and 50kDa Amicon ultra-filter device respectively. 

Spada and co-worker had previous demonstrated hypotonic lysis buffers were 
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efficient in isolating cytoplasmic protein fraction, in the order of (i) membrane 

disruption and (ii) centrifugation (Leung et al., 2008; Spada et al., 2019). 

These two methods utilize the application of the same device which can perform 

purification of macromolecular compounds via molecular weight cut offs, protein 

dialysis and buffer exchange (Smejkal et al., 2006; Amicon-Ultra-15-Centrifugal-

Filter-Units, 2020). The continued lack of success in isolating MBP-tag necessitated 

the exploitation of the natural electrostatic interaction between a positively 

charged WT-CCL5, within the WT-CCL5-MBP fusion complex and the negative 

charge of heparin. A Heparin-resin based separation was applied to a sample of 

protease digested CCL5-MutBoth-MBP via a modified heparin binding assay or 

heparin batch purification. The heparin in this context, immobilised on an agarose 

resin served as a target carbohydrate used in batch purification mode, and aimed, 

to isolate WT-CCL5 protein, leaving behind MBP-fusion, which ordinally should 

have some affinity for heparin. The heparin-based purification in this case, had no 

effect, on isolating the native WT-CCL5 protein. The ultimate loss of WT-CCL5 

protein and MBP tag after the second PBS wash is indicative that heparin resin 

batch purification may not be a liable method, recovering native wild type CCL5 

protein. There is currently, a lack of understanding within the context of this 

experiment as to the rational for the disappearance of the WT-CCL5 protein and 

MBP-tag. Bolten et al., (2018) however collaborated that heparin-based 

purification methods such as heparin affinity chromatography, shows 

characteristic specific interaction and compatibility with many protein 

purifications, example cytokines/cytokines (Ori et al., 2011) and chemokines (XCL1) 

(Fox et al., 2016) and PF4 (Platelet factor 4) (Imberty et al., 2007).  
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The application of heparin-binding affinity tag, a recently introduced technique, to 

aid the recombinant protein expression of a wide range proteins. Jayanthi and co-

workers experimented the production of the HBP-pET22b-tag vectors as a strategic 

intervention, which can easily be purified via Heparin sepharose chromatograph 

(Jayanthi et al., 2018). These strategies were thought to facilitate the recovery of 

independent recombinant WT-CCL5, CCL5-MutLow, CCL5-MutHigh and CCL5-

MutBoth. However, the ultimate results were negative and indicative that function 

assay was to continue otherwise without the removal of MBP-fusion tag. Some 

researchers have suggested that the presence of MBP fusion tag, may reveal 

addition information during functional analysis (Reuten et al., 2016). Others insist, 

that the presence of MBP-tag as part of fusion complex, may interfere during 

functional assays especially as MBP tag has a significantly higher molecular weight 

(42kDa) than CCL5 (8kDa) in the recombinant fusion construct (Waugh, 2016).  

During recombinant CCL5 and heparin binding interaction functional assays, a 

control CCL5 without MBP was introduced and analysed alongside recombinant 

CCL5/MBP wild type and mutant proteins. The rationale was to evaluate binding, 

against the background of a positive control. Secondly to assess if and the extent 

of MBP-tag interference in during CCL5-MBP and heparin binding studies. 

 

4.4.5 Biotin-Heparin Sample Validation for Surface Plasmon Resonance 

Primarily wildtype and mutant CCL5/MBP fusion protein binding interaction with 

heparin was evaluated using surface plasmon resonance. Due to presence of free 

reacting biotin contamination in the heparin sodium salt sample (Sigma Aldrich 

USA), during initial immobilisation (data not shown). This resulted to unreactive 
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interaction and interferences between the streptavidin coated biosensor chip and 

the free biotin in solution during immobilization. A dialysis application of the 

contaminated biotin-heparin sigma stock sample using a Slide-A-Lyzer 2,000 MWC 

dialysis cassette as described in section 2.8.1 resulted to a recovery of biotinylated-

heparin devoid of excess biotin contamination. The rational here is based on the 

ability of the dialysis cassette to allow removal of low molecular weight cut-off of 

contaminant less than 2,000 MWC. In this contest, biotin being a 244.32 MWC 

compound, was satisfactorily cut-off using the experimental protocol applied for 

dialysis, therefore providing a biotin-heparin of high integrity. Interestingly, Zhu 

and co-workers had similarly and previously applied this kit and technique, in 

removing free biotin via dialysis from a bioAAV and bioSoc molecules (Zhu et al., 

2019). 

 

4.4.6 SPR interaction of Chemokine proteins in free solution with immobilized 

Biotin-Heparin 

Functional evaluation of heparin binding interaction against wildtype and 

mutagenic CCL5 were modelled in vitro and in solution using a steady state affinity 

assay of the surface plasomon resonance, similarly, adopted by previous 

chemokine-GAG interaction investigations (Saesen et al., 2013; Von 

Hundelshausen et al., 2017, Chen et al., 2019). Biotin-heparin immobilisation level 

of 517RU affixed irreversibly on the streptavidin chip dextran was satisfactory as 

binding interaction sensograms display no evidence of mass transport effect. 

Which is a key concern when binding is excessively immobilised on the surface of 

the sensor chip. Martinez and co-workers had previously attained a 200RU 
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immobilization level for biotin-heparin on a SA-chip, during a CXCL8 binding 

interaction investigation (Martinez et al., 2019). Also, Saesen and co-worker, had 

previously immobilised heparin on SA-chip up to 800RU before binding using 

similar technique (Saesen et al., 2013). 

 The SPR steady-state apparent affinity model value, for biotin-heparin binding 

interaction against control-CCL5, WT-CCL5-MBP, CCL5-MutLow-MBP, CCL5-

MutHigh-MBP and CCL5-MutBoth-MBP; showed that equilibrium dissociation 

constant (KD) value of the binding interaction assay was in the following order 

ranging from lowest KD-value to highest KD-value. WT-CCL5-MBP (6.26E-12), CCL5-

MutBoth-MBP (1.36E- 09), Control-CCL5 (6.62E- 09), CCL5-MutLow-MBP (7.31E- 

09) and CCL5-MutHigh-MBP (1.64E- 08). In principle, the lower the Kd-value during 

an apparent affinity SPR steady-state binding assay, the higher the measure of 

affinity. 

 

 

 

 
Parameter Description 

KD Equilibrium dissociation 
constant (M) 

ka Association rate 
constant (M-1s-1) 

kd Dissociation rate 
constant (s-1) 

 

These results suggest that, the recombinant WT-CCL5-MBP protein, demonstrated 

the highest apparent affinity with GAG-Heparin in this experiment, followed by 

recombinant CCL5-MutLow-MBP and CCL5-MutHigh-MBP. Although a control-

Steady-state apparent affinity model equation 

KD = ka/kd 

applying a 1:1 Langmuir model of steady state fitting 
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CCL5, was evaluated as well, its KD-value was disproportionately higher than WT-

CCL5-MBP by 308%, an indication that the cleaved MBP-tag of the wild type and 

mutagenic chemokine proteins may be intervening and accounted for within the 

sample mixture used in this binding affinity study. This would mean that within a 

sample solution of chemokine-fusion protein (WT-CCL5-MBP) the MBP-tag is 

present in an unknown proportion and may be competitive in the binding of 

immobilised Biotin-heparin. Two crucial parameters suggest that the experimental 

KD-values may not be entirely accurate, they are (i) the role of MBP-tag 

interference in the binding affinity assay, (ii) the fact that steady-state affinity 

evaluation did not attain equilibrium, this can be corrected by evaluating additional 

units of higher concentrations (example: 2µg, 5µg and 10µg). Nonetheless, 

previous CCL5-GAG binding affinity interaction studies, have submitted similar 

conclusions to the results obtained in this experiment (Johnson, et al., 2004; Liang 

et al., 2016). 

Similarly, the steady state fitting results in figure 4.22 - 4.26 indicates that the 

Biacore X100 SPR instrument can analyse the control-CCL5, WT-CCL5-MBP, CCL5-

MutHigh-MBP, CCL5-MutLow-MBP and CCL5-MutBoth-MBP proteins within its 

limit of detection. Except for CCL5-MutHigh-MBP whose fitting was found to be 

outside the instruments limit of detection.  The results also reveal that the CCL5 -

heparin afferent affinity and binding interaction, are concentration dependent as 

when with control protein and more so at higher CCL5 concentration. Despite these 

limitations, the KD – value of CCL5-MutBoth-MBP, has demonstrated an 

unexpected high affinity for GAG-heparin that need to be further investigated. 
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4.4.7 Endothelia Flow Chamber Assay 

To understand the cell recruitment behaviour of WT-CCL5-MBP and CCL5-MutLow-

MBP proteins when interacting with a TNF-α and IFY-γ stimulated endothelial 

receptor surface environment, we investigated the chemokines adhesion ability 

using transendothelial chemokine adhesion assay under flow conditions. Early 

result findings of this novel technique, showed CCL5-MutLow-MBP fusion protein 

mediated flow chamber, had about double amount of cell adhesion on the 

endothelial more than the WT-CCL5-MBP mediated endothelial flow chamber. 

Because only one concentration of 500 ng/ml was assayed, it is not clear whether 

this endothelial adhesion of leukocyte occurs in a dose-dependent manner. 

Activated endothelial cells express a range of chemokines that affect the 

recruitment of monocytes as well as T-cells rolling and adhesion to the vessel wall 

(Øynebråten et al., 2015). 

In previous similar works peritoneal cell recruitment assay has been used to 

investigate the effect of [44AANA47]-RANTES on CCL5-mediated peritoneal cell 

recruitment and adhesion across the endothelial. The findings showed 

[44AANA47]-RANTES was able to inhibit inflammatory cell recruitment in a dose-

dependent manner (Johnson et al., 2004). On the other hand, Severin, and co-

workers, investigated GAG-analogues as a novel anti-inflammatory strategy 

utilizing peritoneal cell recruitment assay (Severin et al., 2012). Other 

transmembrane adhesion assay methods that have been applied towards 

analysing the role of CCL5 in various endothelial cell migration, recruitment and 

adhesion behaviour are the Boyden transwell migration chambers (Maillard et al., 

2014; Wang et al., 2015; An et al., 2019). The advantage of flow-based chemokine 
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adhesion via   flow chamber assay method over the peritoneal cell recruitment 

assay and Boyden transwell migration assay is that the cell recruitment and 

adhesion are evaluated in real-time underflow condition in the flow chamber 

assay, which mimics the in vivo adhesion, tethering and rolling behaviour of the 

chemokine – GAG interaction across the endothelium. In other transmigration 

methods, all vital parameters are evaluated under static or fixed condition. 
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Chapter Five 

5.0 Introduction 

 
The first clinical occurrence of pathogenic Rhodococcus equi isolate has been 

traced to 1923, when Swedish foals, were found to be suffering from 

bronchopneumonia (Magnussun, 1923). R. equi, has been described as the major 

significant cause of a series of pulmonary and extra-pulmonary disorders in young 

foals. These disorders include but are not limited to, lung abscesses, and a range of 

sub-acute to acute suppurative bronchopneumonia. These conditions are often 

linked, with a high mortality rate amongst young foal, hence, interfering with the 

global growth of the horse-breeding industry (Muscatello, 2012; Vázquez-Boland 

et al., 2013). This coccobacillus Gram-positive pathogenic bacterium, R. equi, 

thrives in a range of environments, including dry, wet, and dusty soil. The presence 

of the bacterium in many domestic and farm animals has been a major source of 

pneumonia condition. Takai et al., (2003) and Riberio et al., (2011), agree that 

Rhodococcus equi, has been isolated from animals such as cats, sheep, dogs, wild 

boars, domestic pigs (Rzewuskwa et al., 2014), foals (Kalinowski et al., 2016) and 

cattle (Nakagawa et al., 2018). Increasing evidence suggests that foals within 4- 6 

months of age have the highest record of Rhodococcus equi disease 

(rhodococcosis), with the greatest clinical manifestation of the disease, obvious at 

about four months of age (Meijer and Prescott, 2004). Cases of extrapulmonary 

disorders (EPDs) have been reported in horses and may be associated with or 

independent of bronchopneumonia (Reuss et al., 2009). The ingestion of R. equi 

pathogen may result in conditions such as diarrhoea, osteomyelitis, hyperthermia, 

typhlocolitis, lymphadenitis and immune-mediated hemolytic anemia (Letek et al., 
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2010).  Furthermore, these represent a range of first-line clinical abnormalities that 

may arise after the treatment of pneumonia.  A study has also collaborated that 

extrapulmonary disorders, caused by R. equi pathogen, maybe the ultimate prompt 

for euthanasia in farm animals (Reuss et al., 2009; Vazquez-Boland et al., 2013). 

In the absence of appropriate treatment of Rhodococcus equi infection, mortality 

rates have been found to reach 80% (Elissalde et al., 1980; Cohen et al., 2005; 

Coulson et al., 2010; Kalinowski et al., 2016). Reports have also indicated that foal 

deaths from pneumonia, are primarily caused by Rhodococcus equi, and accounts 

for about 3 % of foal mortality per annum (Oldfield et al., 2004).  The Rhodococcus 

equi disease poses a major threat to foal’s wastage and costs the horse industry 

millions of dollars towards treatment (Muscatello, 2012 Kalinowski et al., 2016). 

Recently, a moderately effective treatment option for Rhodococcus equi infection 

has been by antibiotic administration to host. However, 30% mortality rate 

incidences, are still recorded, amongst the antibiotic-treated foals. Moreover, an 

estimated 70-80% mortality rate incidence, have been recorded in cases were 

Rhodococcus equi infection is untreated. Based on data from a series of in vitro 

susceptibility, pharmacokinetic, and retrospective studies by Giguere et al. (2011), 

rifampin was earlier considered and administered as the treatment of choice for 

Rhodococcus equi infections.  

However, there are claims that rhodococcosis treatment, using rifampin/antibiotic, 

may have other concerns (Jacks et al., 2003), including evidence of increasing 

antibiotics resistance (Cisek et al., 2014). Interestingly, Okoko (2014) reported that 

combination therapy of macrolides and rifampin antibiotics proved to be effective 

against antibiotic-resistant strains of Rhodococcus equi, which were, isolated from 
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horse-breeding farms (Giguere et al. 2012, Burton et al., 2013). Horohov et al., 

(2011) and Gurel et al., (2013) unanimously presented that streptolysin-O (as 

adjuvant) antibiotic therapy exerts, a more superior degree of Rhodococcus equi 

pathogen, clearance as against treatment involving rifampin antibiotics alone. A 

more recent study showed that a combination of erythromycin, azithromycin, or 

clarithromycin (macrolide) with rifampin demonstrated by far, maximum 

clearance, and remained a recommended therapy for foals with clinical signs of 

Rhodococcus equi infection (Giguère, 2017). After the recovery of pre-exposed 

foals, after treatment from Rhodococcus equi infection, those foals are often less 

likely to race as adult horses in the future (Petry et al., 2017).  

Although the cost of antibiotic treatment for Rhodococcus equi infections is on the 

rise, the futuristic production of a commercial vaccine may bring about the much-

desired effective management of Rhodococcus equi infections. Through a robust 

preventive immunization intervention strategy (Meijer and Prescott, 2004; Giguere 

et al., 2011; Reuss and Cohen, 2015).  

 

5.1 Genome and Virulence Associated Proteins 
 

A work by Letek et al., (2010), described the R. equi, as a facultative intracellular 

parasite and the only animal pathogen, within the biotechnologically important 

actinobacterial Rhodococcus genus. The R. equi genome 103S is made up of a 

circular chromosome of 5.0Mb, which contains about 4,525 predicted genes, 

including a circular virulence plasmid of nearly 80 – 90 kb, with evidence that the 

Rhodococcus equi genome may be constituted with an overall G-C nucleotide of 

68.76% (Letek et al., 2010; Okoko, 2014).  The backbone sequence of R. equi, is 
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significantly smaller than the genome of other environmental rhodococci 

(Rhodococcus erythropolis) (Letek et al., 2008). Though the mechanisms of 

virulence of R. equi are not entirely understood now, literature evidence suggests 

it may depend mostly on the circular virulence plasmid (Meijer and Prescott, 2004). 

Interestingly, Rhodococcus equi strains, with virulent activity in horses, have been 

reported to lack these circular virulence plasmid (Takai et al., 2000).   

An exciting sequence and annotation analysis have shown that this virulence 

plasmid contains 73 coding sequences (CDSs), includes 69 open reading frames 

(OFRs) (Letek et al., 2008). They are divided, among four regions, based on the 

amino acid sequence similarity and protein function (Letek et al., 2008). Among the 

four regions, only three regions encode proteins with known virulent functions. 

One of the functional regions is known for plasmid replication/partitioning, 

conjugation, and another region described as a region of unknown functions 

(Meijer and Prescott, 2004: von Bargen and Hass, 2009).  The third region of the 

plasmid as described by Merger and Prescott (2004) but reported by Giguere et al. 

(2011), as the fourth region, is a 27.5 kb domain pathogenicity island (PAI). This 

domain is important for virulence of Rhodococcus equi for foals (Takai et al., 2003) 

and exemplified by a lower GC nucleotide content than the rest of the plasmid.  

There are unclear accounts about the origin of the pathogenicity island (PAI). 

However, a report suggested, it may have been acquired via horizontal gene 

transfer from a bacterial source whose origin is unknown, with events of insertion 

occurring in the soil, which may have enhanced the ability of the host bacterium to 

survive in vivo (Giguere et al., 2011). 
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The PAI is consist of 26 putative CDSs/ORFs, including the R. equi- specific gene 

family that encodes the virulence-associated protein family (Vap family) (Takai et 

al., 2003). There are about six full-length genes that encode VapA, - C, - D, - E, - F, - 

G, and H proteins (Meijer and Prescott, 2004) and other truncated (vap - 

pseudogenes) namely VapF, pseudo-VapE, VapX and VapI proteins. These are 

frame-shift mutant proteins, and non-functional (von Bargen and Hass, 2009). The 

Vap genes vapA, vapC, vapD, vapE, vapF, vapG and vapH are found throughout 

19,000 base pairs Meijer and Prescott, (2004).  The vapA, vapC, vapD are arranged 

closely to each other while vapE and vapF are positioned adjacent to each other.  

However, vapG and vapH are present as individual genes with vapG found in the 

negative strand (Takai et al., 2003). The virulence of the R. equi organism is largely 

attributed to the pathogenicity island because of the VapA antigen (MW = 17 kDa) 

(Rofe et al., 2016).  Although all vap genes have similar homology, each plasmid 

has a distinct vap gene sequence, which may reflect different functional 

specificities among the bacterial isolates. Comparative analyses of vap plasmid 

DNA sequences revealed that the differences observed are a result of gene 

duplications, translocations, inversions, and insertion/deletion events 

(Willingham-Lane et al., 2016). The pVAPA1037 and pVAPB1593 share 

approximately 75% similarity in the homology of their sequence, which is highly 

conserved (showing 95% DNA sequence identity). Oldfield et al., (2004), described 

the VapA and VapB alleles at one locus, which divergently evolved in two different 

plasmids. This conserved sequence is referred to as the plasmid backbone and 

includes the domains of unknown functionality, conjugation, and plasmid 

replication-and-partitioning (Lake et al., 2008). 
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5.2 Rhodococcus equi infections: pathogenesis and pathology 
 

A fundamental pathogenic and virulence determinant is the vapA and vapB strain 

characterization in the PAI. Most Rhodococcus equi strains have been identified 

based on plasmid diversity, the organism, however, can be classified into a vapA-

expressing strains, a vapB-expressing strains, and those that neither expresses 

vapA nor vapB, which mean they possess no virulence plasmid (Meijer and 

Prescott, 2004; Poolkhet et al., 2010). Both the vapA expressing and vapB 

expressing plasmids have a conserved housekeeping backbone and a PAI that 

encodes different vap genes, which are upregulated when the organism invades 

the macrophage (Letek et al., 2008). Although several Vap-proteins are expressed 

by R. equi, only the vapA is essential for bacterial survival in young horses, by aiding 

the pathogen rhodococcosis, to survive the destructive cellular lysosome during 

macrophage (Rofe et al., 2016). The most common manifestation of this is chronic 

suppurative bronchopneumonia with extensive abscessation and associated 

suppurative lymphadenitis (Phumoonna et al., 2006).  In vitro experiments suggest 

that the infectivity of Rhodococcus equi is limited to the monocyte-macrophage 

lineage (Mosser and Hondalus, 1996); thus, alveolar macrophages could be the 

main targets of the organism.  The early stages of the infection resemble other lung 

infections and may pose difficulties in early diagnosis coupled with the slow spread 

of the lung infection (Giguere and Prescott, 1997). The ability of R. equi to replicate 

in macrophages may result in necrosis, followed by the destruction of the lung 

parenchyma at the progressed stages of the disease (Hondalus, 1997).  This may 

result from the destruction of the cell through lysosomal degranulation after the 

intracellular multiplication of the organism (Yager, 1987).   
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5.3 Mechanism of Rhodococcus equi infectivity 
 

The activation of macrophages releases chemokines, cytokines, and other pro-

inflammatory mediators. This results in the generation of an oxidative burst. An 

oxidative burst is a process that involves the release of reactive oxygen and 

nitrogen species (ROS and RNS), culminating in the eradication of the 

microorganism. Lysozyme, a cell wall degrading enzyme, is an important 

component of the innate immune system. The R. equi, is reportedly resistant to 

lysozyme (Hebert et al., 2014). 

Though the exact mechanism underlying the survival of the R. equi organism is 

unknown, inadequate acidification of the phagosome may be responsible for the 

inability of the phagocytes to degrade the bacteria (Zink et al., 1987; Toyooka et 

al., 2005). The pathogenicity of R. equi is based on its ability to multiply inside the 

macrophage, where it ultimately leads to lysosome degranulation and 

subsequently results in apoptosis (Prescott, 1991).  The organism, as previously 

mentioned, has a complex cell envelope that enables them to survive very harsh 

conditions such as low pH and oxidative stress. Its ability to survive oxidative stress 

is perhaps the important mechanism of macrophages defense against foreign 

bodies (Mohanty et al., 2015, Benoit et al., 2000; Benoit et al., 2002).  The virulence 

of the organism is attributed to the pathogenicity island VapA (a 15 -17 kDa 

antigen) thought to mediate intracellular growth of organism in the macrophages 

and disease development via the arrest of phagosome maturation. Research has 

shown that when vapA attenuates the virulence of R. equi, to almost the same 

degree as that of eliminating of the entire vap locus (Jain et al., 2003, Okoko, 2014).   
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Through the analysis of a vapA deletion mutant strain, Jain and colleagues 

demonstrated VapA to be responsible for the intracellular growth and virulence of 

R. equi. The loss of vapA resulted in a fully attenuated mutant, no longer able to 

replicate in macrophages or establish disease in the in vivo chronic disease mouse 

model (Jain et al., 2003). The role of VapA in macrophage infection is not fully 

understood; however, Bargen et al., (2009) reported, that VapA appears to 

interfere with normal phagosome maturation (Von-Bargen et al., 2009). 

Similarly, a study by Rofe et al., (2016) examine the effect of VapA on lysosome 

morphology, by inducing uptake of incubated VapA cell via fluid endocytosis over 

48 hours. The finding suggested that GST-myc-VapA triggered an increase in 

lysosome size (swelling). This swelling factor was peculiar to VapA and no other 

Vap-proteins. The VapA protein shifts intracellular transcription factor (TFEB) to 

the nucleus, hence more lysosomes get produced. Summarily, the biogenesis of 

lysosome in macrophage is regulated, therefore when it is disrupted by VapA, the 

cells begin to produce more lysosome, a phenomenon that is defective for fighting 

R. equi infection. 

 

5.4 Rhodococcus equi Virulent Factors  

 

Other factors are known to significantly contribute to the virulence of R. equi VapA. 

These factors include chromosomal-encoded factors, plasmid-encoded factors, 

and environmental factors and have been concisely, presented below. 
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5.4.1 Chromosome-encoded Factors  
 

There are two key enzymes of the aromatic amino acid biosynthesis pathway that 

the Rhodococcus equi chromosome encodes. These are chorismite mutases 

(REQ23860) and anthranilate synthase (REQ23850).  According to Letek et al., 

(2010), the encoding genes are co-induced with the vap genes. R. equi depends on 

the de novo supply of aromatic acids. This is because the amino acids tyrosine, 

phenylalanine, and tryptophan occur at limited concentrations in the hypoxic 

macrophage intracellular environment. Thus, full proliferation and intracellular 

fitness of the bacterium could be compromised resulting to the independent 

mutations of the REQ23860 and REQ23850 (Letek et al., 2010)  

There are other chromosome-encoded factors to be considered in the exploitation 

and modification of host lipids. Hondalus (1997) considers the exo-enzymes 

cholesterol oxidase and phospholipase C as vital virulence factors.  The 54 kDa 

secreted protein; cholesterol oxidase catalyzes the oxidation of cholesterol to 

4-cholesten-3-one. It is also implicated in the destabilization of the host cell 

membrane and may be responsible for tissue damage associated with R. equi 

infections (Linder and Bernheimer 1997). The R. equi has four phospholipase C 

proteins encoded in its genome (Vera-Cabrera et al., 2013). Phospholipase C 

modifies the activity of cholesterol oxidase and provides access to the target, which 

may confer the membranolytic activity of R. equi through the combined action of 

cholesterol oxidase and phospholipase. Cholesterol oxidase and phospholipase are 

called ‘equi factors’ (Prescott, 1991). The cholesterol oxidase enzyme targets the 

sterol layer of the lysosomal or cellular membranes of the macrophage. This might 

contribute to the macrophage degeneration observed in vitro with R. equi 
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infectivity (Hondulas, 1997). Van der Geize et al. (2011) demonstrated that R. equi 

catabolises cholesterol to products that serve as substrates for other vital 

biochemical pathways (also called the steroid catabolic pathway). Van der Geize et 

al., (2011) similarly showed that R. equi displayed attenuated phenotypes and 

limited propagation in an in vitro macrophage infection assay, when alterations 

occur in some key enzymes of the cholesterol biochemical pathway the same 

pathway. This steroid catabolic pathway is utilized by R. equi to enable macrophage 

membrane sterols. R. equi may use this pathway to utilise macrophages membrane 

sterols possibly due to extra demands for carbon in the hostile environment.  

Rhodococcus equi contains other secreted lipases in addition to cholesterol oxidase 

and phospholipase, which can deteriorate host cells for fatty acid oxidation 

(Alvarez et al., 2013; Villalba et al., 2013). Another virulence factor is likely nitrate 

reductase encoded by narG. R. equi is an aerobic organism and can be facultative 

since it is capable of anaerobic respiration through the denitrification – reducing 

nitrates to nitrates (Letek et al., 2010). Consequently, it may be capable of utilizing 

nitrate in the hypoxic macrophage vacuolar compartment as a terminal electron 

acceptor in its respiratory chain. Giguere et al., (2011), in a mouse challenge study, 

observed alterations in narG were also significantly attenuated.   
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5.4.2 Environmental Factors  
 

Temperature and pH are major environmental factors that determine the virulence 

of R. equi. These determinants regulate the transcriptional expression of the vap 

PAI genes with a tendency to upregulate at 37°C, pH 6.5, and downregulate at 30°C, 

pH 8.0 (Vázquez-Boland et al., 2013). Meijer and Prescott (2004), state that there 

are environmental stresses that monitor gene expression within the pathogenicity 

island. These stresses are oxidative stress, magnesium, and iron stress. R. equi Vap 

A virulence is also directly related to the ability of an organism to obtain ferric iron 

from the host (Letek et al., 2010). 

5.4.3 Plasmid-encoded Factors 
 

The virulence of R. equi is also attributable to VapA. The transcription of VapA is 

influenced by the regulation of the proteins encoded by the genes virR and virS, 

which are part of the virR operon (Byrne et al., 2007). As a result, a change in either 

virR or virS may minimize the expression of vapA and reduce the malignance of R. 

equi infectivity (Giguere et al., 2011; MacArthur et al., 2011). IcgA is another gene 

that is an integral element of the virR operon (Wang et al., 2014). Wang et al. (2014) 

observed that the elimination of icgA did not influence the transcription of vapA. 

However, it increases the growth of phenotype and causes a significant decrease 

in the viability of the organism in macrophages.  
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5.5 Immunological aspects of Rhodococcus equi infections 

Macrophages are immune cells function in driving primary responses to pathogens, 

maintenance of tissue homeostasis, including the coordination of adaptive 

immune responses, tissue repair, inflammation, and resolution of inflammatory 

stimuli (Hirayama, Iida and Nakase, 2017; Kumar 2019). Based on distinct functions 

and physiological roles, macrophages are activated in response to different innate 

or adaptive immune signals. According to Willingham-Lane and co-workers, the 

ability of R. equi to multiply inside the macrophage is majorly responsible for its 

virulence (Willingham-Lane et al., 2018). Macrophages may be the most 

convenient hosts for the organism to thrive. This is because in vitro experiments 

have shown that the virulence is constrained to cells that show the complement 

receptor Mac-1 (CD11b and CD18). These are surface integrin receptors only found 

to induce macrophage immune responses (Zhou et al., 2012). The intracellular 

growth of the organism is considered toxic because it impedes the production of 

the phagolysosome. This inhibition is due to either intracellular growth or as a 

survival mechanism (Hondalus and Mosser 1994). A phagosome is formed when a 

phagocyte engulfs a non-self-substance, which includes a bacterium through 

receptor-mediated endocytosis. The formed phagosome continues to mature into 

a phagolysosome through an early and a late phagosome stage by connecting with 

the lysosome (Von Bargen and Haas 2009). The interaction of low pH (4.0 - 5.0), 

hydrolytic enzymes, the formation of reactive oxygen and nitrogen species result 

in the elimination of these pathogens (Von Bargen and Haas 2009). Fernandez-

Mora et al., (2005) claim that most (ca. 90%) of the vacuoles with R. equi are 

arrested at a late endosome stage en-route to the lysosome, therefore, preventing 
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the phagosome from maturing (Figure 5.1). On the other hand, Toyooka et al., 

(2005) argued that when virulent R. equi are incorprated in the macrophages, 

maturation of the phagosomes, continues initially just like other phagosomes 

containing harmless microorganisms, but they are tolerant to the bactericidal 

substances present in the phagolysosomal environment. Toyook et al., (2005) 

further explain that R. equi acts by releasing substances that reduce the 

acidification of the phagolysosome. This, by implication, prevents the optimum pH 

required for the activity of phagolysosome. Consequently, cell necrosis occurs 

because of the continuous multiplication of the organism in the compartment 

(Figure 5.2).  
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Figure 5.1: A model for R. equi infectivity in macrophages. 
Clathrin-coated vesicles (CCV) feed extracellular liquid into the endocytic system. Phagosomes are produced, 
at the plasma membrane and normally interact continuously with early sorting endosomes (SE), late 
endosomes (LE) and lysosomes (Lys), but not with early recycling endosomes (RE) through which plasma 
membrane receptors can be recycled from the SE back to the surface. Some 10% of the ingested R. equi have 
moved along the degradative pathway to a (phago) lysosomal compartment and possibly degraded, whereas 
most (about 90%) is directed to an unusual compartment where the composition is between the SE and the 
LE. The Golgi compartment communicates via vesicular trafficking with the SE/LE system but not with RCVs. 
Typical compartmental markers are indicated (Modified from Fernandez-Mora et al., 2005). 
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Figure 5.2: Alternative model for R. equi infection in macrophages. 
After engulfing R. equi, phagosomes containing virulent or avirulent R. equi integrate with lysosomes. After 
that, avirulent R. equi inadequate of a plasmid cannot thrive in an acidic compartment in the phagolysosomes. 
Virulent R. equi harboring an 85 kb plasmid subdue the acidification. Thus, they thrive and proliferate in the 
phagolysosomes (Adapted from Toyooka et al., 2005) 

 

 

A lysozyme that degrades a cell wall is a fundamental component of the innate 

immune system. R. equi is marginally resistant to lysozyme (Hébert et al., 2014). 

This marginal resistance is expected, as the enzyme does not readily access the 

peptidoglycan substrate located beneath the mycolic acid membrane.  

Nitric oxide (NO) is an important reactive nitrogen species. Nitric oxide is 

synthesized from arginine in a reaction that is catalysed by inducible nitric oxide 

synthase (iNOS). Interferon-gamma (IFN-γ) is an initial signal for the transcription 

of iNOS. However, there are secondary signals such as tumour necrosis factor-

alpha (Darrah et al., 2000). The transcription of IFN-γ mRNA usually decreases 

when R. equi strains gain access into the alveolar macrophage of susceptible foals 

(Hines et al., 2003). This indicates that R. equi may produce factors that inhibit the 
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production of IFN-γ. Interferon-gamma upregulates phagolysosomal fusion (a 

component of the Th1 response) in addition to stimulating macrophages. Cytokine, 

therefore, plays a crucial role in the phagocytotic susceptibility of a host to R. equi 

(Kanaly et al., 1995).  

Patton et al., (2005), through experiments in mouse models involving neutralizing 

antibodies and adoptive transfer, showed that a decrease in R. equi led to the 

formation of Th2 responses characterized by the formation of interleukin-4 as 

against IFN-γ. The mice developed peculiar pulmonary lesions, which may be 

attributed to the scarcity of IFN-γ. Macrophages could be stirred to produce other 

reactive species like hydrogen peroxide. However, R. equi is strongly resistant to 

hydrogen peroxide stress (Meijer and Prescott, 2004). Consequently, hydrogen 

peroxide activates the induction of vap genes specifically vapA and vapG of the 

organism (Benoit et al., 2002; Meijer and Prescott 2004). The exact mechanism of 

a protective immune response in adult horses remains unknown. Notwithstanding, 

there are shreds of evidence to suggest that pulmonary clearance of R. equi is due 

to the response of Th1, where virulent strains are eradicated, with the increase in 

CD4+ and CD8+ T-lymphocytes (Hines et al., 2001). Studies have also shown that T-

lymphocytes, obtained from the lungs of adult horses after immune clearance, 

multiply in culture as a response to the antigens of R. equi, including IFN-γ apart 

from interleukin-4 (Giguère et al., 2011).  

Antibody-mediated responses also have an important part in protective immunity. 

In foals, the minimum levels of colostrum-derived maternal antibody are observed 

by eight weeks. Following this, they begin to develop antibodies against the 

organism. According to Prescott (1991), foals with diminished levels of maternal 
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antibodies are more susceptible to R. equi infection. Immunoglobin G (IgG) plays a 

significant part in opsonization and phagocytosis of virulent R. equi, while mucosal 

IgA (gotten from infected foals) reacts strongly to specific B-cell epitope on vapA 

(Muscatello 2012). 

The vulnerability of foals to R. equi is also enhanced by the absence of IgA from the 

nasal mucosa (which occurs during the first four weeks of life) and the diminished 

circulating antibody titters (which occurs between one and three months) 

(Muscatello 2012). Adult horses are typically resistant to R. equi infection. This is 

because most of them have significant antibody titter to the organism – 

hyperimmune. They are highlighting, the reverse correlation between antibody, 

disease prevalence, and severity (Walscheid et al., 2014). Mosser and Hondalus 

(1996), showed that passive immunization of hyperimmune sera to foals exposed 

to R. equi protected them from developing the R. equi infection. In addition to 

humoral immunity, cell-mediated immunity can be transferred through mare’s 

colostrum (Porto et al., 2014).   
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5.6 Aim of Study 

The ultimate arrest of phagosome maturation, because of VapA intracellular 

mediated disruption of lysosome biogenesis in macrophages during disease 

development, alters the physiological mechanism through which lysosome 

destroys R. equi or any other bacterium. We have already established that R. equi 

virulence is mostly due to a virulent strain, retained at the surface of the cell that 

contains a pathogenicity island that encodes VapA. Interestingly there is a 

hypothesis that when other non- virulent Vap-proteins self-associate with VapA, 

they could attenuate its virulence factor, which reduces the concerns of R.equi 

infectivity and its ability to destroy lysosome activities during macrophage. The aim 

of the study was to investigate the hypothesis of VapA’s association or binding 

interaction with VapG, VapE, and VapH, through a heterologous expression of 

cloned Vap-protein that have Histidine-tag at both N-terminal (pET-28a) and C-

terminal (pET-23a) respectively. The objective is to investigate with the use of 

biophysical or protein-protein interaction techniques and to determine whether 

non-virulent Vap-protein can associate via binding with Vap A, with the help of 

Histidine fusion protein at both N-terminal (pET-28a) and C-terminal (pET-23a), of 

the non-virulent Vap protein.  
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5.7 Results 

5.7.1 Cloning, Purification, and Characterization of Vap proteins 

5.7.1.1 Introduction 
 

This result section attempts to characterize the R. equi vap-plasmid clone vapA, 

vapD, vapE, vapG, and vapH, towards actualizing the synthesis of soluble pure 

heterologous recombinant protein products. This was achieved through a 

systematic protein biosynthesis method, included the transformation of the 

original vap-plasmids into the desired Escherichia coli strain C43 (DE3). Vap 

proteins were overexpressed and purified using Immobilised Metal Affinity 

Chromatography (IMAC) separation methods. This was followed by cleaning up the 

heterologous recombinant fusions proteins to ensure they are optimally viable 

devoid of genomic DNAs and RNAs.  

Once this was satisfied, Vap-proteins were applied towards functional assay using 

Surface Plasmon Resonance and to confirm the outputs of the fitted data, and 

thermal shift assay was also chosen as an orthogonal technique. These methods 

were applied, to find answers on affinity and binding interactions, binding kinetics, 

and a measure of entropy or enthalpy for Vap protein interaction. It is instructive 

to note that previous research (Okoko, 2014) had identified some of the Vap-

protein molecular structures; however, what remains unknown is the mechanism 

through which other Vaps may enhance or attenuate virulence when bound or 

interacted with VapA has not been reported.  

 The principle and rationale for applying these techniques to this work have been 

captured in section 1.2.1, 1.2.1, and 1.2.3.1 respectively. While the methodology 
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of these techniques has been concisely described in section 2.9.11, 2.10.1 and 

2.11.2 respectively. The Vap-plasmid clones that were retransformed into 

Escherichia coli C43 (DE3) and used in this work were found to produce high yield 

soluble recombinant proteins. 

5.8 Amplification of R. equi Vap Genes and Cloning 

 

The source of the R. equi vap-plasmid clones used in this work was received as a 

kind gift from Dr. Lynn Dover of Northumbria University UK. This R. equi vap-

plasmid includes vap A, D, E, G, and H, which had been successfully cloned into 

pET23a and pET28a (C and N terminally hexahistidine – tagged) plasmid vectors 

respectively using Escherichia coli Top10 strain. These vap-plasmids have been 

cloned and verified to have high copy number plasmids with a strong T7- promoter, 

as they were received as a gift. The presence of the pET23a (C-terminal 

hexahistidine fusion) and pET28a (N-terminal hexahistidine fusion) were to 

facilitate a metal chelated affinity chromatographic technique, for the purification 

of recombinant Vaps-fusion protein products. 

5.9 Recombinant R. equi VAP Protein Expression  

Protein overexpression using bacteria cells, as highlighted in chapter 1, remains 

one of the most viable means of obtaining recombinant proteins for biological and 

functional assays. The R. equi vap recombinant plasmids, the vapA-pET23a, vapE-

pET23a, vapG-pET23a and vapG-pET28a, vapH-pET23a and vapH-pET28a were all 

used to transform Escherichia coli C43 (DE3) strain. Heterologous protein synthesis 

in Escherichia coli is found to depend on a few factors such as temperature, 
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appropriate broth, right IPTG concentration, with temperature having a profound 

effect on protein stability and folding (Weickert et al., 1996). The appropriate R. 

equi Vap-protein overexpression conditions applied are described in section 2.5.2. 

Also, SDS-PAGE electrophoresis acquired images of prepared from clarifying 

recombinant Vap protein lysates showed that the protein synthesis of selected Vap 

construct was induced under the condition described in section 2.5.2. Large-scale 

production of recombinant Vap- proteins in E. coli was adopted as described in 

section 2.5.3, to produce high yields of recombinant proteins towards further 

functional and structural studies. 

 

       

Figure 5.3 Protein Overexpression Analysis of C-terminal-HIS tagged R. equi pVapA Fusion Protein expression 
in C43 (DE3) E. coli strain at 37˚C in 2YT media. Lane1: Biorad Precision plus MW marker, Lane 3 – 6, C-terminal-
HIS tagged R. equi recombinant pET23a- vapA Fusion Protein expression profile showing post IPTG (1mM) 
induction. T0 (L3), T1 (L4), T2 (L5), the soluble fraction (L6). All samples were resolved by SDS-PAGE methods at 
150 Volts. 



225  

 

 
 

 

 
 
 
 
 

 
 

Figure 5.4 Protein Overexpression Analysis of C-terminal-HIS tagged R. equi pVapE Fusion Protein expression 
in C43 (DE3) E. coli strain at 37˚C in 2YT media. Lane1: Precision plus MW marker, Lane 3 – 6, C-terminal-HIS 
tagged R. equi recombinant pET23a- pVapE fusion protein expression profile showing post-IPTG (1mM) 
induction. T0 (L3), T1 (L4), T2 (L5), the soluble fraction (L6). All samples were resolved by SDS-PAGE methods at 
150 Volts. 
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Figure 5.5 Protein Overexpression Analysis of N-terminal-HIS and C-terminal tagged R. equi pVapG Fusion Protein expression in C43(DE3) E. coli strain at 37˚C in 2YT 
media. 
(A) Lane1: Biorad Precision plus MW marker, Lane 3 – 6, N-terminal-HIS tagged R. equi recombinant pET23a-pVapG fusion protein expression profile showing post-IPTG 
(1mM) induction. T0 (L3), T1 (L4), T2 (L5), T3(L3) soluble fraction (L7). (B). Lane1: Biorad Precision plus MW marker, Lane 3 – 7, C-terminal-HIS tagged R. equi recombinant 
pET28a- pVapG Fusion Protein expression profile showing post-IPTG (1mM) induction. T0 (L3), T1 (L4), T2 (L5) (whole expression lysate) the soluble fraction (L6). All samples 
were induced at optical density of 0.7 nm and resolved by SDS-PAGE methods at 150 Volts. 
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Figure 5.6 Protein Overexpression Analysis of N-terminal-HIS tagged R. equi pVapH Fusion Protein expression in C43(DE3) E. coli strain at 37˚C in 2YT media. 
Lane1: Bio-Rad Precision plus MW marker, Lane 3 – 6, N-terminal-HIS tagged R. equi recombinant pET28a- pVapH fusion protein expression profile showing post-
IPTG (1mM) induction. T0 (L3), T1 (L4), T2 (L5) (whole expression lysate), the soluble fraction (L6). All samples were induced at optical density of 0.7 nm and 
resolved by SDS-PAGE methods at 150 Volt.
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Before the induction of expression, R. equi Vap-protein cells were grown to 

mid-log phase at 37˚C. Overexpression samples were taken for analysis at one-

hour post 1mM IPTG induction at 37˚C (T1), two hours post IPTG induction 

(T2), and overnight post IPTG induction (to/n), followed by analysis using the 

SDS-PAGE. After initial expression analysis, it was qualitatively assessed, that 

two hours of expression gave the best ratio of soluble to insoluble Vap-His 

tagged recombinant fusion protein. Representative SDS-PAGE gel for pET23a- 

pVapA, pET23a- pVapE, pET28a- pVapG, pET23a- pVapG and pET28a- pVapH 

protein synthesis and solubility profile as shown, in figure 5.3 - 5.6. A review 

of the SDS-PAGE analysis of clarified Vap fusion protein overexpression profile, 

through the analysis of its lysates, showed that synthesis of these recombinant 

proteins of interest was induced, under these conditions in 2 hours post IPTG 

induction. With pET23a- pVapA, pET23a- pVapG, and pET28a- pVapH showing 

a high degree of soluble recovery of recombinant proteins and pET28a- pVapG 

and pET23a- pVapE showing a moderate recovery of recombinant soluble 

protein. Furthermore, the fusion protein band markers migration between 15 

and 20 MW kDa marker, with an expected protein size of about 21kDa for 

pET23a- pVapA, 17kDa for pET23a- pVapG, 16kDa for pET28a- pVapG, and 

18kDa for pET28a- pVapH and pET23a- pVapE respectively.  
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5.10 Recombinant R. equi VAP Protein Purification  

To extract purified soluble recombinant proteins required for experimental 

functional assays. The process of recovering and clarifying all recombinant soluble 

R. equi Vap-proteins under study, by applying the mechanical lysate lysis technique 

of sonication (as described in section 2.5.6) was followed. Thereafter the processes 

of recombinant soluble R. equi Vap-protein purification via IMAC column affinity 

chromatography were applied (as described in section 2.6.2), which includes 

equilibration of the system, sample injection and wash.  The purified R. equi Vap-

protein fractions were eluted in a linear gradient of 1 x NP, Imidazole concentration 

terminating at 1 x NP 500mM Imidazole as appropriate wash buffer. The R. equi 

Vap-protein elution fractions for all Vap protein samples were monitored at 280nm 

absorbance and verified by SDS-PAGE analysis to identify the homogeneity of R. 

equi Vap-protein eluents that contain purified recombinant proteins. The R.equi 

Vap-protein purification peak fractions were also resolved using the Bradford 

method, pooled based on the lysate fraction that turned blue as described in 

section 2.6.3  and concentrated via Amicon ultra-centrifuge (as described in section 

2.7.3) which in this case is N-terminally and C-terminally tagged R. equi Vap 

proteins respectively? Representative chromatographic images of the protein 

purification profile, including confirmatory SDS-PAGE gel of eluents from the 

sample (i), C-terminal-HIS tagged pVapA, (ii) C-terminal-HIS tagged pVapG, (iii) N-

terminal-HIS tagged pVapG, (iv) N-terminal-HIS tagged pVapH, and (v) C-terminal-

HIS tagged pVapE are shown from figure 5.7 – 5.10 below. 
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Figure 5.7 Purification of Recombinant C-terminal Vap A-HIS tagged Fusion Protein 
(A) Chromatogram showing a single-step BioLogic C-terminal Vap A His-tagged protein purification using Affinity 
Chromatography. Purification profile showing unbound protein, normalized baseline, and the bound protein. Recombinant 
proteins were purified at 280nm and eluted with 1 x NP 500mM Imidazole (B) Showing purified C-terminal Vap A-HIS-tagged 
protein Eluents, (L1) Precision plus marker, Lane 3 – 11, C-terminal Vap A-HIS tagged protein eluent samples 44-48. Resolved 
by SDS-PAGE methods at 150 Volts. 
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Figure 5.8 Purification of Recombinant N-terminal and C-terminal Vap G-HIS tagged Fusion Protein 
(A) Chromatogram showing a single-step BioLogic N-terminal Vap G HIS-tagged protein purification using Affinity Chromatography. Purification profile showing unbound protein, normalized 
baseline, and the bound protein. Recombinant proteins were purified at 280nm and eluted with 1 x NP 500mM Imidazole (SDS-PAGE image) Showing purified N-terminal Vap G-HIS-tagged 
protein Eluents, (L1) Precision plus marker, Lane 3 – 11, N-terminal Vap G-HIS-tagged protein eluent samples 29 - 39. (B) Chromatogram showing a single-step BioLogic C-terminal Vap G HIS-
tagged protein purification using Affinity Chromatography. Purification profile showing unbound protein, normalized baseline and the bound protein. Recombinant proteins were purified at 
280nm and eluted with 1 x NP 500mM Imidazole (SDS-PAGE image) Showing purified C-terminal Vap G-HIS tagged protein Eluents, (L1) Precision plus marker, Lane 3 – 11, C-terminal Vap G-HIS 
tagged protein eluent samples 1-9. Resolved by SDS-PAGE methods at 150 Volts. 

 

 
 

 



232  

 

 

 Figure 5.9 Purification of Recombinant C-terminal vap E-HIS tagged Fusion Protein 
(A) Chromatogram showing a single-step BioLogic C-terminal Vap E HIS-tagged protein purification using Affinity Chromatography. Purification profile showing unbound 

protein, normalized baseline, and the bound protein. Recombinant proteins were purified at 280nm and eluted with 1 x NP 500mM Imidazole (B) Showing purified C-
terminal vap E-HIS tagged protein Eluents, (L1) Precision plus marker, Lane 3 – 11, C-terminal Vap E-HIS tagged protein eluent samples 34-37. Resolved by SDS-PAGE 
methods at 150 Volts. 

 
 
 
 



233  

 

 

 Figure 5.10 Purification of Recombinant N-terminal vap H-HIS tagged Fusion Protein 
(A) Chromatogram showing a single-step BioLogic N-terminal Vap H HIS-tagged protein purification using Affinity Chromatography. Purification profile showing unbound 
protein, normalized baseline, and the bound protein. Recombinant proteins were purified at 280nm and eluted with 1 x NP 500mM Imidazole (B) Showing purified N-terminal 
vap H-HIS tagged protein Eluents, (L1) Precision plus marker, Lane 3 – 11, N-terminal Vap H-HIS tagged protein eluent samples 4 - 9. Resolved by SDS-PAGE methods at 150 
Volts.
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After IMAC column affinity chromatography purification of recombinant vap-protein, 

a review of the SDS-PAGE analysis of purified Vap fusion eluents, showed that the two-

step IMAC chromatography had successfully separated pET23a- pVapA, pET23a- 

pVapG and pET28a- pVapH, pET28a- pVapG and pET23a- pVapE fusion protein from 

the E. coli genomic nucleic acid. Furthermore, the purification chromatogram showed 

the pattern of purification consistent with expectation.  Also, the molecular weight 

bands on the SDS-PAGE analysis presented in figure 5.7 – 5.10 showed migrations 

between 15 and 20 MW kDa marker, with the expected protein size and concentration 

of all Vap proteins summarised and presented in table 5.1 below. 

 

Table 5.1: Summary of experimental size and concentration per µL of C43DE3 expressed recombinant Vap -
proteins. 

R.equi Vap proteins Vap-fusion protein experimental 
Molecular Weight 

Vap-fusion protein 
Concentration (mg/µL) 

VapA C-terminal 21Kda 1.91 

VapG C-terminal 17kDA 0.76 

VapG N-terminal 16kDA 1.66 

VapH N-terminal 18kDA 0.63 

VapE C-terminal 18kDA 0.92 

 

 

5.11 Isolation of Pure Recombinant Vap - His Fusion Protein 

After a successful protein overexpression, care was taken to ensure the absence of 

genomic DNAs and RNAs in the sample product. Ideally, cell lysis remains the first 

step in cell fractionation (Walker, 2009; Thermofisher.com, 2020). The mechanical 

lysis of protein expression lysates, being the final stage of physical disruption of the 

overexpression cell lysate, was lysed in this work via sonication to break down cells, 
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hence leading to the release of nucleic acids. The presence of these cellular 

components reduces the supreme purity of the recombinant protein products 

(Hebron et al., 2009; Tan and Yiap, 2009). Although all experimental protein 

expression lysates were lysed by sonication, no step was taken to guarantee the 

elimination of genomic DNAs from the protein expression sample. The 

disadvantage of this omission could mean that over expressed recombinant 

protein contaminant that interfere during binding interaction assay. A series of 

purity and concentration assessment of IMAC purified Vap proteins at 280nm 

absorbance under the ultraviolet spectrum, showed that might be tiny traces of 

genomic DNAs or RNAs, this is because, the peak absorbance was with 270nm and 

280nm spectrum, rather than at 280nm as shown in figure 5.10. 

A subsequent enzymatic digestion by adding DNase and RNase into a purified 

recombinant Vap protein sample and treating them using the methods described 

section 2.8.0. This clarified that all Vap protein showed peak absorbance to UV light 

at 280nm, as shown in figure 5.11 and consistent with expectation protein 

absorbance ultra-violet spectrum for protein (Anthis and Clore, 2013). 

The application of contaminated or impure proteins may affect the robustness of 

functional assays (Wingfield, 2017). Because we aimed to do some functional 

assays in this work, we attempted to ascertain the purity and protein integrity of 

Vap protein and the recombinant Vap-His fusion proteins that have been 

synthesized in this work. 
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Figure 5.11: Crude and Non-dialysed Pure Vap-His fusion proteins  
Showing clarified crude protein lysate sample of (a) pET23a-VapG (b) pET23a-VapE (c) pET28a-VapG (d) pET28a-

VapH showing to absorb UV-spectrum between 270 and 280nm.  Protein concentrations were measured using a 

Nanodrop Spectrophotometer ND-1000 USA. 

 
 

 
 

Figure 5.12: DNase and RNase Digested and Dialysed Vap-His fusion proteins  
Showing clarified crude protein lysate sample of (a) pET23a-VapG (b) pET23a-VapE (c) pET28a-VapG (d) pET28a-

VapH showing to absorb UV-spectrum between 270 and 280nm.  Protein concentrations were measured using a 

Nanodrop Spectrophotometer ND-1000 USA. 
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Although we could now confirm that all experimental fusion proteins absorbed UV-

light at 280nm wavelength, we proceeded to resolve the recombinant protein 

sample via SDS-PAGE analysis, as shown in figure 5.13, which confirmed a clear 

presentation of all pure recombinant Vap-His fusion proteins. 

Other essential information that may determine the extent of validity of Vap 

protein syntheses such as the margin of difference and eventual fusion protein size, 

when compared to the protein expected size either as contained on protein 

databases, are summarised in the table below. The concentration, 2mg/mL of the 

final purified recombinant fusion proteins synthesized in this work, is presented in 

table 5.2 and establishes a measure of success of protein synthesis. 

 

 

Figure 5:13: SDS-PAGE Analysis of Extracted and Dialysed Recombinant R. equi Vap fusion Proteins 
Lane1: Bio-rad Precision plus MW marker, pET23a-VapA (L3), pET23a-VapG (L4), pET28a-VapG (L5), pET28a-VapH 
(L6), pET23a-VapE (L7) after protein isolation by protease digestion and dialysis using the dialysis cellulose tubing. 
Resolved by SDS-PAGE methods at 150 Volts. 
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TABLE 5.2: Experimental recombinant Vap-His tagged fusion protein molecular weight and protein concentration per 
2mg/mL post protease cleavage and dialysis. 

5.12 SPR Interaction of VapA with other Vaps 

The advantages of surface plasmon resonance as a flexible label-free and preferred 

technique of investigating protein-protein interactions have been earlier discussed 

in section 1.2.1. This technique has been applied in this chapter aimed to explore 

the potential interaction of Vap protein self-association. And also, to understand 

the binding behaviour (kinetics and affinity) between the virulent VapA-pET23 

proteins, which in this case served as the immobilized ligand molecule, against 

VapG-pET23, VapG-pET28, VapH-pET2 and VapE-pET23 which were applied as 

substrate binding partner molecules. Interestingly binding SPR method could 

provide Vap protein – Vap protein binding affinity and binding constant over a 

range of concentrations obtained from SPR binding responses (Besenicar et al., 

2006; Okoko, 2015). The VapA-pET23 was immobilised on a chip CM5 and other 

Vap proteins were flowed over it, allowing for measurement of binding responses 

like in vivo scenario.  The SPR model adopted for this experiment was a custom 

affinity assay; this was used to monitors the interaction between the ligand (VapA-

pET23) and substrates (VapG-pET23, VapG-pET28, VapH-pET2, and VapE-pET23). 
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5.12.1 VapA-pET23 Immobilization 

The hypothesis, that when other Vap proteins are associated with VapA they form 

an assemblage that may attenuate VapA virulence (Coulson et al., 2010). 

Recombinant C-terminal His -Vap A was chosen as the ligand and was immobilized 

via direct or covalent coupling, as presented in section 1.2.3a. The VapA-Pet23a 

was absorbed on a BIAcore CM5 sensor chip (via amine coupling as described in 

section 2.9.1.1). After 120 seconds injection of 650 µg/mL VapA-pET23a at 5 

µL/min, a signal of 1,911 response unit (RU) was obtained after the reference flow 

cell was subtracted (fc 2-1), see figure 5.13. This immobilization signal was found 

to be stable after the completion of blocking the non-reactive activated 

carboxymethylated dextran matrix to prevent the covalent capturing of the 

analyte. 

 

 

Figure 5.14: Surface Plasmon Resonance of R. equi C-terminal His-Vap immobilization  
Sensogram plot showing immobilization of recombinant pET23a-VapA to a CM5 chip. Four injections were 
captured, which resulted in an increased immobilization signal of 1,911 RU. The increase in RU from baseline 
is shown by the green and blue lines, respectively.  
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5.12.2 Binding Analysis of Recombinant R. equi Virulence Associated Proteins 
 

The immobilization of VapA-pET23a was assessed by developing an SPR custom 

binding assay. The binding profile of synthesized immobilized VapA was 

characterized against other Vap proteins (VapG-pET23a, VapG-pET28a, VapH-

pET28a, and VapE-pET23a). The binding of each synthesized recombinant Vap 

protein was then studied to evaluate the in vitro affinity and kinetic behaviour to 

VapA-pET23a. There is substantial evidence to suggest that virulent VapA- protein 

due to its unusual lipidation, is tethered to the surface of the cell wall (Okoko, 

2014). For analytical runs using the custom assay, solutions of substrate Vap 

proteins were passed over the VapA-pET23a immobilized CM5 sensor chip for 90 

seconds in an association phase at two concentrations (50µM and 100µM 

concentrations in HSB buffer; 10mM HEPES, 2M NaCl, 50 mM EDTA, 0.005% 

Tween-20). The analysis continued in a dissociation phase of 500 seconds per cycle, 

as buffer were injected over the chip. Results obtained from the protein-protein 

binding data were adjusted by applying reference subtraction (fc 2-1) of analyte 

signals passing concurrently through the reference flow-cell, Representative 

sensogram (adjusted images), as shown from figure 5.15 – 5.22. Consistent with 

the aim of this chapter, attention was given to understand whether recombinant 

Vap protein-protein interaction, are driven by the positioning (C and N- terminal) 

of the fusion tag on the recombinant proteins.   
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Figure 5.15 Interaction of R. equi VapG-pET23a, VapG-pET28a, VapH-pET28a and VapE-pET23a proteins with immobilized VapA-pET23a 

(a) Sensogram plot showing individual Vap-proteins flown over as substrate on VapA-pET23a modified CM5 chip at 50µM and 100µM (concentration-dependent) using a Biacore X100 
(b) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of all Vap – protein interactions against VapA-pET23a (c) Table showing ka/kd resonance unit (RU) for 
VapG-pET23a, VapG-pET28a, VapH-pET28a, and VapE-pET23a proteins binding interaction. 
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 Figure 5.16 Interaction of R. equi Non-Concentration Dependent VapG-pET23a, VapG-pET28a, VapH-pET28a and VapE-pET23a proteins with immobilised VapA-pET23a 

(a) Sensogram plot showing a non-concentration dependent VapG-pET23a, VapG-pET28a, VapH-pET28a and VapE-pET2a3 proteins flown over as substrate on VapA-pET23 modified CM5 
chip at 100µM using a Biacore X100 (b) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of 100µM VapG-pET23, VapG-pET28, VapH-pET28 and VapE-
pET23 proteins interactions against VapA-pET23 (c) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of 50µM VapG-pET23, VapG-pET28, VapH-pET28 and 
VapE-pET23 proteins interactions against VapA-pET23a. 



243  

 
 

 

 
 
Figure 5.17 Interaction of Concentration Dependent of R. equi VapG-pET28a and VapH-pET28a proteins with immobilized VapA-pET23a 

(a) Sensogram plot showing a concentration-dependent VapG-pET28a and VapH-pET28a proteins flown over as substrate on VapA-pET23 modified CM5 chip at 50µM and 100µM using 
a Biacore X100 (b) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of both 50µM and 100µM concentration of VapG-pET28, and VapH-pET28 proteins 
interactions against VapA-pET23. 
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Figure 5.18 Interaction of Concentration Dependent of R. equi VapG-pET28a and VapG-pET23a proteins with immobilized VapA-pET23a 
(a) Sensogram plot showing a concentration-dependent VapG-pET28a and VapG-pET23a proteins flown over as substrate on VapA-pET23 modified CM5 chip at 50µM and 100µM using 

a Biacore X100 (b) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of both 50µM and 100µM concentration of VapG-pET28a and VapG-pET23a proteins 
interactions against VapA-pET23. 
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Figure 5.19 Interaction of Concentration Dependent of R. equi VapG-pET23a and VapE-pET23a proteins with immobilized VapA-pET23a 
(a) Sensogram plot showing a concentration-dependent VapG-pET23a and VapE-pET23a proteins flown over as substrate on VapA-pET23 modified CM5 chip at 50µM and 100µM using 

a Biacore X100 (b) Bar chart showing association (ka) and dissociation (kd) constant values (RU) of both 50µM and 100µM concentration of VapG-pET23a and VapE-pET23a proteins 
interactions against VapA-pET23. 
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A review of the 50µM and 100µM SPR binding profile of all Vap proteins under 

study against the immobilized recombinant pET23a-VapA indicated a 

concentration-dependent increased association constant (ka) value in the order of 

highest to lowest ka-value at 100µM sample concentration: VapE-pET23a (62.4 

RU), VapG-pET28a (38.6 RU), VapG-pET23a (35.8 RU), and VapH-pET28a (30.4 RU) 

respectively as displayed in figure 5.15a 15.5b and 15.5c. The results also revealed 

that at 100µM sample concentration, of VapG-pET23a, VapG-pET28a and VapH-

pET28a there was a gradual signal degradation of the immobilized recombinant 

VapA-pET23a and loss of binding just above 420 seconds of the dissociation phase. 

The order of association rate constant at 50µM sample concentration is VapE-

pET23a (40.4 RU), VapH-pET28a (25 RU), VapG-pET23a (17 RU), and VapG-pET28a 

(11.8 RU) respectively as displayed in figure 5.15a 15.5b and 15.5c.    

Similarly, at 50µM of VapG-pET23a, VapG-pET28a and VapH-pET28a also displayed 

rapid signal degradation of the ligand immobilized Vap protein just above 120 

seconds of the dissociation. It was shown that during the dissociation phase, the 

experiment demonstrated that signal degradation at both concentrations 

deteriorated in different order patterns. At 50µM concentration, the signal 

degradation pattern was rapid in the order of VapH-pET28a (41 RU) ˃ VapE-pET23a 

(30.6 RU) ˃ VapG-pET28a (0.5 RU) ˃ VapG-pET23a (-0.5 RU), while at 100µM 

concentration, the degradation pattern was gradual in the following order VapE-

pET23a (63.7 RU) ˃ VapH-pET28a (30.4 RU) ˃ VapG-pET28a (24.7RU) ˃ VapG-

pET23a (24.7) see figure 5.16. Although the magnitude of apparent affinity showed 

to be largely concentration-dependent, the poor stability of recombinant VapA-

pET23a protein may have caused a conformational change of the ligand on the 
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surface of the CM5 chip, hence the degradation. This degradation could be 

described as a biphasic dissociation, which causes dissociation to go beyond 

baseline instead of returning to baseline before regeneration, due to loss or change 

in characteristics of the immobilized VapA-pET23a protein. This biphasic 

dissociation behaviour was, however, not observed at 50µM and 100µM 

concentrations of recombinant VapE-pET23a protein sample during the 

dissociation phase of the experiment. Interestingly, the VapE-pET23a protein in a 

concentration-dependent manner showed the most significant association 

constant (ka) /binding to the recombinant VapA-pET23a protein. The degree of 

significance for VapE-pET23a protein association binding constant (ka), are 

summarized in Table 5.3 below, showing percentage comparison with other 

recombinant Vap proteins. 

Table 5.3 Percentage comparison of pET23a-VapE ka-value against Vap-proteins  

 
 
 
The apparent affinity of Vap protein binding interactions were, evaluated, 

comparing Vap protein of different histidine fusion tag (N-terminal and C-terminal 

Vap G), of VapG-pET28a and VapG-pET23a, at 50µM and 100µM concentration 

(figure 5.18). The result showed that at 100µM concentration, the ka value of 

VapG-pET28a and VapA-pET23a binding was 7.2% higher than the binding 
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association of VapG-pET23a and VapA-pET23a. At a lower concentration of 50µM, 

the binding association of VapG-pET23a to VapA-pET23a was 30.5% higher than 

the binding association between VapG-pET28a and VapA-pET23a. 

The binding behavior of C-terminally tagged VapE and VapG was evaluated at 

50µM and 100µM binding concentration (figure 5.19). The result showed binding 

association was consistently higher, as association rate constant for VapE-pET23a 

to VapA-pET23a binding interaction at 100µM concentration, had a 42% higher 

association rate more than the VapG-pET23a to VapA-pET23a binding. Similarly, at 

50µM concentration, the association rate of VapE-pET23a to VapA-pET23a, was 

44.4% higher than the measure of binding association between VapG-pET23a and 

VapA-pET23a protein interaction. 

The VapE-pET23a to VapA-pET23a protein association demonstrated the highest 

and most significant binding association of 42% and 44.4% at 100 and 50µM 

concentration respectively, compared to all other vap proteins and concentration. 

Interestingly dissociation constant (kd) in this SPR custom assay was thought not 

to be an accurate value or true reflection of the dissociation rate (Koff). A major 

observation in this binding interaction experiment was that the Vap protein-

protein interaction was consistent in its demonstration of a fast Kon and Koff rate, 

as observed in figure 5.15 and 5.19. 

The poor stability VapA-pET23a protein on the surface of the sensor chip over a 

long time suggested that although the binding association constant (ka-values) 

rate, for all vap protein interaction could be retrieved and represents the apparent 

affinity of all Vap proteins under investigation, in this binding interaction studies. 

The behaviour of the dissociation fit (Koff), are indicative, that full kinetic assay and 
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data may prove difficult to be generated, and the fast off-rate are indicative to the 

inability of the BIAcore X100 machine to detect and characterize the kinetics data 

of this experimental R.equi vap-protein binding interaction. 

 

5.13 Thermal Shift Assay 

A review of the R. equi Vap protein interaction result showed that the control 

protein sample, successfully increased in thermal shift both in the absence and 

presence of ligand molecule respectively. At high temperature the protein begins 

to melt, to release its internal regions and unfold to become linearized. Being run 

in triplicates figure 5.20a shows the expected gradual increase of the panel, which 

starts from a region of low fluorescence, to attains its peak where proteins are 

unfolded and decrease proportionally in fluorescence and temperature gradually. 

Thermal shift cycle, here is indicated by a fluorescence across a temperature cycle 

ranging from 25°-95°C in 0.05-degree steps at 5 sec per step. 

Application of R.equi Vap A in figure 5.20b showed the characteristic thermal shift 

for the control protein while VapA shows a very high initial fluorescence that slowly 

falls without any thermal shift observed. Similarly figure 5.20c shows a repeat of 

figure 5.20b but with the SYPRO ruby dye at different concentrations. 
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Figure 5.20: Initial thermal shift assay control and R.equi Vap A experiment.  

The figure shows a range of experiments using the thermal shift assay kit (Thermo). Each figure shows fluorescence across a temperature cycle ranging from 25°-95°C in 0.05-degree steps at 5 

sec per step each sample was run in triplicate. Panel A shows the kit control protein with and without ligand respectively with an increased thermal shift. Panel B Shows the characteristic 

thermal shift for the control protein but VapA shows a very high initial fluorescence that slowly falls. Panel C is a repeat of panel B but with the SYPRO ruby dye at different concentrations. 
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5.14 Discussion 

 

5. 14. 1 Introduction 
 

The Rhodococcus equi mediated pneumonia pathogenesis, remains a major cause 

of stock wastage, with significant cost implication for treatment and fatality in the 

equine industry (Dawson et al., 2010; Thunes, 2018). Although a degree of 

protective immunity against the disease have been developed by some foals, 

around the world, endemic Rhodococcus equi contributes between 40% to 50% 

mortality rate of foals, and about 80% morbidity in affected foals (Giles et al., 2016; 

Woodmansey, 2018). 

Researchers in this field, have been targeting prevention of Rhodococcus equi 

through the development of a vaccine, (Lohmann et al., 2013; Giles, et al., 2015). 

The earlier lack of success in developing a vaccine was attributed to the ambiguity 

of the immunity to R. equi and the intracellular nature (complex cell envelope) of 

the organism (ability to survive harsh macrophage environment).  The application 

of a wide range of antibiotics, for the management and the treatment of R. equi 

infections was not only a limited option, but demonstrated mixed results, when 

antibiotics combination therapy of rifampin and clarithromycin or azithromycin 

treatments were introduced (Giguere et al., 2012; Venner et al., 2013).  

From the perception of our research, facts presently known, is that (i) the VapA has 

been described as a major virulence determinant since mutants that lack the VapA 

gene were found to be unable to cause Rhodococcus equi infection. (ii) Rofe and 

co-worker have successfully resolved the hypothesis that VapA disrupts lysosomal 
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function by allowing R. equi to survive intracellularly (Rofe et al., 2017). To mitigate 

the concerns of macrophage disruption, study has shown VapA association with 

other vap proteins to be essentially useful towards attenuating VapA virulence (Jain 

et al., 2003, Vazquez-Boland et al., 2013). Although success have now been made 

with the discovery of the PNAG antibody vaccine, the many years of R.equi Vap 

study, the actual biology by which other vap proteins can successful self-associate 

with virulent plasmid (VapA), has become a focus of research and explored towards 

mitigating the R. equi disease in foals.  

Okoko and co-workers first investigated the hypothesis of VapA and other vap 

proteins, self-association via biophysical protein- protein interaction using a CM5 

carboxymethylated dextran chip, covalently immobilizing recombinant VapA on a 

surface plasmon resonance chip and assaying for binding affinity of other vap 

proteins that were run over the immobilised VapA (Okoko et al., 2015). This current 

work builds on their recommendation and attempted to synthesis Vap proteins 

differently, exploiting the biology of affinity fusion tag proteins, that were cloned 

into N and C terminals of the vapG-pET23a, vapG-pET28a, vapH-pET28a, vapE-

pET23a, proteins. This experiment validated that all vap plasmids investigated 

under this study were successfully cloned into pET23a and pET28a vectors, 

respectively, and retrieved for the purpose of synthesis of recombinant Vap 

proteins. 

A fundamental question that we set out to address in this study, was whether the 

positioning of both N-terminal (pET-28) and C-terminal (pET-23a) fusion tag on the 
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R. equi Vap proteins, could inform or in fact enhance a range of Vap protein 

interaction with the virulent VapA protein, using the biophysical techniques.  

5.14.2 Overexpression of recombinant Vap-His Tag fusion proteins 
 

The experimental Vap proteins A, E, G and H were designed to be cloned using a 

plasmid vector pET23a and pET28a in this order for pET23a- pVapA, pET23a- 

pVapE, pET28a- pVapG, pET23a- pVapG and pET28a- pVapH. The pET28a and 

pET23a expresses an N and C-terminal fusion tagged hexa-histidine (HIS) protein 

respectively are transcribed by the T7 RNA polymerase gene in a E. coli expression 

system (Rosano and Ceccarelli, 2014). The final plasmids constructs were 

satisfactorily re-transformed into C43 (DE3) E. coli with exception of pET23a- 

pVapD, pET28a- pVapD, pET28a- pVapE, and pET23a- pVapH and overexpression 

of experimental vap proteins were induced in at 37°C for 2 hours. The pET 

expression system featuring the T7 promoter is by far widely used system for 

heterogeneous expression in E. coli (Graslund et al., 2008). 

The appreciable yield of recombinant soluble C-terminal His-tag pVapA, C-terminal 

His-tag-pVapE, N-terminal His-tag pVapG, C-terminal His-tag pVapG and N-terminal 

His-tag pVapH fusion protein recovery, meant that further optimisation of the 

insoluble fraction was discontinued. Previously a different model of E. coli 

expression strategy was adopted by Letek et al., (2008) who utilised E. coli at 20°C 

for 24-48 hours to grow an R. equi vapB in the brain heart infusion medium to 

produce VapB R. equi proteins.  

During a study of VapA disruption of endolysosome function, Rofe and co-workers, 

had successfully expressed R. equi VapA, using E. coli (B21 DE3 pLysS) strain at 37°C 
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were transformed plasmid tagged either to GST‐ or His6‐tagged proteins and were 

grown in 2TY broth media (Rofe et al., 2016). 

Osmotic shock was similarly mitigated during the overexpression of experimental 

vap proteins, by ensuring protein overexpression media (yeast extract media) were 

supplemented with osmotic shock buffers 0.5M sorbitol and 0.5 mM betaine which 

increases the solubility of recombinant proteins in bacterial expression (Hofmann, 

2015). This may account for the recovery of soluble recombinant C-terminal His-

tag pVapA, C-terminal His-tag-pVapE, N-terminal His-tag pVapG, C-terminal His-tag 

pVapG and N-terminal His-tag pVapH fusion protein under the described 

overexpression condition as described in section 2.5.2 and 2.5.3.  

5.14.3 Recombinant Vap Protein Purification 
 

The purity of soluble recombinant C-terminal His-tag pVapA, C-terminal His-tag-

pVapE, N-terminal His-tag pVapG, C-terminal His-tag  pVapG and N-terminal His-

tag pVapH  fusion protein, were satisfactorily resolved using immobilized metal ion 

affinity chromatography (IMAC) protein purification. The Ni-NTA sepharose, 

reacting with both the C and N-terminally tagged His - R. equi Vap proteins, 

achieved high level recombinant protein purification under both native and 

denatured condition. Purified recombinant His-tagged vaps proteins were easily 

detected due to the ability of histidine residues to bind several types of 

immobilized metal ions, including zinc, nickel, cobalt, and copper, under specific 

buffer conditions (Jansen, 2011). 

Interestingly due to the small molecular size of His-tags, (∼2.5 kDa), they were 

believed not have significantly interfere with the function and structure of 
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experimental R.equi vap proteins (Gräslund et al., 2008; Booth et al., 2018). Okoko 

and co-workers had similarly used IMAC purification method for protein 

purification of their R. equi vap protein, followed by an additional step of anion 

exchange chromatography (Okoko et al., 2015) 

5.14.4 SPR interaction of Vap proteins in free solution with immobilized C-terminal 
His-tag VapA 

 

Evaluating C-terminal His-tag pVapA fusion protein binding interaction against C-

terminal His-tag-pVapE, N-terminal His-tag pVapG, C-terminal His-tag  pVapG and 

N-terminal His-tag pVapH  fusion protein were modelled in vitro and in solution 

using a custom kinetics - 1:1 binding assay of the surface plasmon resonance, 

similarly, adopted by previous R. equi Vap protein interaction investigations (Okoko 

et al., 2015; Drin, 2019). A C-terminal His-tag pVapA immobilisation level of 

1,911RU affixed on the CM5 chip carboxymethyl dextran was satisfactory, aiming 

and achieving a high immobilisation RU in kinetic assay is thought increase binding 

hits. Considering that the limitations of mass transport effect is of no concern in 

this assay model. Okoko and co-workers had previously attained a 1,483RU 

immobilization level for VapA on a CM5-chip, during a binding interaction 

investigation with other non-virulent Vap proteins (Okoko et al., 2015).  

 The SPR custom kinetics- 1:1 binding assay model applied, is referred as a custom 

protocol due to the contact time and dissociation time adjustment of 60 seconds 

and 500 seconds made respectively. In a conventional kinetics binding assay, the 

contact and dissociation times are 120 seconds and 600 seconds respectively. The 

rationale for developing a custom method, was to minimize the length of time 

utilised in running other Vap proteins over the immobilised C-terminal His-tag 
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pVapA fusion protein. Since the experiment was designed in a single kinetic run 

measured association (ka) and dissociation (kd) in a 1:1 binding ratio.  

The parameters of interest here, are the ka-value being the association rate 

constant (M-1s-1) and the kd-value dissociation rate constant (S-1). The results 

revealed that at two different concentrations of Vap protein SPR investigation the 

ka-values change, meaning that the binding interaction between C-terminal His-tag 

pVapA and C-terminal His-tag-pVapE, N-terminal His-tag pVapG, C-terminal His-tag 

pVapG and N-terminal His-tag pVapH fusion proteins are dose-dependent. 

The results suggest that, at 100µM sample concentration, C-terminal His-tag-

pVapE has the highest association rate constant value of 62.4 RU, followed by 

VapG-pET28a (38.6 RU), VapG-pET23a (35.8 RU), and VapH-pET28a (30.4 RU). 

While at 50µM sample concentration, the order is not the same VapE-pET23a (40.4 

RU), VapH-pET28a (25 RU), VapG-pET23a (17 RU), and VapG-pET28a (11.8 RU).  

This means that experimental R. equi Vap protein binding of VapA apart from being 

dose dependent, are also affected by the position of His tag affinity on either N or 

C terminal of the reacting Vap protein. 

 

 

 

 

 

 

Kinetic- 1:1 binding model equation 

A + B = AB 

Where the following parameters are fitted by the model: 

A Ligand 

B Substrate 

AB Ligand/Substrate Complex 

Ka Association rate constant (M-1s-1) 

Kd  Dissociation rate constant (S-1) 

Rmax  Analyte binding capacity of the surface (RU) 

tc  Flow rate-independent part of mass transfer constant 

RI Bulk refractive index contribution in sample 
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Although there were dissociation rate constant values generated for N-terminal 

His-tag pVapG, C-terminal His-tag pVapG and N-terminal His-tag pVapH in this 

experiment. It is thought that those values do not reflect the absolute dissociation 

behaviour as the immobilised C-terminal His-tag pVapA was observed to be 

unstable and gradually degrading on the surface of the biosensor chip. This was 

visibly observed in figure 5.15a as Rmax signal dropped below baseline and may be 

as a result of some conformational changes of the C-terminal His-tag pVapA on the 

CM5 chips surface. There is however an exception to the biphasic dissociation, with 

C-terminal His-tag-pVapE, whose dissociation rate behaviour showed to be 

consistent as expected in kinetic binding assay model, hence may not have been 

influenced by the ligand degradation. 

To successfully generate kinetic data from this vap-protein - protein interaction 

experiment, the ka and kd values must demonstrate a 1:1 plot fitting ratio. Since 

that is not the case with experimental kd-values obtained from this experiment, 

kinetic data for R. equi Vap protein-protein binding could not be generated. 

The C-terminal His-tag pVapA degradation on the CM5 chip surface, prevented 

duplicate or triplicate binding interaction runs. These runs are essential because of 

the validity and robustness it confers on reproducible binding affinity and kinetics 

data generated. Similarly, the ligand degradation meant that kinetic data are 

unable to be generated due to false kd-values. 

The binding association rate constant (ka-values) of N-terminal His-tag pVapG, C-

terminal His-tag pVapG and N-terminal His-tag pVapH proteins in ratio to C-

terminal His-tag-pVapE protein (table 5.3) helps to validate and conclude, that R. 
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equi vap protein – protein interaction is both non-concentration dependent and 

also non-dependent on the positioning of the His-tag on the substrate molecule 

either at the N or C-terminal based on data generated in this work. 

5.14.5 Thermal Shift Assay interaction of R.equi Vap proteins  
 

Thermal shift assay were attempted of R.equi VapA proteins, but did not work, 

because vapA protein appears to be hydrophobic and upon unfolding, were found 

to bind the SYPRO ruby dye. Although they both showed an initial high fluorescence 

in figure 5.20b and figure 5.20c that gradually fell, no thermal shift was observed. 

This suggests that R. equi vap protein are unstable under these experiment 

condition. 
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Chapter 6 

General Discussion 
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6.0 Chapter Six 

6. 1 Final Thoughts and Reflections 

6.1.1 Recombinant protein synthesis 

The synthesis of recombinant proteins is essential aspect of biotechnology and 

biomedical sciences. For recombinant proteins to be beneficial for research 

studies, they usually are expressed and purified in high quantities. Protein synthesis 

via bacterial overexpression using Escherichia coli has been the focus of this thesis. 

This system is often a guaranteed source to produce high quantity and quality 

recombinant proteins required for research (Wagner et al., 2008).  

However, bacterial recombinant protein synthesis processes are not always as 

straight forward as the theory presents. For example, we found that although 

HMGCR and AGTR1 genes successfully cloned into pGEX-6p-1, pMAL-c5x, pMAL-

p5x and pET32a respectively in chapter 3 recombinant proteins could not be 

expressed. The limitations of bacterial protein overexpression is not surprising, 

often this can be overcome by determining the most stable fusion tag and 

expression strain for their protein synthesis work (Booth et al., 2018). 

The application of different fusion tags (with strong promoter, RBS, and 

transcription terminator), codon-optimization, low overexpression temperature 

and optimised protease-deficient host strains were troubleshooting approaches 

employed to facilitate the expression of the hydrophobic trans-membrane and 

highly toxic CHD proteins we attempted to overexpress in chapter 3. But to no avail 

and certain classes of proteins are always going to be difficult or potentially 

impossible to express in bacteria.  
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The application of araBAD operon based pBAD vector system, could be applied in 

the future towards the expression of proteins such as HMGCR and AGTR1 proteins. 

Széliová and co, had this system may have advantages suitable for the expression 

of toxic and hydrophobic proteins. These advantages include tight regulation of 

transcription, moderately high expression levels, and induction by an inexpensive 

and non-toxic monosaccharide L-arabinose (Széliová et al., 2016), but this does not 

directly address the issue of hydrophobicity.  

However, proteins under investigation in chapter 4 and 5 confirmed that bacteria 

(E. coli) were viable, efficient, and effective host system, for the production of high 

quantity recombinant heterologous soluble proteins that can be utilised for 

function studies. We know from previous work (Wisdom Okoye’s Masters Project, 

unpublished) that CCL5 is almost insoluble as a GST-fusion protein, but in this work 

expressing CCL5 using MBP fusion-tag, resolved the solubility concerns. 

 

6.1.2 Protein Purification Method Validation 

Two different protein purification methods, the affinity purification on amylose 

resin and immobilized metal ion affinity chromatography (IMAC) purification were 

applied through this work in chapter 4 and 5 respectively. The results showed that 

the pure recombinant CCL5/MBP proteins recovered after batch purification in 

chapter 4, had nucleic acid impurities or contamination. This was evident in figure 

4.25 where pure CCL5/MBP proteins showed to attain peak absorbance at 260nm, 

rather than at 280nm under UV-spectrum light. On the other hand, purified R. equi 

Vap proteins recovered from IMAC purification in chapter 5, had no nucleic acid 
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impurities as demonstrated in figure 5.11. As IMAC purified R. equi Vap proteins 

showed to attain peak absorbance at 280nm. 

This suggests that protein purification methods impact the extent of genomic DNA 

contamination present in a recombinant pure protein sample post-purification. 

The result demonstrates also that chromatographic based protein purification 

methods (used for Vap proteins) show to be more efficient, high-throughput and 

robust than non-chromatographic based protein purification methods (used for 

CCL5 proteins). However, this adds time and cost to the process, which has to be 

considered when comparing it to the additional steps of nuclease digestion and the 

dialysis required by batch purification method. Ultimately, this depends on the 

workflow required. 

 

6.1.3 Sample preparation and Optimization 

The nucleic acid contaminated pure recombinant CCL5/MBP proteins were treated 

by DNase and RNase and membrane dialysis as described in section 2.8.0. 

Optimised pure recombinant CCL5/MBP proteins without nucleic acid 

contamination are shown thereafter in figure 4.26 to attain peak absorbance at 

280nm.  

During preliminary SPR immobilization of biotinylated heparin (Heparin-biotin 

sodium salt acquired from Sigma Aldrich) on a streptavidin (SA) biosensor chip, the 

results, revealed presence and interfering activities of free flowing and excess 

biotin in stock sample. The interference created an unregulated, highly specific, 

and irreversible biotin and streptavidin binding complex (Liu et al., 2016). 

Consequently, the immobilization of Sigma Aldrich purchased biotinylated heparin 
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sodium salt could not be achieved. We resolved and optimised the Heparin-biotin 

sodium salt product by dialysis using a Slide-A-Lyzer 2K (2,000 MWC) dialysis 

cassette (Thermo Scientific. USA) as described in section 2.8.1. Excess non-

conjugated biotin, a vitamin of 0,244 kDa molecular mass, was found to be 

eliminated through the permeable 2,000 MWC membrane of the Slide-A-Lyzer 

dialysis cassette, leaving with the cassette an optimized 15kDa biotinylated heparin 

free of excess biotin contamination. Further application of the dialyzed Sigma 

Aldrich Heparin-biotin sodium salt showed a successful immobilization profile of 

the surface of SA biosensor chip figure 4.21. 

 

6.1.4 Biophysical functional Assay  

Biophysical functional assay is important in to biological, biomolecular and drug 

discovery research and development. The demand to analyse a wide range of 

samples (proteins, nucleic acids, lipids and membrane-associated molecules, 

carbohydrates, low molecular weight compounds (˃ 200 Da), viruses/bacteria and 

whole cells) for biomolecular interactions are currently on the rise (Robin, 2015). 

Biophysical assays are useful in determining binding site mapping, thermodynamic 

profiles, specificity, kinetics, and affinity (Mboge et al., 2018). Each of these 

biophysical techniques has its advantages and disadvantages, and they are best 

used in combination. 

In the context of this study, although the characteristic and science of the various 

proteins investigated in chapter 3, 4 and 5 differ in biology, the concept of 

investigating protein – substrate (as in chapter 3 and 4) or protein – protein (as in 
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chapter 5) binding interactions through the application of biophysical technique 

remained consistent. 

The SPR as widely applied in this work, is certainly one of the most appropriate 

high-throughput screening methods (Genick et al., 2014). It is a very sensitive 

technique with its limit of detection increasing proportionally with the model of 

the machine. The SPR requires only micrograms of sample and can detect binding 

events at physiologically relevant nanomolar concentrations. A vital technical 

consideration of for the application of SPR biophysical assay in this work, is because 

the proteins under investigation do not need to be radio-labelled or modified as 

SPR is a label-free technique. Although the SPR experiments ran with few 

limitations and future run will require further modifications and sample 

concentration optimization. The application of this SPR technique successfully 

demonstrated the two types of coupling method in the SPR instrumentation which 

are the indirect and direct coupling as in chapter 4 and 5 respectively. Relatively 

true binding data were also generated, using apparent affinity data via steady-state 

assay. Also, affinity constant information’s were obtained for CCL5/MBP – GAG and 

R. equi Vap protein - protein binding interactions in chapter 4 and 5 respectively.  

This techniques and results obtained from this work, demonstrates that a 

combination of biological, functional, and biophysical tools can generate some 

useful scientific data. These data can be useful in understanding the biology of 

complex protein - protein and protein – ligand interactions, hence enhancing 

research and development. 

 It may be useful to further SPR investigation of these binding interaction using a 

more recent model of SPR machine with a higher limit of detection. With the 
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availability of funding, already synthesized recombinant wild type and mutagenic 

CCL5 alongside pET23a- pVapD, pET28a- pVapD, pET28a- pVapE, and pET23a- 

pVapH, pET23a- pVapE, pET28a- pVapG, pET23a- pVapG and pET28a- pVapH could 

have been purchased and applied to SPR binding interaction assay, with 

biotinylated heparin as the ligand for the CCL5/GAG assay and pET23a- pVapA and 

pET28a- pVapA as ligands for R. equi Vap protein-protein interaction studies. 

 

6.2 Conclusion  

It is the view of this work that E. coli except for few toxic gene continues to 

demonstrate high efficiency in the production of heterologous recombinant 

proteins. That this work reflects a series of troubleshooting, method validation, and 

method optimization, in biological to biophysical assays in a producible and 

systematic manner. Although we successfully cloned the wildtype proteins under 

investigation in chapter 3, as well as generated crucial SNP data of mutants with 

clinical annotation, this work was unable to address the aim and objective of the 

project in chapter 3. This was solely, due to lack of progress solving toxicity issues 

with overexpression of AGTR1 and the full length HMGCR proteins. 

Chemokine – GAG binding interaction data showed that CCL5 binding interaction 

with heparin was concentration dependent and that the recombinant WT-CCL5-

MBP protein, demonstrated the highest apparent affinity for the GAG Heparin in 

this experiment, followed by CCL5-MutLow-MBP and CCL5-MutHigh-MBP which is 

consistent with literature. 
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The SRP functional assay data of R. equi vap protein – protein interaction, 

concluded that VapA binding interaction with other experimental vap proteins 

were both non concentration dependent and also not dependent on the 

positioning of the His-tag on the substrate molecule either at the N or C-terminal. 

 

6.3 Recommendations for Future Work 

1. To explore means through which wild type and mutagenic AGTR1 genes can be 

overexpressed, using E. coli overexpression system where the host strain is able to 

mitigate AGTR1 toxicity. This can be achieved by applying lower copy number 

plasmids containing tightly regulated promoters (like the araPBAD promoter) 

2. To explore means through which full-length wild type HMGCR genes can be 

overexpressed, using E. coli overexpression system thereby mitigating the cascade 

of unexplained events that leads to truncation of HMGCR gene. 

3.Futher evaluate potential method of separating maltose binding protein (MBP) 

tag, from the experimental wild type and mutagenic recombinant CCL5/MBP fusion 

complex. 

4. To validate SPR steady-state apparent affinity interaction of recombinant wild 

type and mutagenic CCL5 against GAG-Heparin using 2 units of higher 

concentrations and running binding assay in triplicates.  

5. Obtaining additional data on the interactions of the recombinant wild type and 

mutagenic CCL5 proteins using transendothelium flow assay to enhance the initial 

preliminary data. 

6. To clone, overexpress and purify of pET23a- pVapD, pET28a- pVapD, pET28a- 

pVapE, and pET23a- pVapH and apply them towards SPR binding affinity and 
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kinetics interaction studies alongside pET23a- pVapE, pET28a- pVapG, pET23a- 

pVapG and pET28a- pVapH. Experiment to have pET28a- pVapA as the immobilized 

ligand. 

7. To desalt the Biotinylated Heparin, using Zeba Spin desalting column and valid 

the sample using mass spectrometer, before biophysical analysis 

8. To explore means of mitigating pET23a- pVapA instability and degradation on 

the surface of CM5 biosensor chip, by applying a running buffer with less NaCl 

concentration. Since high salt concentration interferes with the electrostatic 

interaction activity on the surface of the CM5 biosensor chip. 

9. To subject all recombinant protein products to Mass spectrometry prior to 

binding affinity assay 
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Appendix 

Number 1 

 

Illustration of Gene Cloning Process 
Showing an EcoR 1 and BamH 1 digested target gene cloned into the pMAL-c5x vector expression plasmid, 
towards the production of recombinant genes. 
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Number 2 

 

Cloning vector pGEX-6p-1BamHI-WT Full-Length HMGCR-EcoRI 

complete sequence 

 

 

ACGTTATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTG 

GTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGT 

TCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGC 

TGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCA 

CACAGGAAACAGTATTCATGTCCCCTATACTAGGTTATTGGAAAATTAAGGGCCTTGTGC 

AACCCACTCGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGC 

GCGATGAAGGTGATAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATCT 

TCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGTTATAT 

AGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCT 

TGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTT 

TGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAAATGTTCGAAGA 

TCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTT 

GTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTTCCCAAA 

ATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATC 

CAGCAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCA 

TCCTCCAAAATCGGATCTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCCCGATGTTGTC 

AAGACTTTTTCGAATGCATGGCCTCTTTGTGGCCTCCCATCCCTGGGAAGTCATAGTGGG 

GACAGTGACACTGACCATCTGCATGATGTCCATGAACATGTTTACTGGTAACAATAAGAT 

CTGTGGTTGGAATTATGAATGTCCAAAGTTTGAAGAGGATGTTTTGAGCAGTGACATTAT 

AATTCTGACAATAACACGATGCATAGCCATCCTGTATATTTACTTCCAGTTCCAGAATTT 

ACGTCAACTTGGATCAAAATATATTTTGGGTATTGCTGGCCTTTTCACAATTTTCTCAAG 

TTTTGTATTCAGTACAGTTGTCATTCACTTCTTAGACAAAGAATTGACAGGCTTGAATGA 

AGCTTTGCCCTTTTTCCTACTTTTGATTGACCTTTCCAGAGCAAGCACATTAGCAAAGTT 

TGCCCTCAGTTCCAACTCACAGGATGAAGTAAGGGAAAATATTGCTCGTGGAATGGCAAT 

TTTAGGTCCTACGTTTACCCTCGATGCTCTTGTTGAATGTCTTGTGATTGGAGTTGGTAC 

CATGTCAGGGGTACGTCAGCTTGAAATTATGTGCTGCTTTGGCTGCATGTCAGTTCTTGC 

CAACTACTTCGTGTTCATGACTTTCTTCCCAGCTTGTGTGTCCTTGGTATTAGAGCTTTC 

TCGGGAAAGCCGCGAGGGTCGTCCAATTTGGCAGCTCAGCCATTTTGCCCGAGTTTTAGA 

AGAAGAAGAAAATAAGCCGAATCCTGTAACTCAGAGGGTCAAGATGATTATGTCTCTAGG 

CTTGGTTCTTGTTCATGCTCACAGTCGCTGGATAGCTGATCCTTCTCCTCAAAACAGTAC 

AGCAGATACTTCTAAGGTTTCATTAGGACTGGATGAAAATGTGTCCAAGAGAATTGAACC 

AAGTGTTTCCCTCTGGCAGTTTTATCTCTCTAAAATGATCAGCATGGATATTGAACAAGT 

TATTACCCTAAGTTTAGCTCTCCTTCTGGCTGTCAAGTACATCTTCTTTGAACAAACAGA 

GACAGAATCTACACTCTCATTAAAAAACCCTATCACATCTCCTGTAGTGACACAAAAGAA 

AGTCCCAGACAATTGTTGTAGACGTGAACCTATGCTGGTCAGAAATAACCAGAAATGTGA 

TTCAGTAGAGGAAGAGACAGGGATAAACCGAGAAAGAAAAGTTGAGGTTATAAAACCCTT 

AGTGGCTGAAACAGATACCCCAAACAGAGCTACATTTGTGGTTGGTAACTCCTCCTTACT 

CGATACTTCATCAGTACTGGTGACACAGGAACCTGAAATTGAACTTCCCAGGGAACCTCG 

GCCTAATGAAGAATGTCTACAGATACTTGGGAATGCAGAGAAAGGTGCAAAATTCCTTAG 

TGATGCTGAGATCATCCAGTTAGTCAATGCTAAGCATATCCCAGCCTACAAGTTGGAAAC 

TCTGATGGAAACTCATGAGCGTGGTGTATCTATTCGCCGACAGTTACTTTCCAAGAAGCT 

TTCAGAACCTTCTTCTCTCCAGTACCTACCTTACAGGGATTATAATTACTCCTTGGTGAT 

GGGAGCTTGTTGTGAGAATGTTATTGGATATATGCCCATCCCTGTTGGAGTGGCAGGACC 

CCTTTGCTTAGATGAAAAAGAATTTCAGGTTCCAATGGCAACAACAGAAGGTTGTCTTGT 
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GGCCAGCACCAATAGAGGCTGCAGAGCAATAGGTCTTGGTGGAGGTGCCAGCAGCCGAGT 

CCTTGCAGATGGGATGACTCGTGGCCCAGTTGTGCGTCTTCCACGTGCTTGTGACTCTGC 

AGAAGTGAAAGCCTGGCTCGAAACATCTGAAGGGTTCGCAGTGATAAAGGAGGCATTTGA 

CAGCACTAGCAGATTTGCACGTCTACAGAAACTTCATACAAGTATAGCTGGACGCAACCT 

TTATATCCGTTTCCAGTCCAGGTCAGGGGATGCCATGGGGATGAACATGATTTCAAAGGG 

TACAGAGAAAGCACTTTCAAAACTTCACGAGTATTTCCCTGAAATGCAGATTCTAGCCGT 

TAGTGGTAACTATTGTACTGACAAGAAACCTGCTGCTATAAATTGGATAGAGGGAAGAGG 

AAAATCTGTTGTTTGTGAAGCTGTCATTCCAGCCAAGGTTGTCAGAGAAGTATTAAAGAC 

TACCACAGAGGCTATGATTGAGGTCAACATTAACAAGAATTTAGTGGGCTCTGCCATGGC 

TGGGAGCATAGGAGGCTACAACGCCCATGCAGCAAACATTGTCACCGCCATCTACATTGC 

CTGTGGACAGGATGCAGCACAGAATGTTGGTAGTTCAAACTGTATTACTTTAATGGAAGC 

AAGTGGTCCCACAAATGAAGATTTATATATCAGCTGCACCATGCCATCTATAGAGATAGG 

AACGGTGGGTGGTGGGACCAACCTACTACCTCAGCAAGCCTGTTTGCAGATGCTAGGTGT 

TCAAGGAGCATGCAAAGATAATCCTGGGGAAAATGCCCGGCAGCTTGCCCGAATTGTGTG 

TGGGACCGTAATGGCTGGGGAATTGTCACTTATGGCAGCATTGGCAGCAGGACATCTTGT 

CAAAAGTCACATGATTCACAACAGGTCGAAGATCAATTTACAAGACCTCCAAGGAGCTTG 

CACCAAGAAGACAGCCTGAGAATTCCCGGGTCGACTCGAGCGGCCGCATCGTGACTGACT 

GACGATCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCCTGACACATGCAGCTCCCG 

GAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCG 

TCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTAGCGATAGCGGA 

GTGTATAATTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTC 

ATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACC 

CCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCC 

TGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTC 

GCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTG 

GTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGAT 

CTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGC 

ACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAA 

CTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAA 

AAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGT 

GATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCT 

TTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAAT 

GAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGCAACAACGTTG 

CGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGG 

ATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTT 

ATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGG 

CCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATG 

GATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTG 

TCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAA 

AGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTT 

TCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTT 

TTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGT 

TTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAG 

ATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTA 

GCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGAT 

AAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCG 

GGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTG 

AGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGAC 

AGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGA 

AACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTT 

TTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTA 
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CGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGAT 

TCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACG 

ACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTC 

CTTACGCATCTGTGCGGTATTTCACACCGCATAAATTCCGACACCATCGAATGGTGCAAA 

ACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTG 

AAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCC 

CGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCG 

ATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCG 

TTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTCGCG 

GCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGA 

AGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGG 

CTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACT 

AATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTC 

TCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAA 

ATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGG 

CATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGT 

GCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCG 

ATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGG 

CTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGT 

TATATCCCGCCGTCAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTG 

GACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTC 

TCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCG 

TTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGA 

GCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTAT 

GCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG 

CTATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACC 

CTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATA 

GCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGC 

GCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTC 

CTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCA 

TCTACACCAACGTAACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATC 

CGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGA 

CGCGAATTATTTTTGATGGCGTTGGAATT 
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Map template of pGEX-6p-1- Wild Type Full-length HMGCR 
Schematics of HMGCR presented as being cloned into the BamH1 and EcoR1 cloning site of 
pGEX-6p-1. Map created using PlasMapper (Dong et al., 2004). 
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Number 3 

 
Cloning vector pGEX-6p-1BamHI-AGTR1-EcoRI complete sequence 

 

ACGTTATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTG 

GTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGT 

TCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGC 

TGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCA 

CACAGGAAACAGTATTCATGTCCCCTATACTAGGTTATTGGAAAATTAAGGGCCTTGTGC 

AACCCACTCGACTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGC 

GCGATGAAGGTGATAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATCT 

TCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGTTATAT 

AGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCT 

TGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTT 

TGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAAATGTTCGAAGA 

TCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTT 

GTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTTCCCAAA 

ATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATC 

CAGCAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCA 

TCCTCCAAAATCGGATCTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCCCGATGATTCT 

CAACTCTTCTACTGAAGATGGTATTAAAAGAATCCAAGATGATTGTCCCAAAGCTGGAAG 

GCATAATTACATATTTGTCATGATTCCTACTTTATACAGTATCATCTTTGTGGTGGGAAT 

ATTTGGAAACAGCTTGGTGGTGATAGTCATTTACTTTTATATGAAGCTGAAGACTGTGGC 

CAGTGTTTTTCTTTTGAATTTAGCACTGGCTGACTTATGCTTTTTACTGACTTTGCCACT 

ATGGGCTGTCTACACAGCTATGGAATACCGCTGGCCCTTTGGCAATTACCTATGTAAGAT 

TGCTTCAGCCAGCGTCAGTTTCAACCTGTACGCTAGTGTGTTTCTACTCACGTGTCTCAG 

CATTGATCGATACCTGGCTATTGTTCACCCAATGAAGTCCCGCCTTCGACGCACAATGCT 

TGTAGCCAAAGTCACCTGCATCATCATTTGGCTGCTGGCAGGCTTGGCCAGTTTGCCAGC 

TATAATCCATCGAAATGTATTTTTCATTGAGAACACCAATATTACAGTTTGTGCTTTCCA 

TTATGAGTCCCAAAATTCAACCCTCCCGATAGGGCTGGGCCTGACCAAAAATATACTGGG 

TTTCCTGTTTCCTTTTCTGATCATTCTTACAAGTTATACTCTTATTTGGAAGGCCCTAAA 

GAAGGCTTATGAAATTCAGAAGAACAAACCAAGAAATGATGATATTTTTAAGATAATTAT 

GGCAATTGTGCTTTTCTTTTTCTTTTCCTGGATTCCCCACCAAATATTCACTTTTCTGGA 

TGTATTGATTCAACTAGGCATCATACGTGACTGTAGAATTGCAGATATTGTGGACACGGC 

CATGCCTATCACCATTTGTATAGCTTATTTTAACAATTGCCTGAATCCTCTTTTTTATGG 

CTTTCTGGGGAAAAAATTTAAAAGATATTTTCTCCAGCTTCTAAAATATATTCCCCCAAA 

AGCCAAATCCCACTCAAACCTTTCAACAAAAATGAGCACGCTTTCCTACCGCCCCTCAGA 

TAATGTAAGCTCATCCACCAAGAAGCCTGCACCATGTTTTGAGGTTGAGTGAGAATTCCC 

GGGTCGACTCGAGCGGCCGCATCGTGACTGACTGACGATCTGCCTCGCGCGTTTCGGTGA 

TGACGGTGAAAACCCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCG 

GATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGC 

GCAGCCATGACCCAGTCACGTAGCGATAGCGGAGTGTATAATTCTTGAAGACGAAAGGGC 

CTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCA 

GGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACAT 

TCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAA 

AGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT 

TGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAG 

TTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGT 

TTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCG 

GTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAG 

AATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTA 
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AGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTG 

ACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTA 

ACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC 

ACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTT 

ACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCA 

CTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAG 

CGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTA 

GTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAG 

ATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTT 

TAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT 

AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA 

GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAA 

ACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTT 

TTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAG 

CCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTA 

ATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCA 

AGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAG 

CCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAA 

AGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGA 

ACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTC 

GGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGC 

CTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTT 

GCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTT 

GAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAG 

GAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACAC 

CGCATAAATTCCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGC 

CCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCA 

GAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTT 

TCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAAC 

CGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTG 

GGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCG 

GTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGAC 

CAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTC 

TCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGC 

GTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGT 

TCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATT 

CAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATG 

CAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCG 

CTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTA 

GTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTCAACCACCATCAAA 

CAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGC 

CAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTG 

GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCA 

CGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCT 

CACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAAT 

TGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGGATTCACTGG 

CCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTG 

CAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTT 

CCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAG 

CGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCT 
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CAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTAACCTATCCCATTA 

CGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTA 

ATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTGGAA 

TT 

 

 

 
Map template of pGEX-6p-1- Wild Type AGTR1 
Gene (AGTR1) was cloned into the BamH1 and EcoR1 cloning site of pGEX-6p-1, as shown. Map created using 
PlasMapper (Dong et al., 2004) 
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Number 4 

 

Cloning vector pMAL-c5X-BamHI-AGTR1-EcoRI, complete sequence. 

 

 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA 

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTAT 

GCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTG 

CGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCG 

CGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAAC 

TGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGC 

GGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTG 

GATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTC 

TTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC 

GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCG 

GGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCA 

CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGG 

TTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTT 

GCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCG 

TTGGTGCGGATATTTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATAT 

CCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGAC 

CGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCT 

CACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC 

GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG 

TGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTG 

ACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGA 

AGCTGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCG 

CACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATT 

CTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCG 

GATAACAATTTCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGA 

CCAACAAGGACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAAC 

GGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCG 

GAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGC 

GGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTAC 

GCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGT 

ATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGC 

TGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACC 

TGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGA 

TGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA 

TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT 

GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATG 

CAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGAC 

CATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTA 

ACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCG 

CAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTA 

TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA 

GCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGG 

AAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTA 

TGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCC 

CTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA 
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ACCTCGGGATCGAGGGAAGGATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGA 

CGGATCCATGATTCTCAACTCTTCTACTGAAGATGGTATTAAAAGAATCCAAGATGAT 

TGTCCCAAAGCTGGAAGGCATAATTACATATTTGTCATGATTCCTACTTTATACAGTA 

TCATCTTTGTGGTGGGAATATTTGGAAACAGCTTGGTGGTGATAGTCATTTACTTTTA 

TATGAAGCTGAAGACTGTGGCCAGTGTTTTTCTTTTGAATTTAGCACTGGCTGACTTA 

TGCTTTTTACTGACTTTGCCACTATGGGCTGTCTACACAGCTATGGAATACCGCTGGC 

CCTTTGGCAATTACCTATGTAAGATTGCTTCAGCCAGCGTCAGTTTCAACCTGTACGC 

TAGTGTGTTTCTACTCACGTGTCTCAGCATTGATCGATACCTGGCTATTGTTCACCCA 

ATGAAGTCCCGCCTTCGACGCACAATGCTTGTAGCCAAAGTCACCTGCATCATCATTT 

GGCTGCTGGCAGGCTTGGCCAGTTTGCCAGCTATAATCCATCGAAATGTATTTTTCAT 

TGAGAACACCAATATTACAGTTTGTGCTTTCCATTATGAGTCCCAAAATTCAACCCTC 

CCGATAGGGCTGGGCCTGACCAAAAATATACTGGGTTTCCTGTTTCCTTTTCTGATCA 

TTCTTACAAGTTATACTCTTATTTGGAAGGCCCTAAAGAAGGCTTATGAAATTCAGAA 

GAACAAACCAAGAAATGATGATATTTTTAAGATAATTATGGCAATTGTGCTTTTCTTT 

TTCTTTTCCTGGATTCCCCACCAAATATTCACTTTTCTGGATGTATTGATTCAACTAG 

GCATCATACGTGACTGTAGAATTGCAGATATTGTGGACACGGCCATGCCTATCACCAT 

TTGTATAGCTTATTTTAACAATTGCCTGAATCCTCTTTTTTATGGCTTTCTGGGGAAA 

AAATTTAAAAGATATTTTCTCCAGCTTCTAAAATATATTCCCCCAAAAGCCAAATCCC 

ACTCAAACCTTTCAACAAAAATGAGCACGCTTTCCTACCGCCCCTCAGATAATGTAAG 

CTCATCCACCAAGAAGCCTGCACCATGTTTTGAGGTTGAGTGAGAATTCCCTGCAGGT 

AATTAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTT 

TATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGAT 

TGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGC 

CAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAA 

ACTCTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGA 

GACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCA 

ACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT 

CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGACAGTTGGGTGCACGAGTGGG 

TTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAA 

CGTTTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTG 

TTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGT 

TGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA 

TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGA 

TCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCG 

CCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACC 

ACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTA 

CTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACC 

ACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGT 

GAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTA 

TCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGAT 

CGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCA 

TATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAA 

GGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAAC 

CACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAA 

GGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAG 

TTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCC 

TGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAG 

ACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAG 

CCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAG 

AAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGT 

CGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGT 



330  

CCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGG 

GGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTG 

CTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGT 

ATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCG 

AGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCT 

GTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCG 

ACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCT 

TACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCAT 

CACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTC 

ACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAAT 

GTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTG 

ATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGA 

GAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGT 

GAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTC 

AATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCC 

TGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTT 

TACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGC 

AGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAG 

GCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGT 

GGCCAGGACCCAACGCTGCCCGAAATT 
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Map template of pMAL-c5x- Wild Type AGTR1 
Gene (AGTR1) was cloned into the BamH1 and EcoR1 cloning site of pMAL-c5x, as shown. Map created using 
PlasMapper (Dong et al., 2004). 
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Number 5 

 

Cloning vector pMAL-c5X-BamHI- WT Full-LenghtCCL5-EcoRI 

complete sequence 

 

 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA 

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTAT 

GCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTG 

CGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCG 

CGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAAC 

TGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGC 

GGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTG 

GATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTC 

TTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC 

GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCG 

GGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCA 

CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGG 

TTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTT 

GCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCG 

TTGGTGCGGATATTTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATAT 

CCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGAC 

CGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCT 

CACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC 

GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG 

TGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTG 

ACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGA 

AGCTGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCG 

CACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATT 

CTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCG 

GATAACAATTTCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGA 

CCAACAAGGACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAAC 

GGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCG 

GAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGC 

GGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTAC 

GCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGT 

ATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGC 

TGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACC 

TGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGA 

TGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA 

TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT 

GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATG 

CAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGAC 

CATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTA 

ACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCG 

CAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTA 

TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA 

GCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGG 

AAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTA 

TGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCC 
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CTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA 

ACCTCGGGATCGAGGGAAGGATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGA 

CGGATCCATGAAGGTCTCCGCGGCAGCCCTCGCTGTCATCCTCATTGCTACTGCCCTC 

TGCGCTCCTGCATCTGCCTCCCCATATTCCTCGGACACCACACCCTGCTGCTTTGCCT 

ACATTGCCCGCCCACTGCCCCGTGCCCACATCAAGGAGTATTTCTACACCAGTGGCAA 

GTGCTCCAACCCAGCAGTCGTCTTTGTCACCCGAAAGAACCGCCAAGTGTGTGCCAAC 

CCAGAGAAGAAATGGGTTCGGGAGTACATCAACTCTTTGGAGATGAGCTAGGAATTCC 

CTGCAGGTAATTAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCC 

TTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGG 

GAGCGGATTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCA 

TAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGT 

TTCTACAAACTCTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCC 

GCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATG 

AGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTG 

TTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGACAGTTGGGTGCA 

CGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCC 

CCGAAGAACGTTTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATT 

ATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAAT 

GACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAA 

GAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCT 

GACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCAT 

GTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGC 

GTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGA 

ACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTT 

GCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTG 

GAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCC 

CTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAAT 

AGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAG 

TTTACTCATATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAA 

AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAAC 

AAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTT 

TTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGT 

AGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCT 

GCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTG 

GACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGT 

GCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA 

GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGC 

GGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATC 

TTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTC 

GTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTG 

GCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGG 

ATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGA 

GCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTT 

ACGCATCTGTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCT 

GCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGG 

CATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTC 

ACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGC 

AGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAA 

GCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTT 

GGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATG 

AAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGG 
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AACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCAC 

TCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAG 

CAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTT 

CCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGA 

CGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAA 

CCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGC 

GCACCCGTGGCCAGGACCCAACGCTGCCCGAAATT 

 

 

 
 

Map of pMAL-c5x- Wild Type CCL5 
Gene (CCL5) was cloned into the BamH1 and EcoR1 cloning site of pMAL-c5X as shown. Map 
created using PlasMapper. (Dong et al., 2004). 
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Number 6 

 

Cloning vector pMAL-c5X-BamHI- CCL5MutBOTH-EcoRI complete 

sequence 

 

 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA 

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTAT 

GCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTG 

CGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCG 

CGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAAC 

TGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGC 

GGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTG 

GATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTC 

TTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC 

GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCG 

GGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCA 

CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGG 

TTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTT 

GCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCG 

TTGGTGCGGATATTTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATAT 

CCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGAC 

CGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCT 

CACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC 

GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG 

TGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTG 

ACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGA 

AGCTGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCG 

CACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATT 

CTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCG 

GATAACAATTTCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGA 

CCAACAAGGACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAAC 

GGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCG 

GAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGC 

GGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTAC 

GCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGT 

ATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGC 

TGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACC 

TGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGA 

TGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA 

TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT 

GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATG 

CAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGAC 

CATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTA 

ACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCG 

CAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTA 

TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA 

GCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGG 

AAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTA 
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TGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCC 

CTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA 

ACCTCGGGATCGAGGGAAGGATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGA 

CGGATCCAGCCCCTATTCAAGTGACACCACTCCTTGCTGTTTCGCTTATATCGCTCGC 

CCTTTACCACGCGCCCACATTAAGGAGTATTTTTACACTAGCGGTAAATGTAGTAACC 

CCGCCGTGGTCTTCGTTACCGCTGCAAATGCCCAGGTCTGCGCGAATCCAGAAGCAGC 

ATGGGTAGCCGAGTATATCAATTCCTTAGAAATGTCCTAGGAATTCCCTGCAGGTAAT 

TAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTAT 

CTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTGA 

ACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAG 

GCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACT 

CTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC 

AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACA 

TTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCAC 

CCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGACAGTTGGGTGCACGAGTGGGTTA 

CATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGT 

TTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTG 

ACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA 

GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC 

AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCG 

GAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT 

TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACG 

ATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTC 

TAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACT 

TCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAG 

CGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCG 

TAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGC 

TGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT 

ATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAAGGA 

TCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCAC 

CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT 

AACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTA 

GGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGT 

TACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACG 

ATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCC 

AGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAA 

GCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGG 

AACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCT 

GTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGC 

GGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG 

GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATT 

ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT 

CAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTG 

CGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCGACA 

CCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTAC 

AGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCAC 

CGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACA 

GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTC 

TGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATG 

CCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAG 

GATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAG 
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GGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAAT 

GCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGC 

GATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTAC 

GAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGC 

AGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCA 

ACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGC 

CAGGACCCAACGCTGCCCGAAATT 

 

 

 

Map of pMAL-c5x- CCL5MutBOTH 
Gene (CCL5MutBOTH) was cloned into the BamH1 and EcoR1 cloning site of pMAL-c5X as shown. Map created 
using PlasMapper. (Dong et al., 2004). 
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Number 7 

 

Cloning vector pMAL-c5X-BamHI- CCL5MutHIGH-EcoRI complete 

sequence 

 

 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA 

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTAT 

GCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTG 

CGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCG 

CGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAAC 

TGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGC 

GGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTG 

GATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTC 

TTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC 

GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCG 

GGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCA 

CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGG 

TTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTT 

GCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCG 

TTGGTGCGGATATTTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATAT 

CCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGAC 

CGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCT 

CACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC 

GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG 

TGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTG 

ACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGA 

AGCTGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCG 

CACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATT 

CTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCG 

GATAACAATTTCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGA 

CCAACAAGGACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAAC 

GGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCG 

GAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGC 

GGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTAC 

GCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGT 

ATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGC 

TGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACC 

TGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGA 

TGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA 

TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT 

GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATG 

CAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGAC 

CATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTA 

ACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCG 

CAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTA 

TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA 

GCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGG 

AAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTA 

TGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCC 
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CTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA 

ACCTCGGGATCGAGGGAAGGATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGA 

CGGATCCTCACCGTATAGCAGTGATACTACACCTTGCTGTTTTGCGTACATCGCACGC 

CCTCTGCCCCGCGCCCATATTAAAGAGTATTTTTACACTTCGGGGAAGTGTAGTAACC 

CCGCTGTCGTATTCGTTACAGCCGCTAACGCACAAGTGTGTGCAAACCCGGAAAAAAA 

ATGGGTGCGTGAGTACATCAACTCCCTGGAGATGTCATAGGAATTCCCTGCAGGTAAT 

TAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTAT 

CTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTGA 

ACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAG 

GCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACT 

CTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC 

AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACA 

TTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCAC 

CCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGACAGTTGGGTGCACGAGTGGGTTA 

CATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGT 

TTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTG 

ACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA 

GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC 

AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCG 

GAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT 

TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACG 

ATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTC 

TAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACT 

TCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAG 

CGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCG 

TAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGC 

TGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT 

ATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAAGGA 

TCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCAC 

CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT 

AACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTA 

GGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGT 

TACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACG 

ATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCC 

AGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAA 

GCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGG 

AACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCT 

GTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGC 

GGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG 

GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATT 

ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT 

CAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTG 

CGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCGACA 

CCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTAC 

AGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCAC 

CGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACA 

GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTC 

TGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATG 

CCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAG 

GATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAG 

GGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAAT 
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GCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGC 

GATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTAC 

GAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGC 

AGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCA 

ACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGC 

CAGGACCCAACGCTGCCCGAAATT 

 

 

 

Map of pMAL-c5x- CCL5Mut-HIGH 
Gene (CCL5Mut-HIGH) was cloned into the BamH1 and EcoR1 cloning site of pMAL-c5X as shown. Map 
created using PlasMapper. (Dong et al., 2004). 
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Number 8 

 
Cloning vector pMAL-c5X-BamHI- CCL5MutLOW-EcoRI complete 

sequence 

 

 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGA 

GAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTAT 

GCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTG 

CGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCG 

CGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGT 

CTGGCCCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAAC 

TGGGTGCCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGC 

GGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTG 

GATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTC 

TTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTAC 

GCGACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCG 

GGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCA 

CTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGG 

TTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTT 

GCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCG 

TTGGTGCGGATATTTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATAT 

CCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGAC 

CGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCT 

CACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGC 

GTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG 

TGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTG 

ACAGCTTATCATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGA 

AGCTGTGGTATGGCTGTGCAGGTCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCG 

CACTCCCGTTCTGGATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATT 

CTGAAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCG 

GATAACAATTTCACACAGGAAACAGCCAGTCCGTTTAGGTGTTTTCACGAGCAATTGA 

CCAACAAGGACCATAGATTATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAAC 

GGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCG 

GAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGC 

GGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTAC 

GCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGT 

ATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGC 

TGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACC 

TGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGA 

TGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTA 

TGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCT 

GGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATG 

CAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGAC 

CATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTA 

ACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCG 

CAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTA 

TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA 

GCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGG 

AAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTA 

TGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCC 
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CTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA 

ACCTCGGGATCGAGGGAAGGATTTCACATATGTCCATGGGCGGCCGCGATATCGTCGA 

CGGATCCAGTCCCTATTCGTCTGACACAACGCCCTGTTGCTTCGCCTACATCGCTCGC 

CCCCTGCCTCGCGCACATATTAAGGAATACTTTTACACTTCTGGGAAATGCAGCAACC 

CGGCAGTTGTGTTTGTGACTCGCAAAAACCGTCAGGTTTGTGCAAATCCTGAAGCCGC 

TTGGGTAGCCGAATACATCAATTCGCTGGAAATGTCATAGGAATTCCCTGCAGGTAAT 

TAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTAT 

CTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTGA 

ACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAG 

GCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACT 

CTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGAC 

AATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACA 

TTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCAC 

CCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGACAGTTGGGTGCACGAGTGGGTTA 

CATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGT 

TTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTG 

ACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA 

GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC 

AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCG 

GAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT 

TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACG 

ATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTC 

TAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACT 

TCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAG 

CGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCG 

TAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGC 

TGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT 

ATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAAGGA 

TCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCAC 

CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT 

AACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTA 

GGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGT 

TACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACG 

ATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCC 

AGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAA 

GCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGG 

AACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCT 

GTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGC 

GGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG 

GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATT 

ACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT 

CAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTG 

CGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCGACA 

CCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTAC 

AGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCAC 

CGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACA 

GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTC 

TGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATG 

CCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAG 

GATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAG 

GGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAAT 
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GCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGC 

GATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTAC 

GAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGC 

AGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCA 

ACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGC 

CAGGACCCAACGCTGCCCGAAATT 

 

 

 

Map of pMAL-c5x- CCL5Mut-LOW 
Gene (CCL5Mut-LOW) was cloned into the BamH1 and EcoR1 cloning site of pMAL-c5X as shown. Map 
created using PlasMapper. (Dong et al., 2004). 

 


