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Thesis Overview: 

This thesis consists of two strands. The project was initiated in collaboration with Professor 

Lawrence Williams (Rutgers) to study delivery of therapeutics to the brain for the alleviation 

of Parkinson’s disease (PD). The Odell group in collaboration with Professor Williams are 

developing a brain delivery system centred on vesicles whose membrane is formed by a 

bolaamphiphile molecule derived from the oil of the African Sunflower, Vernonia galemsis.  

These vesicles have been observed to be of a widely distributed size, 100-500 nm, 

(Maclatchy and Odell unpublished data) but are able to cross the blood brain barrier. In-

vivo studies by Maclatchy and Odell have demonstrated rapid brain uptake of vesicle 

encapsulating an Alexa Fluor dye in mice.  Odell and Williams are interested in 

understanding if the vesicles can be utilised to carry L-Dopa, the dopamine precursor, to 

the brain. Thereby compensating for the loss of dopamine in the course of Parkinson’s.   

To demonstrate that bolaamphiphile vesicles carrying L-Dopa can be taken up, then release 

their cargo it was crucial that a suitable cell line be chosen.  The SH-SY5Y neuroblastoma 

line is frequently used in Parkinsonian studies as a suitable model for cells of the substantia 

nigra, where dopamine is synthesised.  The cell line is described as dopaminergic, however, 

a number of studies suggest that these cells require to be differentiated before they robustly 

synthesise dopamine.  The initial stages of this work therefore investigated the SH-SY5Y 

cell line, its differentiation with retinoic acid and its ability to synthesise dopamine.  A 

precursor to studies on L-Dopa bolaamphiphile vesicle uptake. Following this analysis 

shortages of the bolaamphiphile material, required for the synthesis of L-Dopa vesicles, 

precluded taking this study further.  It was determined to complement the SH-SY5Y work 

with a better understanding of the causes of Parkinson’s as a means of identifying other 

avenues of therapeutic intervention.  

Between 5 and 15% of all Parkinson’s cases result from defects in cellular proteins such as 

alpha synuclein, the major component of Lewy bodies (Emadi et al., 2009).  Abnormal 

aggregation of alpha synuclein is a hallmark of forms of PD, in the same way that beta 

amyloid aggregation characterises Alzheimer’s.  Understanding how proteins aggregate, 



 

alterations in their protein: protein interactions and their aberrant unfolding are crucial 

components of many neurodegenerative disorders.   

Working with Professor Lawrence Williams (Rutgers) the Odell group are investigating the 

use of a new software tool developed by Professor Williams that is able to model the 

energetics of polypeptide surfaces (Williams et al., 2019).  From this knowledge it is 

possible to make predictions on what parts of a given protein surface or structure is 

available to make interactions.  This program, Prometheus, is also able to assess the role 

of any given amino acid within a polypeptide in respect of its interactions with other 

residues.  As a result, the relative contribution of an amino acid to the overall stability of the 

folded polypeptide can be assessed. This program has thus far been used to curate the 

structure of T4 lysozyme and the relative contribution individual amino acids make to the 

thermal stability of the protein.  This analysis has compared its assessments with previously 

studied point mutations from the Matthew’s group. The program has however not been 

evaluated against directed substitution mutations where the outcome is unknown. In order 

to test the accuracy of the predictive model a series of substitution mutations have been 

introduced into T4 lysozyme and their thermal stability compared to that predicted by 

Prometheus. 

 

 

 

 

 

 

Abstract: 



 

Parkinson’s Disease (PD) is a neurodegenerative disease with limited, symptomatic 

treatment options. The gradual progression of PD is characterised by the death of 

dopaminergic neurons in the substantia nigra; the slow progression of PD ultimately 

resulting in loss of movement and co-ordination is responsible for its high socioeconomic 

burden.  

A significant barrier to PD research is the lack of animal or cell-based models for the 

disease which limits the development of effective treatment. The SH-SY5Y cell line is 

frequently used for PD research due to its catecholaminergic phenotype and ease of 

maintenance. SH-SY5Y cells can be differentiated to a neuronal phenotype using 

differentiating agents including retinoic acid (RA) and Brain Derived Neurotrophic Factor 

(BDNF). Cells were differentiated to a neuronal phenotype through the addition of RA and 

gradual Foetal Calf Serum (FCS) starvation from the cell media. The process of cell 

differentiation was assessed and imaged using inverted microscopy with an attached 

camera. The SH-SY5Y cells were successfully differentiated to a neuronal phenotype 

using FCS depravation and addition of RA, protocol demonstrated to be consistently 

reproducible producing mature, differentiated SH-SY5Y cells within 14 days. 

For SH-SY5Y cells to be reflective of the substantia nigra and act as an effective PD 

model the cells must be differentiated to a neuronal phenotype; however, many research 

papers do not provide information regarding the dopaminergic phenotype of the cells or 

explain why the cell line was selected as a model. In this research project we set out to 

investigate the reproducibility of SH-SY5Y cell differentiation protocols using RA, to 

assess mitochondrial activity of differentiated cells using cell viability assays and to 

confirm that differentiated SH-SY5Y cells can successfully synthesise dopamine. 

3-(4,5-dimethyldiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and PrestoBlue cellular 

viability assays were conducted to assess cellular metabolism and enzyme activity for the 



 

cell population. The ability of differentiated cells to produce dopamine was assessed by 

dopamine ELISA. 

The results of the MTT and PrestoBlue cell viability assays confirmed that undifferentiated 

and differentiated SH-SY5Y cells are metabolically active, however fully differentiated 

cells proliferate at a reduced rate, approximately one fifth of that of their undifferentiated 

counterparts, indicating that differentiation is stressful to cells and can result in cell death. 

ELISA results demonstrate that both undifferentiated and differentiated SH-SY5Y cells 

synthesise dopamine with the production being significantly upregulated, by an average of 

six-fold, after differentiation.  

The findings of this investigation demonstrate that SH-SY5Y cells can be used as an 

effective model for PD, providing a suitable differentiation protocol has been used to drive 

the cells towards a neuronal, dopaminergic phenotype. However, due to a gap in the 

literature the level of dopamine production by differentiated SH-SY5Y cells cannot be 

compared against in vivo neurons found in the substantia nigra. Results indicate that SH-

SY5Y cells, differentiated by FCS deprivation and addition of RA, can be used as a PD 

model however the dopaminergic phenotype of cells should be assessed on a batch-by-

batch basis to ensure that cells continue to act as an effective model. 

 

 

 

 

 

 

 



 

List of Abbreviations: 
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ATP – Adenosine triphosphate 

BBB – Blood brain barrier 

BDNF – Brain derived neurotrophic factor 

DA – Dopamine 

DAT – Dopamine transporter 

DH – Dopamine-β-hydroxylase 

DMEM – Dulbecco’s modified Eagle’s media 

DMSO – Dimethylsulfoxide  

DOPA-decarboxylase – Aromatic L-amino acid decarboxylase 
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MTT – 3-(4,5-dimethyldiazole-2-yl)-2,5-diphenyltetrazolium bromide 

NAD – Nicotinamide adenine dinucleotide  

NET – Noradrenaline transporter 

P/S – Penicillin-streptomycin 

PBS – Phosphate buffered saline 

PD – Parkinson’s disease 

PNS – 4α-phorbol-12,13-didecanoate 

qPCR – Real time polymerase chain reaction 

RA – Retinoic acid 

ROS – Reactive oxygen species 

SV2 – Synaptic vesicle protein-2 

SYN – Synaptophysin 

TAAR1 – Trace amine associated receptor 1 

TH – Tyrosine hydroxylase 

TrKB – Tropomyosin-related kinase B 

VMAT2 – Vesicle monoamine transporter 2 

 

 

 

 



 

1.0: Introduction: 

1.1: Overview of Parkinson’s Disease: 

Parkinson’s Disease (PD) is a devastating, highly prevalent neurodegenerative disease 

for which only symptomatic treatment is available (Xicoy et al., 2017). It was first 

described by Dr James Parkinson in 1817 as a “shaking palsy” (DeMaagd and Philip, 

2015). PD is the second most common neurodegenerative disease, after Alzheimer’s, 

with a predicted prevalence of 9 million people worldwide by 2030 (Dorsey et al., 2007). 

PD is a condition with a high socioeconomic burden due to its slow progression and lack 

of treatments for the disease, in 2017 the estimated economic burden of PD in the United 

States was $ 51.9 billion (Yang et al., 2019). PD presents motor and non-motor symptoms 

that worsen with advancing age, leading to the PD patient requiring assistance with all 

daily activities (Xia and Mao, 2012). 

Disease manifestation in PD is characterised by the presence of abnormal protein 

aggregates of α-synuclein known as Lewy bodies, the death of dopaminergic neurons in 

the substantia nigra and microgliosis, the accumulation of activated microglial cells 

(Dexter and Jenner, 2013). Progressive degeneration of dopaminergic neurons results in 

the loss of dopaminergic function resulting in diminished motor function, this is typically 

only experienced by patients after 50 - 80% of dopaminergic neurons have been lost 

(DeMaagd and Philip, 2015). The presence of Lewy bodies deposited in neuronal cells is 

the key pathological hallmark of PD typically presenting before the other markers of PD 

manifestation (Taylor-Whiteley et al., 2019).  

PD is a poorly understood condition, the molecular mechanisms underlying the disease 

are unknown especially those concerning the formation of Lewy bodies and the influence 

of α-synuclein on disease pathogenesis (Xicoy et al., 2017). One of the significant barriers 

in Parkinson’s research is the lack of whole-animal or cell-based models for the disease 

which restricts the development of effective treatments. 



 

Neurodegeneration in PD is not limited to dopaminergic neurons in the substantia nigra 

and can extend to cells located in other regions of the neural network (Kouli et al., 2018). 

This widespread pathology classifies PD as a very heterogeneous disorder with no 

reliable diagnostic test yet available. Definitive diagnosis is based on clinical symptoms 

with identification of Lewy bodies using histopathological assessment (Rizek et al., 2016).  

Treatment of PD predominantly focuses on symptomatic relief with drugs attempting to 

restore the level of dopamine in the striatum or to act on dopamine receptors elsewhere in 

the brain (Taylor-Whiteley et al., 2019). Several PD therapies exist to manage the 

condition with others in clinical development, the most common therapies include 

dopamine agonists, catechol-o-methyl transferase inhibitors and Levodopa treatment 

(Jankovic and Aguilar, 2008).  

Levodopa, commonly referred to as L-Dopa, is the precursor to the neurotransmitters 

dopamine, noradrenaline and adrenaline which are collectively known as catecholamines 

(Goldstein, 2011). L-Dopa is produced from the amino acid L-tyrosine by the enzyme 

tyrosine hydroxylase (TH). Dopamine is formed by the decarboxylation of L-Dopa by 

aromatic L-amino acid decarboxylase (DOPA-decarboxylase) (Olguín et al., 2016).  In the 

synthesis of the neurotransmitters noradrenaline and adrenaline, dopamine is converted 

into noradrenaline using the enzyme dopamine-β-hydroxylase (DH) as displayed in figure 

1 (Daubner et al., 2011).  Noradrenaline is processed to adrenaline by the action of the 

enzyme phenylethanolamine N-methyltransferase (Kuhar et al., 1999). Although L-Dopa 

is the most potent drug for controlling PD symptoms, the therapy is frequently associated 

with motor complications such as dyskinesia (Jankovic and Aguilar, 2008). The addition of 

carbodopa, a peripheral dopa decarboxylase inhibitor, enhances the therapeutic benefits 

of L-Dopa (Jankovic, 2002). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Pathway of catecholamine synthesis from L-tyrosine. The biosynthetic 

pathway for the synthesis of the catecholamines dopamine, noradrenaline and adrenaline 

from L-tyrosine. Synthesising enzymes are shown to the right of each arrow, enzyme 

cofactors are shown to the left. (Figure adapted from Pinoli et al., 2017). 



 

PD is a multifactorial disease, with both genetic and environmental factors identified as 

playing a role in the development of the disease (Kouli et al., 2018). Age is the largest risk 

factor with the average onset being 60 years (Lees et al., 2009). Worldwide PD affects 

approximately 1% of the population over the age of 60, in individuals over the age of 85 

the prevalence of the disease reaches 5%, highlighting the impact of advancing age on 

the risk of developing Parkinson’s (Breteler and de Lau, 2006). 

It is currently believed that the changes in protein metabolism and mitochondrial function 

that occur during ageing are responsible for the increased risk of developing PD in the 

elderly (Reeve et al., 2014). Another major risk factor is ethnicity, with higher prevalence 

reported in Europe, North America and South America compared with African, Asian, and 

Arabic countries (Kalia and Lang, 2015). Interestingly smoking cigarettes appears to 

reduce the risk of developing PD as demonstrated with large, cohort studies across 20 

different countries (Breckenridge et al., 2016).  

The mechanisms underlying the reduced risk of PD are not well understood and are 

predicted to involve activation of nicotinic acetylcholine receptors on dopaminergic 

neurons by nicotine acting in a neuroprotective function which has been demonstrated in 

some experimental data (Bordia et al., 2015). However, it is also speculated that nicotine 

will directly stimulate the release of dopamine (Kouli et al., 2018), although further 

experimental data is required to support this hypothesis.  

1.2: Pathogenesis of Parkinson’s Disease: 

Several mechanisms have been identified in the development of PD with α-synuclein 

aggregation identified as a major factor in the pathogenesis (Kouli et al., 2018). Multiple 

other mechanisms have been speculated to contribute to PD including disrupted 

autophagy, disfunction of mitochondria and neuroinflammation of the Blood Brain Barrier 

(BBB) (Kouli et al., 2018). 



 

The protein α-synuclein is found natively in the brain with an α-helical secondary 

structure, in PD α-synuclein adopts a β-sheet structure that is prone to aggregation (Kouli 

et al., 2018). Several mechanisms have been proposed for the aggregation of α-synuclein 

with phosphorylation, ubiquitination and C-terminal truncation being the most widely 

supported (Fujiwara et al., 2002). Aggregated species of α-synuclein are capable of 

accelerating native α-synuclein aggregation in a mechanism similar-to prion aggregation. 

This has been proposed as the mechanism underlying the spread of α-synuclein 

aggregation in the brain (Chen and Chan, 2009). 

Another major factor identified in the pathogenesis of PD is mitochondrial dysfunction, 

inhibiting cellular energy production and resulting in cellular apoptosis (Chen and Chan, 

2009). The molecular mechanism behind mitochondrial dysfunction is speculated to be 

the PINK1 and Parkin complex which has previously been shown to drive autophagy of 

mitochondria, a process known as mitophagy (Pickrell and Youle, 2015). In PD the genes 

encoding PINK1 and Parkin have mutated preventing mitophagy of impaired mitochondria 

leading to the accumulation of Reactive Oxygen Species (ROS) (Lin and Beal, 2006). 

ROS are highly reactive molecules containing oxygen and can disrupt mitochondrial and 

other cell functions. As mitochondria age they lose their ability to degrade ROS while the 

cell maintains the production of ROS, this results in a net increase of the production of 

these molecules interfering with cell metabolic reactions eventually resulting in cell death 

by apoptosis or necrosis (Jomova et al., 2010). 

Neuroinflammation is a mechanism of neuronal cell death common in multiple 

neurodegenerative diseases including PD, however the specific role of neuroinflammation 

in PD is poorly characterised (Glass et al., 2010). Microglia are a variant of glial cells 

found in the brain and spinal cord; these cells are intimately involved in 

neuroinflammation. Microglia are recognised as the innate immune cells of the central 

nervous system responding to tissue injury with release of a wide array of inflammatory 

cytokines resulting in a neuroinflammatory response (Streit et al., 2004). Extended 



 

chronic neuroinflammation results in the degradation of neuronal tissue and the Blood 

Brain Barrier triggered by the inflammatory cytokines and ROS by activated microglia 

(Zlokovic, 2008). In PD the presence of α-synuclein aggregates in the brain causes 

microglia to continually release pro-inflammatory factors eventually leading to cell death of 

dopaminergic motor neurons (Glass et al., 2010). Apoptosis or necrosis of motor neurons 

releases adenosine triphosphate (ATP) which further activates microglia through the 

purinergic P2X7 receptor releasing in a net increase of pro-inflammatory cytokines, this 

leads to the formation of a positive feedback loop resulting in continually increasing 

neuronal cell death (Kinghorn, 2011). 

1.3: SH-SY5Y cells as a model for Parkinson’s Disease: 

A major obstacle in the development of PD therapies is the lack of effective models. While 

mouse based and other whole-animal models exist, which involve administration of 

mitochondrial toxins to induce a Parkinsonian phenotype (Duty and Jenner, 2011), few 

effective cell-based models are available. To develop a truly effective therapy the 

molecular and cellular mechanisms underlying the pathogenesis of PD and the 

progression of the disease is vital (Xicoy et al., 2017). Human dopaminergic neurons, the 

cells mainly affected in PD, are difficult to obtain and maintain as primary cells, therefore 

research is typically conducted in one of the available neuronal cell lines (Hasegawa et 

al., 2004). Several neuronal cell lines have previously been used to conduct PD research, 

such as N2A, CATHa, PC12, N27, B63 and SH-SY5Y cells, however none of these 

perfectly reproduce the neuronal microenvironment found in PD (Joe et al., 2018). Most 

current PD research is conducted in the neuroblastoma SH-SY5Y cell line, due to its 

human origin, catecholaminergic phenotype, neuronal properties, and ease of 

maintenance (Xicoy et al., 2017).  



 

The SH-SY5Y cell line is a subline of the SK-N-SH line which was established in culture in 

1970 from a bone marrow biopsy of a metastatic neuroblastoma of a four-year old female 

and has undergone three rounds of neuronal selection (Biedler et al., 1978).  

SH-SY5Y cells have been characterised to show they display enzyme activity for both 

tyrosine hydroxylase and DOPA-decarboxylase, proving the cell line has the necessary 

cellular machinery to synthesise dopamine from the amino acid L-tyrosine (Ross and 

Biedler, 1985). SH-SY5Y cells have also been shown to produce noradrenaline, hence 

the cell line has a catecholaminergic phenotype instead of a purely dopaminergic 

phenotype as the cells have the necessary machinery to produce both dopamine and 

noradrenaline (Xicoy et al., 2017). Previous studies have shown the SH-SY5Y cell line 

display several genetic aberrations due to its cancerous origin, however the genes and 

pathways dysregulated in the pathogenesis of PD are still intact making the cell line viable 

for PD research (Krishna et al., 2014). 

For SH-SY5Y cells to be used as an effective cellular model for PD the cells must be 

differentiated from an initial epithelial cell phenotype into a more expansive and branched 

neuronal phenotype providing a molecular model for human catecholaminergic motor 

neurons (Shipley et al., 2016). Cell differentiation into a neuronal phenotype is driven by 

gradual foetal calf serum (FCS) starvation from the cell media. FCS starvation with the 

introduction of extracellular matrix proteins and neurotrophic factors selects against 

epithelial cells resulting in a homogenous neuronal culture (Shipley et al., 2016). FCS is 

the liquid fraction of clotted blood from foetal calves, depleted of cells, fibrin and clotting 

factors but containing a wide profile of nutritional and macromolecular factors essential for 

cell growth (Johnson, 2012). FCS contains nutritional, hormonal, growth and attachment 

factors vital for cell growth in addition to acting as a buffer for the cell culture system 

against toxic effects such as pH change, proteolytic activity or the presence of heavy 

metals or endotoxins/neurotoxins (Sigma, 2020). 



 

Previous research has shown that the addition of retinoic acid (RA), phorbol esters or 

specific neurotrophic factors such as Brain Derived Neurotrophic Factor (BDNF) to the 

serum deprived cell media can help drive differentiation of SH-SY5Y cells to a neuronal 

phenotype (Pahlman et al., 1984). Some previous studies have indicated that the use of 

different supplements can select for specific neuronal subtypes such as adrenergic, 

cholinergic or dopaminergic neurons (Xie et al., 2010). Fully differentiated SH-SY5Y cells 

have been demonstrated to express a variety of different marker proteins expressed in 

mature human neurons including growth associated protein (GAP-43), synaptophysin 

(SYN), synaptic vesicle protein-2 (SV2) and microtubule associated protein (MAP) 

(Shipley et al., 2016). The process of neuronal differentiation involves cells developing 

increased electrical excitability of the plasma membrane, formation of synapses between 

adjacent cells, formation and extension of neuritic processes and the expression of 

neuronal specific proteins, neurotransmitter and neurotransmitter receptors (Adem et al., 

1987). SH-SY5Y cells exposed to serum starvation, with the possible addition of 

supplementary factors such as RA, undergo all the physiological and biochemical 

changes described, as shown in figure 2, in neuronal differentiation and hence can be 

used as a mature neuronal model.  

 

Figure 2: Visual differences between undifferentiated and differentiated SH-SY5Y 

cells. Undifferentiated cells (2A) display an epithelial phenotype, cells grow in clusters 



 

and may form clumps of rounded cells on top of one another. Cells at the edges of the 

cluster extend short neurites. Differentiated cells (2B) display neuronal cell cluster, cells 

do not cluster displaying a pyramidal cell body, large neuritic projections extend from cell 

bodies of differentiated cells. (Images adapted from Kovalevich and Langford, 2016). 

Retinoic acid (RA) is the most commonly utilised and best-characterised supplement to 

the cell culture media to drive SH-SY5Y differentiation (Kovalevich and Langford, 2016). 

RA is a vitamin A derivative known to possess powerful growth inhibiting and cellular 

differentiation properties (Lotan, 1996). It is typically administered to SH-SY5Y cells at a 

concentration of 10 µM for a minimum of 5 days in low serum media to induce 

differentiation (Pahlman et al., 1984). Previous studies have suggested that RA stimulates 

differentiation in SH-SY5Y cells through activation of the phosphatidylinositol 3-

kinase/AKT signalling pathway which results in upregulated expression of the anti-

apoptotic protein Bcl2 (Niizuma et al., 2006). SH-SY5Y cells differentiated by RA 

exposure display a catecholaminergic phenotype with increased expression of the 

enzymes TH and DH required for dopamine production and increased expression of 

dopamine receptor and dopamine transporter proteins (Kovalevich and Langford, 2016). 

Brain Derived Neurotrophic Factor (BDNF) has been experimentally demonstrated to 

enhance the survival of neurons and stimulate the growth and differentiation of new 

neurons and synapses (Huang and Reichardt, 2001). BDNF is a ligand for tropomyosin-

related kinase B (TrKB) receptor, expression of this receptor is significantly upregulated in 

response to the presence of RA (Kaplan et al., 1993). Activation of the TrKB receptor by 

BNDF has been shown to enhance the survival of neuronal cells and improve resistance 

to chemotherapy in vitro (Ho et al., 2002). Sequential treatment of SH-SY5Y cells with RA 

and BDNF has been demonstrated to enhance neuronal cell differentiation acting as a 

more robust model of mature neurons upregulating the expression of synaptic genes and 

brain miRNA in comparison to sole RA treatment (Goldie et al., 2014). BDNF is typically 



 

supplied in cell media at a final concentration of 50 ng/ml to drive SH-SY5Y differentiation 

(Kaplan et al., 1993). 

1.4: Aims and Objectives: 

There are several key aims to this research project: 

1. To successfully grow and differentiate SH-SY5Y cells using RA with/without 

BDNF. 

2. To conduct MTT and PrestoBlue cellular viability assays on differentiated SH-

SY5Y cells to assess mitochondrial activity and cytolysis. 

3. To determine if SH-SY5Y cells differentiated by RA treatment produce dopamine 

using an ELISA assay and to assess if produced dopamine is retained 

intracellularly or released extracellularly into media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2.0: Materials and Methods: 

2.1: Materials: 

A large range of suppliers were used to source the reagents required for this project. The 

supplier for a specific material mentioned in the text will be referenced at the first mention 

of that material in this section.  

2.2: Cell Culture and Aseptic Technique: 

Cell culture work was conducted in a “Safe 2020” laminar flow hood (Fisher). All 

procedures involving cells were conducted using aseptic technique to prevent 

contamination.  

2.3: Cell Growth and Differentiation Media: 

Dulbecco’s Modified Eagle’s Media (DMEM) (BioWhittaker) is the most commonly used 

growth media for the propagation and differentiation of SH-SY5Y cells (Xicoy et al., 2017) 

and is utilised in the differentiation protocol reported in the paper “Differentiation of the 

SH-SY5Y Human Neuroblastoma Cell Line” (Shipley et al., 2016). 

A slightly adapted version of this method was used in this project.  

DMEM was supplemented with 10% v/v Heat Inactivated Foetal Calf Serum (FCS) of 

South American Origin (Labtech) and 1% v/v of Penicillin-Streptomycin (P/S) solution 

(Lonza) supplied at a final working concentration of 100 units of potassium penicillin and 

100 µg of streptomycin sulphate per 1 ml of media. 

FCS was heat inactivated by warming a 50 ml aliquot at 56 ˚C for 30 minutes, inverting 

the mixture every 10 minutes. Penicillin-Streptomycin is a broad spectrum bacteriostatic 

and bactericidal antibiotic with activity against gram-negative and gram-positive 

organisms (Lonza, 2020). This composition of media, DMEM, 10% FCS, 1% P/S, was 

used to plate cells for differentiation and to grow undifferentiated SH-SY5Y cells for 

freezer stocks and maintenance cultures.  

Retinoic Acid (RA) (AbCam) 5 mM stock solution was prepared by resuspending 50 mg of 

RA in 33.3 ml of 100% dimethylsulfoxide (DMSO) (Fisher). RA is sensitive to heat, light 



 

and air and was therefore stored in a tinfoil wrapped 50 ml Falcon tube at 4 ˚C. RA 

solution for differentiation of SH-SY5Y cells is used at a working concentration of 10 µM; 

stock solution is used at 1:500 and only diluted into differentiation media immediately prior 

to use.  

BDNF (Santa Cruz Biotechnology) 50 µg/ml stock solution produced by resuspending 50 

µg of BDNF in 1 ml Dulbecco’s Phosphate Buffered Saline (PBS) solution (Oxoid) 

supplemented 20% v/v with glycerol (Fisher) as a cryoprotectant. 1ml solution fractioned 

into 20 different 50 µL aliquots. These were then flash frozen in a dry ice-ethanol bath 

before being transferred to -80 ˚C cold storage. BDNF required at a final concentration of 

50 ng/ml for cellular differentiation; stock solution is 1000X working concentration with 

each 50 µL aliquot capable of producing 50 ml of differentiation media. Immediately prior 

to use BDNF solution was removed from -80 ˚C storage, thawed rapidly in 37 ˚C water 

bath and diluted into media.    

The composition of differentiation media 1 consisted of DMEM supplemented with 2.5% 

v/v FCS, 1% v/v P/S with RA added to media with a final concentration of 10 µM just prior 

to use. Differentiation media 2 consists of DMEM supplemented with 1% v/v FCS, 1% v/v 

P/S and RA to 10 µM final concentration.  

50 ml volumes of growth, differentiation 1 and 2 media were produced in the tissue culture 

hood using sterile 50 ml Falcon tubes. After production media was filter sterilised using a 

50ml medical syringe (BD Plastipak) and a 0.2µM filter (Sartorius).  

2.4: Thawing and Culturing Undifferentiating SH-SY5Y Neuroblastoma cells: 

Growth media was warmed in 37 ˚C, 5% v/v carbon dioxide incubator to equilibrate 

media. A cryotube aliquot of SH-SY5Y cells from American Type Culture Collection 

(ATCC) was removed from -80 ˚C storage and rapidly thawed in a 37 ˚C water bath. Cells 

were gently transferred into 9 ml of growth media in a 15 ml Falcon tube, then gently 

resuspended by trituration to ensure uniform suspension. Cells plated onto T-25 tissue 



 

culture flask (Sarstedt) and transferred to a 37 ˚C, 5% v/v carbon dioxide incubator for 

adherence and growth.  

2.5: Passage of undifferentiated SH-SY5Y cultures: 

Undifferentiated SH-SY5Y cells for maintenance cultures or freezer stocks were 

passaged when cells approach 70 – 80% confluency. Cultures were typically passaged 

every 5 days, ensuring not to exceed 15 passages. Cell confluence was assessed by 

visual inspection using Nikon Eclipse TS100 Inverted Microscope (Nikon).  

Growth media was aspirated off cells using a serological pipette to remove dead cells in 

suspension, cells were then washed with Dulbecco’s PBS to remove any residual traces 

of media. 2.5 ml of 1X Trypsin-EDTA (Lonza) solution was added to flask to remove 

adherent cells from walls of the flask.  

Trypsin cell solution incubated for two minutes at 37 ˚C, cells were visually inspected 

using inverted microscope at X400 magnification, if cells remain adhered to vessel walls 

flask, was incubated for another minute. 10 ml of supplemented DMEM was then added 

to flask to quench activity of trypsin, cell solution was then triturated twice to ensure cells 

were resuspended and transferred to 15 ml Falcon tube.  

Cell solution centrifuged for 2 minutes at 1,200 g in an Eppendorf 5805000360 centrifuge 

(Eppendorf) to form a cell pellet, media carefully aspirated off to not disturb the cell pellet.  

Cell pellet resuspended in 5 ml of warm growth media, were cells diluted from 1:3 to 1:5 in 

fresh growth media for seeding of maintenance/freezer culture flasks or counted and 

plated for differentiation. The literature strongly advised to not split SH-SY5Y cultures 

further than 1:5 during passaging as this can result in cell death from low confluency 

(Shipley et al., 2016). 

2.6: Differentiation Protocol for SH-SY5Y cells: 

Cell density of suspension of SH-SY5Y cells, was obtained as described in section 2.5, 

counted using a glass haemocytometer (Fisher) using the protocol described by Abcam 

(Abcam, 2020).  



 

The cell density was diluted to 25,000 cells/ml using growth media, 2ml of cell suspension 

transferred to each 35 mm2 well of a 12-well tissue culture plate (Sarstedt) for a total of 

50,000 cells per dish. SH-SY5Y cells placed in 37 ˚C, 5% CO2 v/v incubator overnight for 

adherence and growth. 

Differentiation media 1 was warmed in 37 ˚C water bath, immediately prior to use media 

supplemented with 5 mM RA stock solution to final concentration of 10 µM. Growth media 

was gently aspirated from each well of the 12-well plate ensuring the cell monolayer was 

not disrupted. 2 ml of differentiation media 1 transferred to each well to drive 

differentiation. Cell health and differentiation progress was assessed each day using 

inverted microscopy; waste media aspirated off differentiating cells and 2 ml of fresh, 

prewarmed differentiation media 1 was introduced.  

After seven days in differentiation media 1, waste media was aspirated off cells and 

replaced with RA supplemented differentiation media 2 for terminal differentiation. At this 

point cells were beginning to adopt neuronal phenotype and extend short neuritic 

processes. Media changes were performed every two days until cells had finished the 14-

day differentiation procedure. 

The only change in the procedure required to differentiate cells with RA and BDNF in 

combination was the introduction of BDNF into the differentiation media as described in 

section 2.3.  

2.7: Imaging of Differentiating SH-SY5Y cells: 

In addition to assessing cell health and differentiation, progress using inverted microscopy 

images were also taken of differentiating cells to capture the variety of different 

phenotypes adopted by SH-SY5Y cells during the differentiation procedure. Images taken 

using a Motic AE31 Elite Research Grade Inverted Microscope with attached Moticam 

580 microscope camera and software package (Motic). All cell images were taken at 

X400 magnification. 

2.8: Preparing SH-SY5Y cells for Cellular Viability Assays: 



 

Cellular viability assays are typically used to assess cellular metabolism and enzyme 

activity for a live population of cells (Abcam, 2020). For ease-of-use assays are typically 

conducted in multi-well tissue culture plates compatible with a plate reader to measure 

sample absorbance (Sittampalam et al., 2004).  

SH-SY5Y cell suspension was obtained by treating the maintenance culture with trypsin; 

cells were then diluted with fresh pre-warmed growth media to cell density of 25,000 

cells/ml. 100 µL of cell suspension was then transferred into each well of rows 2 -12 of a 

96-well tissue culture plate (Sarstedt) for an initial seeding density of 2,500 cells per well. 

Plate was transferred to 37 ˚C incubator, 5% CO2 v/v overnight for adherence and growth. 

100 µL of growth media was added to each well in row 1 to act as a culture media 

background for cellular viability assays. 

Media change was then performed on all wells, 100 µL of differentiation media 1 

introduced to wells in rows 3 – 12 to drive cellular differentiation. Media in row 2 was 

replaced with 100 µL of fresh growth media to act as undifferentiated control to investigate 

if the differentiation process affects the metabolic activity and proliferation rate of the cells. 

Media changes were performed every day for 5 days, after 3 days differentiating cells 

changed into differentiation media 2 for the remainder of the course. At the end of the 

accelerated differentiation protocol SH-SY5Y cells had adopted neuronal phenotype 

extending short neuritic projections.  

2.9: MTT Cellular Viability Assay: 

The MTT assay is a colorimetric cell viability assay for assessing the metabolic activity of 

a cell (Stockert et al., 2018). Nicotinamine adenine dinucleotide (NAD) dependent 

oxidoreductase enzymes, typically found in cellular mitochondria, can reduce the 

tetrazolium dye MTT to an insoluble formazan with a purple colour (Kaspers et al., 2011).  

The purple formazan crystals can be converted to a coloured solution by a solubilising 

agent. The absorbance of the solution measured at 570 nm depends on the degree of 

formazan concentration accumulated inside the cell. The greater the concentration, 



 

directly proportional to the number of viable cells, the greater the intensity of the purple 

and the higher the absorbance at 570 nm (Sittampalam et al., 2004). The most common 

research application of the MTT viability assay is to provide a simple method to determine 

cell number (Tonder et al., 2015). 

MTT (Fisher) assay was conducted on 96-well tissue culture plate as described in section 

2.8. The corresponding Fisher MTT protocol was carefully followed (Fisher, 2020), using 

SDS-HCl solution provided instead of DMSO to solubilise the formazan crystals. 

Absorbance at 570 nm was measured using Tecan Plate Reader Infinite 200 PRO 

(Tecan).    

% viability was calculated using the following formula (Abcam, 2020):   

% 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝐵𝑙𝑎𝑛𝑘

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝐵𝑙𝑎𝑛𝑘
) 𝑋100.  

2.10: PrestoBlue Cellular Viability Assay: 

The PrestoBlue assay is a variant of the resazurin cell viability assay used to screen the 

metabolic activity of cells and can therefore be used as an indicator of cell viability and 

proliferation (Fisher, 2020).  

Resazurin is a cell permeable redox indicator that is irreversibly reduced to resorufin by 

aerobic respiration of metabolically active cells, the conversion rate of resazurin to 

resorufin is directly proportional to the rate of aerobic respiration (Pinzón et al., 2012). 

Resazurin is a blue coloured dye with an absorbance maximum at 605 nm, resorufin is a 

pink coloured, highly fluorescent molecule with an absorbance maximum of 573 nm 

(Sittampalam et al., 2004). The quantity of resorufin produced in proportional to the 

number of viable cells which can be quantified using a plate reader. 

PrestoBlue (Fisher) assay was conducted on 96-well tissue culture plate as described in 

section 2.8. Corresponding Fisher PrestoBlue protocol was carefully followed (Fisher, 

2020). Absorbance was measured using Tecan Plate Reader Infinite 200 PRO at 570 nm 

using 600 nm as a reference wavelength as described in the protocol.  



 

 2.11: Preparation of Samples for Dopamine ELISA: 

SH-SY5Y cells differentiated as described in section 2.6 with slight deviation. 

Concentration of RA in differentiation media 1 and 2 varied to investigate if adjusting 

concentration of RA affects level of dopamine produced by cells. Cells were differentiated 

with 5, 10, 15, 20, 25, 30, 35, 40, 50 and 100 µM RA over 14-day time course. A 

maintenance culture of undifferentiated SH-SY5Y cells was grown alongside 

differentiating cells for use in dopamine ELISA. 

After differentiation media was aspirated off cells into individually labelled 15 ml Falcon 

tubes, adherent differentiated cells were treated with trypsin to form cell suspension. Cell 

suspensions were transferred into labelled 15 ml Falcon tube for lysis. SH-SY5Y cells 

were lysed by sonication on ice using Fisherbrand Q700 Probe Sonicator (Fisher) at 

40KHz for 90 seconds total lysis. Cell media and cell lysate was transferred to 4˚C 

storage for later processing. 

2.12: Dopamine ELISA: 

Dopamine ELISA kit (Abnova) is a competitive enzyme immunoassay for the quantitative 

determination of dopamine in blood plasma and urine. Dopamine in the sample is 

extracted using cis-diol affinity gel, acetylated, and enzymatically converted to an antigen, 

quantifiable by enzyme immunoassay (Abnova, 2020). Quantification of unknown 

samples is achieved by comparing their absorbance with a standard curve prepared with 

known standard concentrations. Abnova dopamine ELISA protocol was carefully followed 

for cell media and cell lysate samples following sample preparation instructions for blood 

plasma. The assay was performed in a microtiter plate; absorbance was measured using 

Tecan Plate Reader Infinite 200 PRO at 450 nm with a reference reading at 620 nm. 

 

 

 



 

3.0: Results: 

3.1: Differentiation of SH-SY5Y cells: 

For SH-SY5Y cells to be an effective and versatile PD model the cells must be 

differentiated from an immature, epithelial morphology to a mature neuronal phenotype. 

Treatment of cells with a differentiation protocol consisting of gradual FCS starvation and 

exposure to RA has been demonstrated to drive cells towards a neuronal phenotype 

capable of synthesising the neurotransmitter dopamine (DA). This is the first step in the 

investigation as differentiated cells are required to investigate the robustness of the model 

and for downstream research and any therapeutic investigation of the cell model. 

The phenotypic differentiation of SH-SY5Y cells was assessed over a 14-day time course 

with cellular images being taken to determine how far along the differentiation procedure 

the cells had progressed. Figure 3A shows undifferentiated SH-SY5Y cells at day 0 of the 

differentiation process, the cells in this image were yet to be exposed to the differentiation 

agents. Cells in figure 3A display the classical undifferentiated epithelial cell phenotype. 

After 3 days of the differentiation process the cellular morphology began to visibly 

progress towards a neuronal phenotype with cell bodies beginning to elongate and 

neuritic projections beginning to extend towards adjacent cells as displayed in figure 3B.  

As time progresses the cells continue to develop towards a neuronal phenotype; after 7 

days of differentiation treatment cells are extending long neuritic processes which are 

beginning to make contact with adjacent cells as displayed in figure 3C. At this point the 

majority of the cells in the population resemble immature neurons with few cells displaying 

an epithelial phenotype. Continued RA exposure and FCS deprivation results in the death 

of some of the cellular population, surviving cells continue to progress towards a mature 

neuronal phenotype with cell bodies clustering together and extending an exquisite web of 

neuritic projections as displayed in figure 3D. Figure 3E shows cells close to the 

completion of the differentiation process. Cells have nearly universally adopted a mature 



 

neuronal phenotype. After the full-time course of differentiation, the cell population 

consists of viable, homogenous mature neurons extending an extensive web of neuritic 

projections, as shown in figure 3F. 

Figure 3: The morphological development of SH-SY5Y cells during the 

differentiation process. Images taken at day 0 (A), 3 (B), 7 (C), 9 (D), 12 (E) and 14 (F) 

of the differentiation process show the morphological development of SH-SY5Y cells after 

exposure to the differentiation treatment. Cells progress from an epithelial phenotype with 

few neuritic projections to a neuronal phenotype with extensive neuritic projections. 



 

Images taken at X400 magnification using a Motic AE31 Elite Research Grade Inverted 

Microscope with attached Moticam 580 microscope camera. 

3.2: Cellular Viability Assays: 

To investigate if the differentiation process affects the proliferation rate or metabolic 

activity of SH-SY5Y cells MTT and PrestoBlue cell viability assays were conducted on 

both differentiated and undifferentiated cell populations.   

Cellular viability assays are used to measure cellular proliferation, metabolic activity, and 

cytotoxicity of a cellular population to monitor the response and health of cells in culture 

after treatment with various stimuli (Sigma, 2020). 

3.21: MTT Assay: 

The MTT cellular viability assay is an assessment of the mitochondrial health and activity 

of a population of cells. For the assays, undifferentiated SH-SY5Y cells were used as a 

positive control to compare against the viability of differentiated cells. Fresh DMEM media 

was used as a blank in the assay to correct for background absorbance resulting from the 

growth media. The viability assay was conducted in a 96-well plate; row 1 contained the 

growth media blank, row 2 contained undifferentiated SH-SY5Y cells, rows 3 to 8 

contained fully differentiated SH-SY5Y cells. The absorbance of each row was assessed 

by taking an average of the 12 wells in each condition.  

Table 1: Calculation of % viability for cells assessed by MTT assay. Average 

absorbance values for undifferentiated and differentiated SH-SY5Y cells processed to 

calculated % viability of cells. Undifferentiated cells used as positive control. 



 

 

The average absorbance was used to assess cell % viability as described in section 2.9, 

as reported in table 1 and figure 4. The results of the MTT cell viability assay reveals that 

both differentiated and undifferentiated SH-SY5Y cells are metabolically active, the 

reduced viability of differentiated cells shows that cells proliferate at a significantly 

reduced rate as reported by a Mann-Whitney U test (U = 0, P = 0.01208) after 

differentiation and that the differentiation protocol is highly stressful to cells and can result 

in cell death. 

 

Figure 4: The % viability of differentiated SH-SY5Y cells assessed by MTT assay. 

The % of viable differentiated SH-SY5Y cells assessed against undifferentiated positive 
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  Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 7 Row 8 

Average Absorbance 0.410 1.009 0.749 0.728 0.727 0.781 0.709 0.767 

Corrected Absorbance 0.000 0.600 0.339 0.318 0.317 0.371 0.299 0.357 

Standard Deviation 0.079 0.061 0.049 0.009 0.046 0.045 0.162 0.135 

% Viability    N/A 100.000 26.035 28.155 28.210 22.835 30.040 24.255 



 

control. Error bars displayed on graph show standard error. The results displayed 

demonstrate that SH-SY5Y cells remain metabolically active after the differentiation 

procedure.  

3.22: PrestoBlue Assay: 

PrestoBlue cellular viability assay conducted in conjunction with MTT assay to assess the 

metabolic activity and cell proliferation of SH-SY5Y cells. PrestoBlue is a cell permeable 

resazurin based solution that functions as a cell viability indicator using the reducing 

ability of living cells to measure cellular proliferation. PrestoBlue reagent is reduced to a 

highly fluorescent red solution which can be assessed by absorption or fluorescence.  

Table 2: Calculation of % viability for cells assessed by PrestoBlue assay. Average 

absorbance values for undifferentiated and differentiated SH-SY5Y cells processed to 

calculated % viability of cells. Undifferentiated cells used as positive control. 

 

The results of the PrestoBlue assay, reported in figure 5 and table 2, support the findings 

of the MTT assay confirming that SH-SY5Y cells remain metabolically active after 

differentiation and that differentiated cells proliferate more slowly than their 

undifferentiated counterparts.  

  Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 7 Row 8 

Average absorbance 0.396 0.646 0.435 0.455 0.545 0.460 0.426 0.547 

Corrected absorbance 0.000 0.250 0.039 0.059 0.149 0.064 0.030 0.151 

Standard deviation 0.004 0.005 0.042 0.022 0.142 0.064 0.009 0.008 

% Viability N/A 100.000 9.785 14.987 37.601 16.174 7.580 38.169 



 

 

Figure 5: The viability of differentiated SH-SY5Y cells assessed by PrestoBlue 

assay. The % of viable differentiated SH-SY5Y cells assessed against undifferentiated 

positive control. Error bars displayed on graph show standard error. The results displayed 

support the findings of the MTT assay. 

3.3: Dopamine ELISA: 

The ability of differentiated SH-SY5Y cells to synthesise the neurotransmitter dopamine is 

crucial for the cell line to be used as a model for PD research. To assess the ability of 

differentiated cells to produce dopamine an ELISA for the neurotransmitter was 

conducted. This allowed quantification of the level of dopamine produced by cells and to 

investigate if the differentiation procedure upregulates production of dopamine by SH-

SY5Y cells. The ELISA assay was conducted on cell lysate and growth media aspirated 

off cells to investigate if dopamine is secreted extracellularly into the culture media or 

remains within the cell. 
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Table 3: Dopamine concentration of experimental samples. Dopamine concentration 

of sample determined by comparing absorbance at 450nm against the calibration curve 

generated with known standards. Dopamine concentration in cellular lysate and growth 

media assessed to determine if synthesised dopamine is secreted extracellularly. 

Dopamine production of cells differentiated at a range of RA concentrations investigated 

to determine if the concentration of RA supplied affects level of dopamine synthesis. 

 

 

Media/Cell Lysate RA concentration (µM) Dopamine Concentration (ng/ml) Dopamine Concentration (nmol/L) 

Media 0  4.612 30.115 

Media 5 12.048 78.673 

Media 10 9.776 63.836 

Media 15 26.224 171.241 

Media 20 11.118 72.599 

Media 25 46.394 302.956 

Media 30 78.210 510.713 

Media 40 80.516 525.773 

Media 50 36.209 236.447 

Media 100 38.066 248.570 

Cell Lysate 0 158.441 1034.622 

Cell Lysate 5 666.280 4350.806 

Cell Lysate 10 1119.839 7312.549 

Cell Lysate 15 1142.071 7457.722 

Cell Lysate 20 1201.139 7843.438 

Cell Lysate 25 952.390 6219.105 

Cell Lysate 30 1080.353 7054.702 

Cell Lysate 40 1051.205 6864.368 

Cell Lysate 50 949.139 6197.880 

Cell Lysate 100 966.329 6310.128 



 

 

Figure 6: Relationship between dopamine concentration in cell lysate and 

concentration of Retinoic acid in differentiation treatment. The figure reveals that 

both differentiated and undifferentiated SH-SY5Y cells produce dopamine with production 

being significantly upregulated after differentiation. Additionally, there is no correlation 

between concentration of RA supplied and level of dopamine produced by cells after a 

supplied concentration of 10 µM. 

The results of the assay are reported in table 3 and figure 6, these results confirm that 

both undifferentiated and differentiated cells produced dopamine with cells exposed to the 

differentiation treatment reporting a minimum of a 6-fold increase in the level of 

neurotransmitter produced.  
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Figure 7: Relationship between dopamine concentration in culture media and 

concentration of retinoic acid supplied. The figure data shows that there is no 

immediately obvious correlation between RA concentration and level of dopamine 

synthesis by cells. The figure also demonstrates that dopamine is secreted extracellularly 

by both undifferentiated and differentiated SH-SY5Y cells however the concentration of 

dopamine in the culture media of differentiated cells was at least 2X fold higher than their 

undifferentiated counterparts.  

Figure 7 reveals that a fraction of the dopamine produced by cells is secreted into the 

culture media however the dopamine detected in the media may result from cell death 

and lysis resulting in the release of dopamine into the media. The hypothesis that 

dopamine is released into the cell lysis is supported by the results of the MTT and 

PrestoBlue assays which demonstrated that the differentiation process is highly stressful 

to cells and can result in cell death. 
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4.0: Discussion: 

Undifferentiated SH-SY5Y cells continuously proliferate, express immature neuronal 

markers and can be considered a model of immature catecholaminergic neurons 

(Kovalevich and Langford, 2016). Following treatment with differentiation inducing agents 

SH-SY5Y cells resemble primary neurons extending long neuritic processes. Several 

different methods exist for induction of differentiation and cells can be driven towards 

different neuronal phenotypes, notably dopaminergic and catecholaminergic phenotypes, 

depending on the media composition and differentiating agents supplied (Krishna et al., 

2014).  

The cells used in the series of experiments were sourced from the American Type Culture 

Collection (ATCC) and experiments were performed on cells between passage numbers 

10 – 14. The differentiation method selected for this program of work was exposure of 

SH-SY5Y cells to retinoic acid and gradual foetal calf serum starvation; this method has 

been reported to induce a cholinergic phenotype however not a purely dopaminergic 

phenotype (Xicoy et al., 2017). SH-SY5Y cells can be induced to a purely dopaminergic 

phenotype through the treatment of RA with co-administration of additional agents such 

as Brain Derived Neurotrophic Factor (BDNF) and phorbol esters (Presgraves et al., 

2004). RA treatment of SH-SY5Y cells has been shown to upregulate expression of 

tyrosine hydroxylase, dopamine receptor 2 and 3 subtypes (D2R and D3R) and dopamine 

transporter (DAT) (Presgraves et al., 2004).  

The ability of the fully differentiated cells to produce dopamine was assessed by an ELISA 

assay, as described in section 2.12, the results confirmed the ability of the SH-SY5Y cells 

to produce dopamine. The ELISA data reported that both differentiated and 

undifferentiated cells could synthesise dopamine with differentiated cell dopamine 

synthesis being at least 6X higher than their undifferentiated counterparts. This value 

however is likely to be substantially underestimated, due to the stressful differentiation 



 

procedure the living cell population is much lower compared to the undifferentiated 

control; to accurately assess the level of dopamine production of SH-SY5Y cells the 

ELISA results should be adjusted for cell population to quantify the level of dopamine 

synthesis per cell.  Additionally, the ability of the differentiated cells to produce 

noradrenaline was not assessed. Future research must be conducted to investigate if the 

level of noradrenaline produced by SH-SY5Y cells differs significantly between 

undifferentiated and differentiated cells and if the differentiation procedure applied affects 

the expression of cellular machinery for noradrenaline production, such as the enzyme 

dopamine β-hydrolase. Changes in the level of dopamine β-hydrolase expression can be 

detected using real time PCR (qPCR) which is an exciting avenue to explore in future 

research. While additional methods of cellular differentiation, such as addition of BDNF to 

cells, were planned to investigate how the method of differentiation selected affects level 

of dopamine synthesis the 2020 COVID-19 pandemic disrupted these plans due to 

laboratory closures.   

The catecholaminergic properties of SH-SY5Y cells are a controversial field in 

Parkinson’s research. Some researchers believe that the cell line cannot be used as an 

accurate PD model even after being terminally differentiated to a dopaminergic phenotype 

(Xicoy et al., 2017). PD is characterised by the death of dopaminergic neurons in the 

substantia nigra it is important to demonstrate the cellular model displays a dopaminergic 

phenotype. Research investigating the use of SH-SY5Y cells as a PD model have 

reported that differentiation of cells with RA induced a neuronal phenotype with no 

increased expression of dopaminergic markers such as D2R and D3R (Cheung et al., 

2009). It is important to assess the ability of differentiated SH-SY5Y cells on a batch-by-

batch basis to ensure the cells can act as an effective PD model. A review article on using 

SH-SY5Y cells as a PD model revealed that 432 of 962 examined articles did not provide 

any information relating to the dopaminergic phenotype of SH-SY5Y cells or explain why 

the cell line was selected to act as a PD model (Xicoy et al., 2017). 



 

Apart from the dopaminergic phenotype the ability of the cell line to reproduce the cellular 

abnormalities of PD is critical for an effective model; one of the major pathological 

hallmarks of PD is aggregation of alpha synuclein into Lewy bodies (Dexter and Jenner, 

2013). To model this feature in the cell line wild type alpha synuclein or an alpha 

synuclein mutant has been overexpressed in SH-SY5Y cells (Tofaris et al., 2001). To 

induce aggregation of alpha synuclein the cells are treated with an iron chloride solution, 

hydrogen peroxide or an inhibitor for the chaperone protein HSP-70 (Hasegawa et al., 

2004). SH-SY5Y cells have previously been used to investigate the mechanisms of alpha 

synuclein aggregation in vitro (Liangliang et al., 2009) and to investigate a possible link 

between the formation of Lewy bodies and intracellular calcium ion concentration (Follett 

et al., 2013). However, to date no studies have been released which investigate 

dopamine synthesis and alpha synuclein aggregation in conjunction in SH-SY5Y cells. 

Disease manifestation of PD is characterised by the presence of Lewy bodies and the 

death of dopaminergic neurons in the substantia nigra (Xicoy et al., 2017); both of these 

pathological features can be modelled in SH-SY5Y cells making the cell line an attractive 

tool to model PD. The results of any PD research using SH-SY5Y cells must be 

interpreted with care; as cells have been shown to respond inconsistently to the same 

differentiation treatment, depending on their cell source and passage number (Wang et 

al., 2007). SH-SY5Y cells cannot be used to investigate all aspects of PD pathobiology 

such as electrophysiological abnormalities or neurochemical dysfunction; to investigate 

these aspects of the condition a more complex model must be used such as primary 

dopaminergic neuron cultures or ex vivo brain slices (Xicoy et al., 2017).  

Methods used to determine the dopaminergic phenotype of differentiated SH-SY5Y cells 

include immunocytochemistry (ICC), Western blot, quantitative polymerase chain reaction 

(qPCR) and ELISA assay against dopamine. These methods do not allow for a distinction 

between expression changes for dopaminergic markers in the whole population of cells or 



 

in just a subset of cells (Xicoy et al., 2017) and cannot be used to investigate the 

homogeneity of the cell population. 

In the brain, dopamine functions as a neurotransmitter and neuromodulator essential for 

movement and mood regulation by the body (Conrad, 2018). After synthesis dopamine is 

transported from the cytoplasm to be encapsulated in synaptic vesicles by the protein 

vesicle monoamine transporter 2 (VMAT2) (Eiden et al., 2004). VMAT2 is an integral 

membrane protein that transports monoamines such as dopamine or noradrenaline from 

the cytosol into vesicles for exocytosis into the synaptic cleft (Seeman, 2009). 

Transcriptional studies of SH-SY5Y cells have confirmed the presence of VMAT2 

expression in both undifferentiated and differentiated SH-SY5Y cells (Kovalevich and 

Langford, 2016). The exocytosis of dopamine is triggered though stimulatory action 

potentials, or the activation of the cell receptor trace amine associated receptor (TAAR1) 

(Grandy et al., 2016).  

TAAR1 is a high affinity receptor for dopamine, activation of the receptor results in 

dopamine efflux or selective reuptake depending on the binding ligand (Miller, 2011). The 

pesticide rotenone is used in animal models to induce a PD-like phenotype in rodents; 

VMAT2 activity is inhibited by rotenone resulting in the accumulation of aggregated 

VMAT2 leading to the redistribution of dopamine to the cytosol and apoptosis of 

dopaminergic SH-SY5Y cells (Watabe and Nakaki, 2008).  

In rodent models the concentration of extracellular dopamine has been estimated to be 

~25 nM, however this value is disputed in the literature between 6 nM to 2.5 µM (White et 

al., 2012). The results of the dopamine ELISA assay for the culture media in this study 

ranged between 70 – 550 nM for differentiated SH-SY5Y cells. This value may be inflated 

due to the death and lysis of SH-SY5Y cells releasing dopamine stored in synaptic 

vesicles into the culture media. No value in the literature has been reported for the 

intracellular or extracellular concentration of dopamine in SH-SY5Y cells, this is most 



 

likely due to the fact that dopamine concentration in the cell line will vary depending on 

the cell source, passage number and differentiation protocol. This variability makes it 

difficult to pinpoint a standard range for intracellular/extracellular levels of dopamine in 

SH-SY5Y cells. The number of cells being assayed will affect the concentration of 

dopamine reported by an ELISA; if the cell population being assayed was reported in the 

literature it would provide a baseline measurement to compare experiments. Previous 

experiments have revealed that there is no correlation between dopamine concentration 

in the culture media and the levels of RA supplied to cells. The elevated dopamine 

concentration in the culture media for cells supplied with 30 and 40 µM/ml RA suggests 

that these conditions are the best for differentiating SH-SY5Y cells. These results should 

be interpreted with caution due to the variability of the cell line. The results of the ELISA 

reveal that the level of dopamine in the culture media rises by six-fold after SH-SY5Y cells 

are exposed to the differentiation procedure of RA and FCS serum starvation.  

The results of the ELISA assay reveal that there is no correlation for dopamine 

concentration in cell lysate and level of RA supplied for differentiation; however this may 

occur due to the expression of mature neuronal biomarkers and the upregulation of 

dopamine synthesizing cellular machinery. The level of dopamine detected in the cell 

lysate rises sharply after exposure to the differentiation agents; this can be explained by 

the upregulation of expression of dopaminergic markers, such as tyrosine hydroxylase or 

D2R/D3R, triggered by the differentiation procedure.  

Another method to assess the dopamine production capability of SH-SY5Y cells would be 

to evaluate the mRNA levels after each differentiation protocol by qPCR. Measuring the 

change in expression of dopaminergic markers post differentiation would allow for 

comparison between differentiation methods to determine which method upregulates the 

expression of dopaminergic markers most strongly. Previous research has been 

conducted to measure differences in gene expression of TH, DAT, D2R and D3R 

between differentiation procedures; induced differentiation of SH-SY5Y cells using RA 



 

has been shown to upregulate the expression of dopaminergic markers significantly, two-

fold after 10 days of differentiation (Lopes et al., 2010). Differentiation protocols 

exclusively using RA upregulate expression of dopaminergic markers weakly in 

comparison to other methods, with some papers reporting that expression of TH and DAT 

did not significantly increase after RA treatment (Cheung et al., 2009). 

In this study the cells behaved as described during the differentiation procedure, 

progressing from a large, flat epithelial phenotype extending short neuritic processes to 

long neuritic phenotype cells extending long process within the 18-day time period 

described in the paper (Shipley et al., 2016). When culturing and differentiating cells are 

incubated with trypsin for a minimal amount of time as neuronal cells will selectively 

dissociate from the culture dish leaving epithelial cells still attached; this helps establish a 

homogenous neuronal population of cells. Additionally, treating cells with trypsin for a 

minimal amount of time reduces the probability of damaging neurons as trypsin can be 

cytotoxic (Shipley et al., 2016). 

In early differentiation attempts, cells with an epithelial cell phenotype overtook 

maintenance cultures of neuronal cells due to poor handling of cells and seeding cells at 

high density. As more experience was gained in handling SH-SY5Y cells this 

phenomenon became uncommon. All experimentation requiring differentiated SH-SY5Y 

cells used homogenous neuronal cell populations.  

The results of the MTT and PrestoBlue cell viability assays show that differentiated SH-

SY5Y cells proliferate at a reduced rate compared with undifferentiated cells. Both have 

been shown to be metabolically active although the toxic effects of the RA can result in 

cell death. The results observed from the cell viability assays matched those obtained in 

prior cell viability assays performed on SH-SY5Y cells; RA is a vitamin A derivative 

possessing powerful growth inhibiting and cellular differentiation promoting properties 

(Cheung et al., 2009). The results of the MTT assay suggest that differentiated SH-SY5Y 



 

cells proliferate at ~30% the rate of undifferentiated cells regardless of the concentration 

of RA supplied. The results of the PrestoBlue assay should be interpreted with care; the 

cellular viability was calculated using absorbance values at 570 nm with a reference 

wavelength of 600 nm instead of the more sensitive fluorescence reading with excitation 

at 560 nm and emission reading at 590 nm (ThermoFisher, 2020). Additionally, the 

PrestoBlue viability assay can struggle to accurately measure the viability of low cell 

number cultures, <5,000 cells/100 µL. For measuring the viability of low cell number 

cultures it is recommended to incubate the viability assay for up to 24 hours; if conducting 

future PrestoBlue viability assays the cells would be incubated for the recommended 24 

hours and fluorescence would be measured as the preferred detection method.  

 

 

 

 

 

 

 

 

 

 

 

 



 

5.0: Conclusions: 

5.1: Summary: 

SH-SY5Y cells used in project were successfully differentiated using trans retinoic acid 

and gradual Fetal Calf Serum (FCS) starvation, driving cells from an immature epithelial 

to a mature neuronal phenotype. This differentiation method has previously been 

demonstrated to induce a mature neuronal phenotype. The ability to synthesise the 

neurotransmitter dopamine (DA) is essential for a successful PD model.  

The ability of the cell culture model to produce DA was assessed by an ELISA assay 

detecting dopamine. The assay results reported a significant increase in DA production 

after SH-SY5Y cells were exposed to the differentiation treatment. The confirmation of the 

model cells producing dopamine in combination with the phenotypic changes observed in 

cells during differentiation confirmed that the differentiated cells are a valid Parkinson’s 

disease model. Additional model refinement is still required for cells a representative PD 

model for downstream therapeutic research. However, if one wants to investigate the 

influence of mutations in Parkinsonian proteins the cells may represent a sufficiently 

differentiated phenotype. Only by analysing the behaviour of these cells with such 

mutations will there be clarity on whether their background is pertinent.  

Noradrenaline production for differentiated SH-SY5Y cells was not assessed; in the 

literature alternative differentiation methods have been reported which have been shown 

to induce a strong noradrenergic phenotype and hence future research must be 

conducted to trial the differentiation methods. 

Developing therapeutic strategies for PD requires cellular models, or at least a robust, 

universally agreed model. Current models of PD must reproduce the cellular changes 

found in the brain of PD patients or respond in the presence of Parkinsonian mutations in 

a manner consistent with the onset of PD. These features are the death of dopaminergic 

neurons and the existence of protein aggregates, consisting mainly of aggregates of 



 

alpha synuclein known as Lewy bodies. Cultured cell models offer many advantages for 

PD research; to understand the disease pathogenesis and to develop effective disease 

modifying therapy the cellular and molecular mechanisms of PD must be identified, for 

which cell models are an important tool. Human dopaminergic neurons, the cells most 

affected in PD are difficult to obtain requiring a brain biopsy or retrieved from post-mortem 

examination and difficult to maintain in primary culture.  

Due to the ease of maintenance for immortalised cells, previously established cell lines 

are used in PD research. SH-SY5Y cells are a popular PD model due to its human origin, 

ease of maintenance and proven catecholaminergic phenotype. Genes and metabolic 

pathways dysregulated in PD that have been identified (to date) have been demonstrated 

to be intact in the SH-SY5Y cell line. SH-SY5Y cell models can be exposed to 

differentiation agents to manipulate the expression of neuronal and dopaminergic 

markers.  

Primary cell cultures are the most reliable models to conduct research to determine the 

molecular mechanisms underlying PD, however certain factors such as poor accessibility 

and lack of proliferation precludes their usage. Primary cell cultures can vary based of 

disease progression, source animal and dissection accuracy. Cultured cell models of PD 

have several benefits over animal models or directly observing PD patients, however 

these models can typically only be used to model one aspect of the disease. Popular cell 

culture models for PD include primary human dopaminergic neurones, SH-SY5Y cells and 

Lund Human Mesencephalic Cells (LUHMES). 

In comparison to animal models, cell models develop PD physiology more rapidly, are 

more economically feasible for testing and require minimal ethical approval for use. Cell 

models allow for high throughput, large scale testing with easier genetic and 

pharmacological intervention and simpler genetic and biochemical analyses of cells. 

Some aspects of PD can only be replicated in animal cell cultures as these pathological 



 

features require the interaction of multiple cell types such as glial cell triggered 

neuroinflammation. Typically, discoveries from cell culture PD investigations must be 

supported with valid data from classically derived animal models. Although SH-SY5Y cells 

are an effective PD model allowing for research into mechanistic and signalling important 

in PD pathogenesis they are a “reduced system” which does not represent all cellular 

machinery and molecular pathways of PD. Results observed in cultured cells must be 

validated in animal models.  

MTT and Prestoblue cell viability assays have been used to investigate the cytotoxicity of 

the differentiation treatment of cells. The results of both assess the mitochondrial health of 

the cell populations and reveal that after differentiation cells remain metabolically active 

however the differentiation procedure places great metabolic stress on the cell and can 

result in cell death. Results of the cell viability assays match those reported in the body of 

literature with cells proliferating at a reduced rate compared to undifferentiated control 

cells.   

5.2: Further Research: 

5.21: Refining a Model for PD research: 

Developing and refining a cell model for PD research is an important aspect in 

determining the molecular mechanisms behind neurodegeneration in PD. This research 

has given us substantial experience handling PD model cells; with further model 

refinement we will possess a versatile PD model that can be used for therapeutic 

research.  

One avenue of research that requires a dynamic PD model is developing a novel drug 

delivery system for levodopa to deliver the therapeutic across the highly selective Blood 

Brain Barrier (BBB) to maximise the bioavailability of the drug and to delay the onset of 

levodopa induced dyskinesia. Recent advances in vesicle technology, such as the 

chemical synthesis of bolaamphillic vesicles, from material derived from Vernonia oil, 



 

offers an exciting avenue of research for delivery of neurotherapeutics across the BBB as 

a PD treatment. These vesicles are able to traverse the BBB carrying a payload of an 

Alexa Fluor dye of greater size than L-Dopa.   

Further research, such as a PhD or postdoctoral research project, is required to 

investigate the capability of levodopa encapsulated in bolaamphillic vesicles to cross the 

BBB to develop a new drug delivery system would be the next logical progression. A cell 

line that recapitulates the cells of the substantia nigra will be invaluable in demonstrating 

that the L-Dopa this delivered can give rise to increased levels of dopamine synthesis.  

5.22: Alternative differentiation protocols: 

Attempt differentiation of the SH-SY5Y cell line with alternative methods; coadministration 

of RA with the phorbol ester 4α-phorbol-12,13-didecanoate (PNS) or Brain Derived 

Neurotrophic Factor. Previous research has revealed that treatment of cells with PNS and 

BDNF induces a strongly dopaminergic phenotype in differentiated SH-SY5Y cells. 

Investigate changes in cellular viability for each differentiation method using cellular 

viability methods.  

5.23: Assessment of noradrenaline synthesis: 

The ability of differentiated cells to produce the neurotransmitter noradrenaline was not 

assessed in this experimental series; to assess if differentiated cells produce 

noradrenaline conduct a noradrenaline ELISA assay. Noradrenaline ELISA results can be 

used to assess if the level of noradrenaline produced by cells differs after exposure of 

cells to differentiation protocols, and if the differentiation protocol selected affects level of 

catecholaminergic neurotransmitters produced. Investigate using qPCR analysis if mRNA 

transcription levels of dopaminergic and catecholaminergic neuronal markers such as 

dopamine transporter, D2H, D3H, tyrosine hydroxylase and noradrenaline transporter 

(NET) are upregulated after differentiation treatment exposure.  



 

5.4: Estimating level of dopamine synthesis per SH-SY5Y cell: 

The results of the ELISA assay indicated that both undifferentiated and differentiated SH-

SY5Y cells can synthesise dopamine with the level of dopamine synthesis being 

significantly upregulated after cells were exposed to the differentiation process. However, 

the level of dopamine synthesis was not adjusted to consider the cell populations on 

which the ELISA assay was performed. As the differentiation process is highly stressful to 

cells the culture of undifferentiated SH-SY5Y cells likely had a cell population several time 

that of the differentiated cultures. An avenue of future research is to investigate the level 

of dopamine synthesis per SH-SY5Y cells; by assessing cell populations using a 

haemocytometer prior to ELISA assay. This will allow more accurate and direct 

comparison of levels of dopamine synthesis between differentiated and undifferentiated 

cells.  
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7.0: Appendix: 

Table 4: Dopamine ELISA standard and control samples. Quantification of unknown 

dopamine concentration in samples is achieved by comparing their absorbance with a 

standard curve prepared with known standard concentrations. Control samples compared 

to generated standard curve to ensure that dopamine concentration determined is within 

the acceptable range for the assay. 

Standard/Control Dopamine Concentration (ng/ml) Average Absorbance at 450 nm 

Standard A 0 1.8140 

Standard A/B 4.5 1.7400 

Standard B 10 1.4973 

Standard C 40 1.2925 

Standard D 150 1.0186 

Standard E 500 0.5366 

Standard F 2000 0.3272 

Control 1 80 1.1532 

Control 2 300 0.8171 
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Figure 8: Dopamine ELISA standard curve and control samples for assay 

calibration. Calibration curve obtained by plotting the average absorbance value of the 

standards against the natural log of the corresponding standard concentrations. The 

dopamine ELISA assay is a competitive ELISA; increase concentration of dopamine 

results in a decrease in absorbance. Absorbance values below the standard curve 

corresponds to high concentrations of dopamine in the sample and cannot be quantified 

and must be reported as positive. Known concentrations of control samples compared to 

values generated from standard curve to confirm that the ELISA is working within an 

acceptable range. 
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Abstract: 

The field of structural biology investigates the molecular structure and dynamics of 

biological macromolecules and how alterations to their structures affect their 

function. One of the most important goals in modern structural biology is the 

prediction of the three-dimensional structure of a protein, including the folding 

pattern and the secondary and tertiary structure. Prediction of protein structure has 

important implications in biotechnology and pharmaceutical drug design. Due to the 

complexity of protein structure, predicting three-dimensional structure from an 

amino acid sequence requires a large amount of computing power, typically needing 

a dedicated supercomputer to perform the calculations.   

Prometheus is a novel computer program, designed by Professor Lawrence 

Williams, for modelling the three-dimensional structure of a protein generating an 

energy map for the protein based off the amino acid sequence. This program has 

the potential to be utilised in drug design, protein mutation studies and protein 

engineering. To test the functionality of Prometheus in predicting the contribution of 

each amino acid residue in the primary sequence to the overall structure and 

stability of a protein T4-lysozyme (T4L) has been selected as a model. Prometheus 

has been used to select key amino acid residues that significantly affect the 

structure, and the thermostability, of T4L and compare the thermal unfolding (Tm) 

temperature determined experimentally to those reported in the scientific literature 

and predicted by Prometheus.  

Site directed mutagenesis by primer extension performed on T4L gene to produce 

single amino acid substitution mutants identified by Prometheus. Wild type and 

mutant T4L genes were cloned into a suitable vector for expression. Recombinant 

T4L isoforms were expressed and purified for structural analysis, the Tm value of 



 

each T4L variant was assessed using Differential Scanning Fluorimetry and 

compared to the literature and Prometheus generated values.  

Mutations in T4L gene were successfully introduced at structurally important 

residues determined by Professor William’s program; wild type and mutant T4L 

genes cloned into pET-3C vector for downstream expression and purification. 

Mutation and cloning of T4L gene confirmed successful using gel electrophoresis. 

Recombinant T4L isoforms purified using ion exchange chromatography (IEX) and 

size exclusion chromatography (SEC); purified proteins were analysed by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE 

results showed that T4L successfully purified to a homogenous sample of the 

desired protein. Experimental DSF results generated Tm values that match those 

reported in the literature, within standard error margins. For the residues of T4L that 

do not have prior thermostability data the Tm values followed the trend of the 

Prometheus predictions, that engineering these mutations will negatively affect the 

thermostability T4L.  

This investigation demonstrated that Prometheus can be used as an effective model 

for protein structure and thermostability, however significant model refinement is 

required before the program can be sold commercially. The results indicate that the 

desired mutations were successfully engineered into the T4L gene and the mutant 

proteins were express and purified correctly as the generated Tm values closely 

matched those previously reported.  
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1.0: Introduction: 

1.1: History and Background: 

The field of structural biology investigates the molecular structure and dynamics of 

biological macromolecules, particularly proteins and nucleic acids, and how 

alterations in their structures affect their function (Ward et al., 2014). The 

significance of structural biology derives from the fact that macromolecular structure 

is important in the disease state of therapeutically important biomolecules. 

Deciphering the effects of changes to the structure of biological macromolecules 

helps to elucidate their function and their role in disease states (Oakley et al., 2001). 

Knowledge of the three-dimensional structure of an a biologically important protein, 

such as an enzyme, can be used in structure-based drug design to design novel 

therapeutic agents (Oakley and Wilce, 2008). 

Structural biology is a rapidly expanding field that has undergone significant 

development since its coining in the early 20th century (Popp et al., 2018). Max von 

Laue was awarded the Nobel Prize for Physics in 1914 for his discovery of the 

diffraction of X-rays by crystalline materials. This work was further developed by 

Laurence and William Bragg who received the Nobel Prize for Physics in 1915 for 

determining that reflection of X-rays from the planes of atoms within the crystal 

lattice allows the atomic positions to be deduced (Curry, 2015). By the end of the 

1950’s X-ray crystallography had been used to determine the structure of DNA 

(Watson and Crick, 1953) and myoglobin, the first protein structure to be solved 

(Kendrew, et al. 1958). 

In the 21st century a large number of techniques have been developed to determine 

the structure of proteins, these include cryo-electron microscopy, X-ray 

crystallography and Nuclear magnetic resonance (NMR) spectroscopy. To date, 

122,000 protein structures have been determined using these techniques (Helliwell, 



 

2017) with 85% of these structures being solved by X-ray crystallography 

(Papageorgiou and Mattsson, 2014).  

1.2: Levels of Protein Structure: 

A protein molecule is made from a long chain of amino acid monomers with each 

amino acid linked to its neighbour through a covalent peptide bond, each type of 

protein has its own unique sequence of amino acids which will determine the 

structure and function of the protein (Alberts et al., 2002). To perform their biological 

function proteins will fold into a specific spatial confirmation driven by non-covalent 

forces including hydrogen bonds, ionic bonds, Van der Waals attractions and 

hydrophobic interactions (Stoker, 2015). Protein structure is loosely defined as “The 

three-dimensional arrangement of atoms in an amino acid chain molecule, classified 

into four hierarchical levels of organisation” (Lodish et al., 2000). 

1.21: Primary Structure: 

The first level of protein structure is the primary structure, defined as “the linear 

arrangement of amino acid residues that constitute the polypeptide chain” (Lodish et 

al., 2000). The primary structure is held together by peptide bonds formed by 

condensation reactions during protein synthesis (Berg et al., 2002). 

1.22: Secondary Structure: 

Protein secondary structure refers to the localised organisation of parts of a 

polypeptide chain which can assume different spatial arrangements, a single 

polypeptide may display all types of secondary structure elements (Lodish et al., 

2000). Without any stabilising interactions the primary structure of a protein will 

assume a random-coil structure, when stabilising hydrogen bonds form between 

amino acid residues the primary structure will periodically fold into one of two 

geometric arrangements (Pauling et al., 1953). 



 

1. Alpha (α) helix; a spiral, rod-like structure. 

2. Beta (β) sheet; a planar structure composed of multiple β-strands which are 

short segments of the primary structure. 

Another secondary structure element is a “Turn”, a U-shaped four-residue segment 

of the primary structure stabilised by hydrogen bonds (Rose et al., 1985). Turns are 

located at the surfaces of proteins and redirect the polypeptide chain towards the 

interior of the protein (Lodish et al., 2000). 

1.23: Tertiary Structure: 

The tertiary structure of a polypeptide is defined as “The level of protein structure in 

which combinations of secondary protein structures pack together to form folded 

shapes”. Disulphide bridges between cysteines in two different parts of the 

polypeptide chain along with other interactions between the chains play a role in the 

formation and stabilisation of tertiary structure (Berg et al., 2002).  

The folding of the secondary structure elements into the tertiary structure is driven 

by non-specific hydrophobic interactions between nonpolar side chains and other 

stabilising elements such as salt bridges and disulphide bonds (Lodish et al., 2000). 

These stabilising forces hold the secondary structure elements in a compact internal 

scaffold; hence the three-dimensional shape and size of a protein depends not only 

on the primary structure but also on the arrangement of the secondary structure 

motifs (Choi et al., 2007). 

For monomeric proteins, those that consist of a single polypeptide chain, the tertiary 

structure is the highest level of protein structure (Berg et al., 2002). 

1.24: Quaternary Structure: 

The quaternary structure of a protein describes the stoichiometry and relative 

positions of the protein subunits in a multimeric protein (Lodish et al., 2000). A 



 

multimeric protein contains two or more polypeptide chains held together by non-

covalent interactions including disulphide bonds (Alberts et al., 2002).  

There are multiple different quaternary structure organisations, confirmation of two 

separate polypeptide chains are classified as a dimer, while a trimer contains three 

separate polypeptide chains (Berg et al., 2002). Multimers consisting of structurally 

identical subunits are referred to with the prefix “homo” while multimers made up of 

structurally different subunits receive the prefix “hetero” (Bertoni et al., 2017). 

1.3: Structural Biology Methods: 

1.31: X-ray Crystallography:  

X-ray crystallography of crystalised biological macromolecules, such as proteins, 

can yield atomic level structural images of the analysed material (McPherson and 

Gavira, 2014). The process requires milligram quantities of high purity, >99%, 

macromolecule which is typically produced through recombinant expression in 

bacterial plasmids followed by a purification protocol such as ion exchange 

chromatography (Oakley et al., 2001). The sample must then by crystallised, 

extensive crystallisation trials are typically required to find conditions that yield high 

quality crystals for X-ray diffraction. A crystal screen is typically conducted in two 

phases; The identification of chemical, biochemical and physical conditions that 

yield some crystalline material followed by systematic alteration of these initial 

conditions to obtain optimal samples for diffraction analysis (McPherson and Gavira, 

2014).  

When the crystal is placed in an X-ray beam from a laboratory source the X-rays will 

diffract from the crystalline structure forming a pattern of scattered X-rays known as 

a diffraction pattern. The resulting diffraction patterns can be processed to provide 

information regarding the crystal packing symmetry and the size of the crystallized 

material, this is obtained from the diffraction pattern (Smyth and Martin, 2000). 



 

Computational measurement of the angles and intensities of the diffracted X-ray 

beams allows the production of a three-dimensional image of the electron density 

within the crystal (DiMaio et al., 2008). From the electron density map a model of 

the protein can be built and optimised to a thermodynamicall favourable 

conformation using predictive software such as TEXTAL (Holton et al., 2000). 

When collecting X-ray crystallography data from a crystalised protein the intensity 

measurements are taken from a series of planes that bisect the crystal in different 

phases (Hauptman, 1997). The intensity value is transformed using Fourier analysis 

to determine the amplitude and electron density present in a particular phase of the 

protein (Taylor, 2010). The amplitude of the diffracted X-ray beam is proportional to 

the square root of intensity; to determine the electron density of a molecule data 

from all diffraction planes; to correctly determine density and elucidate the correct 

three-dimensional structure the phase problem must be carefully considered. As 

each phase carries important structural information it is important to not omit any 

phase data from the modelling software used to determine the protein structure 

(Harrison, 1993), additionally if phasing is not carefully considered when analysing 

diffraction data electron configuration may be calculated incorrectly resulting in an 

incorrect three-dimensional structure being determined. 

If a structurally similar protein to the target is available when performing X-ray 

crystallography molecular replacement can be used to solve the structure and 

overcome the phase problem. Typically performing molecular replacement requires 

a sequence identity of >25% between the model and the new structure (Rossmann 

and Blow, 1962). Molecular replacement employs the mathematical Patterson 

function to calculate an electron density map using the model sequence and X-ray 

diffraction data (Taylor, 2010). The structurally similar homologue is used to provide 

initial estimates of the phases of the new structure, as protein databases such as 

the Protein Data Bank (PDB), continue to expand molecular replacement is 



 

becoming more common due to the abundance of high-quality deposited structures 

which makes the method faster, cheaper and less labour intensive than alternative 

methods (Evans and McCoy, 2007). Molecular replacement is the most popular 

crystallographic method with up to 70% of structures across protein databases 

being solved by this method (Evans and McCoy, 2007).  

Historically the most common method of determining the structure of a crystallized 

protein is isomorphous replacement – introduced in the 1950s as a pioneering 

structural biology method (Green et al., 1954). While still used today to solve the 

structure of proteins without a reference protein with >25% homology it has become 

less popular due to the labour-intensive method and the rise of sophisticated 

modelling programs and the popularity of molecular replacement. Isomorphous 

replacement involves introducing heavy atoms or heavy atom derivatives into the 

protein structure, these are prepared by soaking the native protein crystals in a 

buffer containing heavy atom compounds or by co-crystallisation (Taylor, 2010). 

When crystallised the heavy atom derivative crystals should be isomorphous with 

the native protein – crystal shape and protein dimensions should be unchanged 

(Perutz, 1956). By collecting and comparing data sets for the native and heavy atom 

derivates of the protein the Patterson function can be performed to deduce the 

positions of the heavy atoms and use this to infer the overall structure of the protein 

(Taylor, 2010).  

1.32: NMR Spectroscopy: 

NMR spectroscopy is another important tool for determining the structure of 

biological molecules, providing three-dimensional structural information of the 

analysed biomolecule and allowing kinetic reactions and the properties of proteins 

to be assessed at atomic level (Purslow et al., 2020).  Unlike X-ray crystallography, 

NMR spectroscopy can determine the three-dimensional structure of biomolecules 



 

in solution (Poulsen, 2002). For NMR spectroscopy milligram quantities of high 

purity biomolecule are required, the sample is subjected to a strong magnetic field 

that causes atomic nuclei with unpaired protons or neutrons to spin with their 

magnetic moment aligned with the applied magnetic field (Oakley et al., 2001). One 

limitation of NMR spectroscopy is the high sample concentration required for 

analysis, for effective analysis a final solution concentration of ~1mM is required 

which may be unsuitable for proteins that are difficult to express and purify (Berg et 

al., 2002). 

Only certain nuclei, such as 1H, 15N or 13C, display magnetic spin and are suitable 

for NMR analysis, when the sample is irradiated with pulses of radio frequency 

electromagnetic radiation NMR active nuclei will resonate at characteristic 

frequencies (Cavalli et al., 2007). These different frequencies are obtained as NMR 

peaks, relative to a reference signal, are called chemical shifts. Chemical shifts are 

used to predict regions of secondary structure in native and non-native states of 

proteins and can be used to aid in the refinement of complex macromolecular 

structures (Cornilescu et al., 1999). Chemical shifts can also be used in the 

determination of the tertiary structures of proteins in conjunction with other data 

gained from NMR spectroscopy such as interproton distances and nuclei orientation 

(Osapay et al., 1994). 

Due to widespread access for researchers to the required equipment, NMR 

spectrometry is a routine method for the structural determination of proteins and 

protein complexes at atomic resolution, providing information regarding 

conformation and interactional dynamics of a protein (Fowler et al., 2020). Protein 

structural determination by NMR is a four-step process as described in the paper “A 

brief introduction to NMR spectroscopy of proteins” (Poulsen, 2002): 

1. Preparation and purification of an isotope labelled protein sample. 



 

2. NMR data collection and analysis of the chemical shift of 1H, 13C and 15N 

atoms in the protein molecule. 

3. Structural calculation and refinement using NMR data. 

4. Quality assessment of determined structure and submission to database. 

NMR spectrometry of proteins is much less dependent on sample conditions of 

proteins than X-ray crystallography and is typically more accessible than cryo-EM. 

Due to the sensitivity of chemical shifts protein NMR is highly sensitive to subtle 

changes in chemical and structural conditions making it an effective method to 

observe proteins in cell-like environments, typically this has been used to study 

protein mechanisms and enzyme kinetics (Cavalli et al., 2007).  

Due to the sensitivity of chemical shift values the NMR data for the chemical shift 

values for 1H, 13C and 15N nuclei in the peptide backbone can be used to determine 

the secondary structure elements present in the protein (Poulsen, 2002). 

Translating NMR experimental data into a three-dimensional structure relies on the 

allocation of transient spatial constraints for key nuclei by residual dipolar coupling 

and building the structure around these key nuclei by considering local bonds, 

hydrogen bonds, spatial and angle restraints to build a final molecular structure that 

represents the experimental data well (Berg et al., 2002). 

1.33: Cryo-electron Microscopy: 

Cryo-electron microscopy (Cryo-EM) is an electron microscopy-based technique 

performed on a flash-frozen biological molecule. Cryo-EM has rapidly become a 

popular, high resolution structural biology technique, in February 2020 submissions 

of protein structures to the electron microscopy data bank reached 10,000 

acquisitions, a rapid growth driven by the increased availability and decreased cost 

of cryo-electron microscopes worldwide (Callaway, 2015).The sample is cooled to 

cryogenic temperatures by flash freezing in liquid ethane to fix the water molecules 



 

in and surrounding the sample in a vitreous state to prevent the formation of crystals 

(Thompson et al., 2016). Using a focussed ion-beam multiple two-dimensional 

electron microscopy images of the sample are taken from different angles, by 

combining the images a 3D model of the biomolecules structure can be generated 

(Boodhun, 2018). Cryo-EM is typically used in structural biology to determine the 

structure of large, structurally heterogeneous, and dynamic complexes such as the 

quaternary structure of complex proteins (Nwanochie and Uversky, 2019). 

Cryo-EM provides the advantage of visualising macromolecules in a hydrated state 

that is very similar to the physiological conditions of the samples. With recent 

advances in cryo-EM technology, images with resolution below 10 Angstroms can 

now be obtained however, both macromolecular crystallography and NMR 

spectroscopy produce higher resolution structural data with electron diffraction data 

yielding data at the atomic level (Shoemaker and Ando, 2018). Additionally, cryo-

EM does not require protein crystals for analysis, this is beneficial when working 

with a protein resistant to crystallisation. Breakthroughs in cryo-EM hardware and 

software in the past decade has led to increases in sensitivity and resolution of 

microscopes, if cryo-EM resolution continues to be refined at the current rate it is 

predicted that by 2030 cryo-electron microscopy will produce higher resolution 

structures than NMR (Yip et al., 2020). Cryo-EM innovations have also overcome an 

early limitation of the technique, initially samples would have to be stained and 

dehydrated to provide contrast and withstand the vacuum within the electron 

microscope column (Carroni and Saibil, 2016); samples are now rapidly frozen by 

flash cooling too quickly to allow ice crystallization (Dubochet et al., 1988). 

In 2019 close to 10,000 protein structures were deposited into the PDB solved by X-

ray crystallography, in comparison ~2,000 structures were solved and submitted by 

cryo-EM, as shown in figure 1 (Callaway, 2020). Cryo-EM has become the favoured 

tool of the structural biology community to resolve the structures of transmembrane 



 

and membrane embedded proteins, which are notoriously difficult to crystallise 

(Murata and Wolf, 2018).   

 

Figure 1: Comparison of the number of protein structures submitted to the 

PDB every year solved by X-ray crystallography and cryo-EM between 2003 

and 2019. (Figure adapted from Callaway, 2020.) 

Richard Henderson, one of the developers of cryo-EM as a structural biology 

technique for which he was awarded the 2017 joint Nobel Prize in Chemistry has 

predicted that by 2024 more protein structures will be determined by cryo-EM than 

X-ray crystallography (Hand, 2020). 

1.4: Protein Structure Prediction: 

Prediction of the three-dimensional structure of a protein, the folding pattern, and 

the secondary and tertiary structure, from the amino acid sequence is one of the 

most important goals in modern structural biology (Deng et al., 2017). The 

prediction of protein structure has important implications in therapeutic drug design 



 

and in the field of biotechnology, for example the design of novel enzymes (Zhang, 

2009). 

Many confirmations of amino acid chain are possible due to rotation of the chain 

about the alpha carbon atom, the first carbon atom that attaches to a functional 

group, of each amino acid (Berg et al., 2002). These conformational changes are 

responsible for the differences in three-dimensional structure of proteins, the side 

chain groups of amino acids in the polypeptide chain also play an important 

structural role and can influence the secondary and tertiary structure of the protein 

by acting as a hydrogen bond donor/acceptor (Dyson et al., 2006). For example, the 

amino acid cysteine has a side chain containing a thiol group (-SH) and can react 

with another cysteine residue to form a disulphide bond which will form a stabilising 

cross link in the protein structure.  

Research into protein structure prediction has been ongoing since the late 20th 

century. A landmark research paper in 1973 demonstrated that all the information 

required by a protein to fold properly is encoded in its amino acid sequence, a 

phenomenon known as Anfinsen’s dogma (Anfinsen, 1973). Research has 

demonstrated that the amino acid sequence of a protein determines the basic 

molecular composition of the protein with its native structure corresponding to the 

most stable confirmation with the lowest free energy possible (Deng et al., 2017). 

Difficulties with protein structure prediction arise when attempting to compute the 

possible physical interactions of the amino acid sequence with itself and 

surrounding solvent molecules, due to the complexity of protein structure this 

requires a large amount of computing power that is not available outside of a 

dedicated supercomputer (Zhang, 2009). 

Many different approaches have been proposed for the prediction of protein 

structure, these include the employment of coarse-grained physical models and 



 

confirmation search algorithms comparing the amino acid sequence of the studied 

protein to similar proteins with solved structures submitted into the Protein Data 

Bank, PDB (Vengadesan and Gautham, 2005).  

Homology modelling is currently the most accurate protein structure prediction 

method available; this is based on the observation that similar amino acid 

sequences from the same evolutionary family often adopt similar protein structures 

(Deng et al., 2017). In the past two decades the number of protein structures 

deposited in Uniprot and the PDB have been increasing at a rapid rate (UniProt 

Consortium, 2015). The robust availability of solved protein structures allows for an 

increased proportion of target proteins to have their structures accurately predicted 

using homology modelling (Berman et al., 2000). Threading methods are based on 

the principal of fold recognition which matches the target protein amino acid 

sequence to distant homologous structures (Jones et al., 1992). As protein structure 

is highly evolutionary conserved with a limited number of unique structural folds 

protein threading methods can be used to predict protein structure even if the PDB 

lacks a solved protein structure with significant sequence homology (Chothia et al., 

1992). 

The performance of current protein structure prediction methods is assessed every 

two years in the Critical Assessment of Techniques for Protein Structure Prediction 

(CASP) experiment (Moult et al., 2018). CASP is a fully blind tested experiment 

conducting analysis on current structural prediction methods; sequences of proteins 

for which the structure is about to be solved are provided to registered members of 

the protein prediction community who conduct structure prediction and submit 

models before the release of structural information (Moult et al., 2018). Submitted 

models are then analysed using both automated software and independent 

assessors who compare the submitted structural predictions to the solved protein 

structure (Moult et al., 2018). 



 

1.5: Prometheus – A Novel Computational Tool for Understanding Protein 

Interactions: 

Prometheus is a novel computer implemented method and system for modelling the 

three-dimensional structure of a protein by generating an energy map for proteins, 

as shown in figure 2, given the amino acid sequence and a per-residue 

conformation index (Rutgers, 2020). This exciting new tool developed by Rutgers 

researcher Professor Lawrence Williams, has the potential to be utilised for 

designing drugs, protein mutation studies, three-dimensional protein structure 

prediction and protein engineering.  

In preliminary testing Prometheus has demonstrated superior performance 

compared to existing computational methods including CHARMM, a highly 

performing molecular simulation software package (CHARMM, 2020), and 

Watermap, the best-performing solvation computational tool (Schrödinger, 2020), 

performing analysis in much shorter periods than the long computing times required 

by its competitor programs (Rutgers, 2020). Prometheus has also displayed better 

quantitative and qualitative understanding of proteins allowing for a more accurate 

three-dimensional protein structure to be predicted based on the primary amino acid 

sequence.  

The Prometheus model uses three key parameters to model the three-dimensional 

structure of the target protein, these are (Williams et al., 2019): 

1. A high precision, fractional exponent, parameter for each amino acid residue 

(γ). 

2. An index of four possible states that each residue can adopt (σ). 

3. Normalisation of a unique subset of residues for each amino acid in the 

sequence to determine each interaction factor (μ). 



 

The γ parameter describes the accessible surface area of a specific amino acid 

residue in a polypeptide chain measured using high resolution crystallographic data 

(Kawashima et al., 2008). Analysis of thousands of polypeptide sequences has 

demonstrated that each amino acid displays scale invariance obeying a power law 

of the form αr = N−γ where αr is the accessible surface area of a specific amino acid 

and N is the length of the polypeptide segment analysed (Williams et al., 2019). 

Protein conformation is conventionally defined by the backbone and side chain 

torsion angles (Ramachandran and Sasiskharan, 1968), the σ parameter is a novel 

structural classification based on the closest nearest neighbour (CLNN) of each 

amino acid residue (Williams et al., 2019). The σ parameter describes the 

secondary structure element a specific amino acid residue in the protein sequence 

is a part of and limits local conformation according to relative amino acid side chain 

arrangements determining which conformations of the protein can be adopted 

(Zhang et al., 2010). 

The μ parameter describes the contribution of each amino acid residue to the total 

interaction energy of the protein (Williams et al., 2019). This value is calculated 

using both the γ and σ parameter values and reports the free energy contribution 

per residue to the overall protein interaction energy. 

The model incorporates the γ, σ and μ parameter values into a program capable of 

describing protein interaction energies based on sequence and per residue 

contributions to the interaction free energy of a protein identifying amino acid 

residues that are structurally and catalytically important to the protein (Williams et 

al., 2019). 

In the aforementioned paper, the Prometheus model was applied to T4 Lysozyme 

(T4L), one of the most extensively studied proteins (Matthews et al., 1995), to 

generate a μ parameter profile of the protein. T4L was selected due to the 



 

availability of high-resolution structures for the wild type protein and many of its 

mutant forms (Baase et al., 2010) in addition to the corresponding thermal data 

making the protein an ideal candidate for testing the ability of Prometheus to map 

the three-dimensional structure and thermal stability of the protein (Williams et al., 

2019). When the model was used to compute the thermal stability of T4L mutants 

across 7 different sites and compared to available experimental data the model was 

found to be in good agreement with the experimental data (R2= 0.73) suggesting 

that Prometheus is capable of converting the structural and sequence data of a 

protein into energy space (Williams et al., 2019). 

 

 

 

 

 

 

 

Figure 2: Prometheus generated model of interior and exterior T4 lysozyme 

residues. The program output generates a “Heat Map” of the protein with 

structurally important residues with a high μ parameter value, indicating an amino 

acid with a significant contribution to the total interaction energy of the protein, being 

coloured red. Residues coloured cyan or blue display a low μ value while those 

coloured white have a moderate μ value. The black box in the figure highlights the 

catalytic site of T4L showing that the residues contained in the active site of the 



 

protein are catalytically and structurally important to the overall function of the 

protein (Williams et al., 2019). 

1.6: Glycosyl Hydrolase enzymes: 

Glycosyl Hydrolase (GH) enzymes catalyse the hydrolysis of glycosidic bonds in 

complex sugars and saccharide molecules (Bourne and Henrissat, 2001). GH 

enzymes are very common in nature driving key biochemical processes such as 

degradation of biomass, anti-bacterial defence strategies, pathogenesis, and 

homeostasis (Henrissat and Davies, 1997). GH enzymes are classified into families, 

based on sequence similarity, and clans, based on conserved protein folding 

patterns (Davies and Henrissat, 1995). As of July 2021, there are 128 families and 

14 clans of GH listed on the Carbohydrate Active Enzymes (CAZY) database 

(Cazypedia, 2021).  

Three families of GH display lysozyme activity, described as the ability to lyse cells 

by breaking 1 – 4 β-linkages between residues of N-acetylglucosamine (NAG) 

and/or N-acetylmuramic acid (NAM) (Davies and Henrissat, 1995). These families 

are GH 22 which includes hens’ egg white lysozyme (HEWL), GH 23 which includes 

goose egg white lysozyme (GEWL) and GH 24 which includes lambda phage 

lysozyme and T4 lysozyme (T4L) (Henrissat and Davies, 1997). 

1.7: T4 Lysozyme: 

Lysozyme is a small cationic protein first described in scientific literature in 1909 by 

Laschtschenko (Burgess, 1973). The widespread discovery of lysozyme is attributed 

to Alexander Flemming in 1922 who described the powerful bacteriolytic properties 

of the protein (Flemming, 1922). Since 1922 lysozyme has been extensively studied 

and a great deal of information has been accumulated on the structure, function, 

genetics, biosynthesis, regulation, enzyme activity and properties of lysozyme (Al-



 

Hazmi, 2012). This interest arises from the antibacterial, antiviral, and anti-

inflammatory biological properties of lysozyme (Helal and Melzig, 2010). 

The anti-bacterial activity of lysozyme is a result of the enzyme to hydrolyse 

glycosidic bonds of 1,4-beta linkages between N-acetylglucosamine (NAG) and N-

acetylmuramic acid (NAM) in peptidoglycan (Mir, 1977). Lysozyme is widely 

distributed across both eukaryotic and prokaryotic organisms, although the catalytic 

function is consistent across all variants of the enzyme, different variants are 

classified by amino acid sequence, protein structure and catalytic character (Dong 

et al., 2008).  

The extensive variation in origin, chemical and enzymatic properties of lysozyme 

requires them to classified into different classes. The conventional, sometimes 

referred to as chicken type, classification of lysozyme (C-lysozyme) is derived from 

the egg which of the domestic chicken, Gallus gallus, is the most widely studied 

form of the enzyme with widespread industrial applications (Singh et al., 2016). 

Other well-known variants of lysozyme include G-type from the egg of the domestic 

goose, Anser anser, H-type extracted from plants, I-type from invertebrates, B-type 

from bacteria of the genus Bacillus and V-type from viruses (Benkerroum, 2008).  

Phage T4 is a virus that exclusively infects bacteria, the virus invades and controls 

bacterial metabolism eventually lysing the infected bacterial cell wall by T4-

lysozyme (Sulakvelidze et al., 2001). T4L is an endolysin, capable of lysing 

peptidoglycan from both the cytoplasmic and extracellular sides of the cell wall, a 

biological property not possessed by other variants of lysozyme (Akinalp et al., 

2007).  

T4L has been the subject of extensive genetic and structural studies and is 

commonly used in structural biology as a paradigm for investigating the factors that 

determine the structure and stability of proteins (Baase et al., 2010). Systematic 



 

probing of T4L to investigate the effect of mutation on the stability/function of the 

protein have shown that 74 of the 164 positions in the sequence are sensitive to 

single amino acid substitutions (Poteete et al., 1997), an amino acid substitution at 

one of these positions will result it at least a 50-fold reduction in function or have a 

significant impact on the structure of the protein.  

 

Figure 3: Backbone of T4 Lysozyme showing the two-domain structure of the 

protein. The colour of the polypeptide chain reflects the location of the residues in 

the structure progressing down the visible spectrum with the N-terminus coloured 

blue to the C-terminus coloured red. The highlighted residue L99 is the frequent 

target of mutagenesis experiments to manipulate the protein. Image taken from the 

Protein Data Bank, PDB, submitted by Rose et al., 1985 who used protein 

crystallisation and X-ray diffraction to determine the structure of wild type T4 

expressed in Escherichia coli to a resolution of 2 Angstroms.  



 

The three-dimensional structure of T4L, shown in figure 3, consists of two-domain 

structures, the N domain and the C domain linked by a long α-helix (Baase et al., 

2010). The placement of the N and C domains forms a deep channel in the protein 

where the ligand can bind, the active site of T4L in located in this specificity pocket 

(Ramanthan et al., 2011). The most critically important amino acid residues 

affecting the structure and function of the enzyme have been found to be buried in 

the protein structure or located in the active site cleft, this has been confirmed in 

structural studies of the protein which have solved the native structure, including the 

active site pocket, to a resolution of 1.7 Angstroms using X-ray crystallography 

(Poteete et al., 1997). The catalytically important residues in the active site of T4L 

are aspartic acid (Asp) at position 20 and glutamic acid (Glu) at position 11 in the 

protein sequence (Kuroki et al., 1999). The location of Asp20 in the active site of the 

protein is shown in figure 4B. Asp20 acts as a catalytic nucleophile during the 

reaction attacking the anomeric carbon of the peptidoglycan substrate, Glu11 is a 

proton shuttle acting as a general acid/base by donating a proton to the leaving 

group and deprotonating the active water molecule (Weaver and Matthews, 1987). 

The exact purpose and mechanism of the other residues in the active site of T4L is 

yet to be elucidated, however the threonine (Thr) residue at position 26 appears to 

be involved in facilitating the removal of the cleaved product after cleavage of 

glycosidic bonds (Weaver et al., 1984). In mutagenesis experiments where Thr26 

has been mutated to a histidine (His) residue T4L remains active however the 

cleavage products remain covalently bound to the enzyme (Kuroki et al., 1993). 

Early research showed that the active site C-type, G-type and T4L all display 

significant variation in the amino acid sequence, however a glutamic acid residue is 

always conserved and is crucial for the activity of the enzyme; Glu11 in T4L, Glu35 

in C-type and Glu73 in G-type lysozyme (Grütter et al., 1983).    

 



 

 

 

 

 

Figure 4: Display of the active site of T4 lysozyme with key residues 

highlighted. A. Electron density of the active site of T4L around the key catalytic 

residue Asp20, which acts as catalytic nucleophile during the reaction, shown to a 

resolution of 1.7 Angstroms. B. Diagram displaying how the substrate residue NAM 

fits into the active site of T4L. (Figure adapted from Yang et al., 2000).  

Due to T4L being used by the structural biology community as a model protein to 

attempt to understand the contribution of each individual acid residue in the primary 

structure of a protein to the overall structure, dynamics, and stability of the final 

tertiary structure as well as the kinetic pathways followed during protein folding 

(Anderson et al., 1993). The collaborative efforts of the Matthews, Hudson, 

Schellman and Anderson laboratories provide crystallography, thermodynamic and 

structural insights into the folding pattern, thermal stability, and activity of wild type 

T4L and its engineered mutants (Anderson et al., 1993). The readily available 

structural and thermodynamic data for T4L and its adoption by the structural biology 

community for use as a model protein it is the ideal protein to test the functionality of 

the Prometheus program. By engineering mutations into the sites indicated in figure 

5 we intend to compare the thermal unfolding temperature (Tm) values obtained by 

the Prometheus program against experimental data to assess the program.  

A. B. 



 

Figure 5: Backbone structure of T4 lysozyme with mutation sites highlighted. 

Protein backbone displayed in blue while sites of mutagenesis shown in green and 

labelled with the amino acid code. (Figure generated using PyMol).   

As none of the mutation sites selected are catalytically important residues, and due 

to the tolerance of T4L to withstand amino acid substitutions with catalytic activity 

and rate of reaction unaffected the engineered mutations should not significantly 

impact the enzyme activity (Baase et al., 2010). Figure 6 displays the sites of T4L 

that are tolerant to substitution, all of the intended mutation sites are considered to 

have little impact on tertiary structure or enzyme activity. 

 

 

 



 

 

 

 

 

 

 

 

Figure 6: Cartoon representation of the tolerance of T4 lysozyme to point 

mutation. Residues shaded green are tolerant to mutation and will have little to no 

impact on tertiary structure or activity if substituted, yellow-coloured residues are 

tolerant to mutation but less so than green ones. Substitutions at the red coloured 

residues will comprise the tertiary structure or activity of the protein. All the intended 

mutation sites for this experiment are green residues. (Figure adapted from Baase 

et al., 2010). 

1.8: Lysozyme Substrate and Mechanism: 

As previously mentioned in section 1.6 the function of lysozyme enzymes is to 

hydrolyse the 1 – 4 β-glycosidic linkages between residues of NAG and NAM. The 

principal function of lysozyme is as an antibacterial agent that lyses the cell walls of 

certain bacteria. The substrates of GH family 22 enzymes include peptidoglycan 

and chitin, a biopolymer found in the cell walls of fungi and the exoskeletons of 

crustaceans (Jiang et al., 2017). Chitin consists of molecules of NAG linked by 1 – 4 

β-glycosidic linkages (Khoushab and Yamabhai, 2010). Although family 22 GH 

enzymes can hydrolyse chitin they are not as effective as dedicated chitinase 

enzymes such as GH families 18, 19 and 20 (Han et al., 2016). Family 24 GH 



 

enzymes, including T4L, can only hydrolyse substrates which have peptide side 

chains bonded to the polysaccharide backbone such as the peptidoglycan cell wall 

of E. coli, the primary substrate of T4L, as chitin does not have a peptide side chain 

constituent it cannot be hydrolysed by T4L, this includes chitin derivatives such as 

chitosan and chitooligosaccharides (Vollmer et al., 2008). The structures of 

peptidoglycan and chitin are shown in figure 7, while figure 8 shows the products of 

the hydrolysis of peptidoglycan by T4L.  

 

 

 

 

Figure 7: Substrates of lysozyme enzymes. A. The structure of peptidoglycan 

consisting of alternating residues of N-acetylglucosamine (NAG) and/or N-

acetylmuramic acid (NAM) linked by 1 – 4 β-glycosidic linkages, peptide side chains 

and cross links not displayed in this figure. B. The structure of chitin consisting of 

residues of NAG linked by 1 – 4 β-glycosidic linkages. C. Cartoon representation of 

the bacterial cell wall showing molecules of peptidoglycan cross linked by peptide 

bonds. (Figure adapted from Davies and Henrissat, 1995).  

C. 



 

 

Figure 8: The overall reaction of T4 lysozyme showing the products of the 

hydrolysis of peptidoglycan. (Figure from Johnson et al., 1965).  

The enzymatic mechanisms of HEWL and T4L make them a difficult target for 

enzymatic kinetic research due to the complexity of the enzyme and the substrate, 

while several mechanisms have been proposed the scientific community is yet to 

reach a definitive consensus (Bowman et al., 2008). Recent scientific 

advancements in molecular dynamics and molecular mechanisms suggest the 

existence of a covalent intermediate in the lysozyme mechanism, research is 

currently ongoing to find this intermediate state and prove the mechanism of action 

for the enzyme (Bowman et al., 2008).  

Two mechanisms have been proposed for the action of lysozyme; the Phillips 

mechanism proposes that the catalytic power of lysozyme comes from steric strain 

imposed on the bound substrate and stabilised by an oxygen-carbon intermediate 

state (Johnson et al., 1965). The Koshland mechanism proposes that lysozyme acts 

through a covalent catalysis mechanism that relies on the enzyme acting as a 

strong nucleophile to attack the substrate and hydrolyse glycosidic bonds 

(Koshland, 1953). Of the two mechanisms the Koshland mechanism is more widely 

accepted by the scientific community as the mechanism is more thermodynamically 

stable and therefore more energetically favourable (Bowman et al., 2008). The two 

proposed mechanisms for lysozyme are displayed in figure 9.  



 

 

Figure 9: Proposed mechanisms for the Phillips and Koshland mechanisms 

for HEWL lysozyme. (Figure from Johnson et al., 1965). 

The enzymatic mechanism of T4L is still yet to be elucidated, however it is 

presumed to follow either the Phillips or Koshland mechanisms proposed for HEWL, 

a currently presumed model is displayed in figure 10 which shows how Glu11 acts 

as a proton shuttle for the active water molecule during the reaction and how Asp20 

acts as a catalytic nucleophile (Kuroki et al., 1999). Figure 11 shows how the 

peptidoglycan substrate fits into the active site groove of the T4L enzyme for the 

hydrolysis reaction to proceed.  

 



 

Figure 10: Proposed mechanism for the catalytic activity of T4L against 

peptidoglycan. The mechanism closely resembles the proposed Koshland 

mechanism for HEWL. In this mechanism the water molecule becomes hydrogen 

bonded to Asp20 and is presumed to act as a nucleophile attacking the anomeric 

carbon of NAM. (Figure from Kuroki et al., 1999). 

Figure 11: Structure of T4 lysozyme with bound E. coli peptidoglycan 

substrate. Key catalytic residues Glu11 and Asp20 highlighted showing the 

approximate location of these amino acids in the active site of the protein (Figure 

adapted from Kuroki et al., 1993). 
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1.9: Aims and Objectives: 

The aims to this research project were: 

1. To mutate the T4 lysozyme gene to produce single amino acid substitution 

mutants at structurally important residues identified by Professor William’s 

program. 

2. To clone wild type and mutant T4L genes into a suitable vector for 

expression. 

3. To express and purify recombinant T4 lysozyme for structural analysis. 

4. To conduct Differential Scanning Fluorimetry and Circular Dichroism on 

purified protein to assess the melting temperature of the molecule.  

5. To compare obtained Tm values against thermal unfolding predictions 

reported Tm values in the literature. 

 

 

 

 

 

 

 

 

 

 

 



 

2.0: Materials and Methods: 

2.1: Materials: 

A large range of suppliers were used to source the reagents required for this 

project. The supplier for a specific material mentioned in the text will be referenced 

at the first mention of that material.  

2.2: Aseptic Technique: 

All procedures involving bacteria were conducted using aseptic technique to prevent 

contamination. 

2.3: Primers: 

External T4 lysozyme primers, N-terminus extension primers and amino acid 

specific mutagenic primers were designed by Dr Mark Odell to mutate a single 

residue in the sequence and synthesised by Invitrogen. Three sets of primers 

targeted residues identified by Prometheus as being structurally important in T4L, 

R95, R96 and R125. The residue S117 was also selected to allow comparison of Tm 

values generated in this experiment to those previously reported. T4 external 

forward primer contains the recognition sequence for the restriction enzyme Nde1 

(CATATG) (New England Biolabs) while the T4 external reverse primer contains the 

recognition sequence for the recognition sequence for the restriction enzyme 

BamH1 (GATCC) (New England Biolabs); restriction enzyme recognition sites 

engineered into primer sequences to enable cloning of T4L gene into selected 

expression vector. The sequences of the forward and reverse primers used for PCR 

amplification/mutagenesis are shown in table 1.  

Table 1: Primer used in the PCR amplification and extension of T4L and for 

engineering mutations in the protein sequence.  



 

Primer Name  Primer Sequence 5’ → 3’ Orientation 

External T4L F ATGCCATATGAATATATTTGAAATGTTACGTA 

External T4L R GATCGGATCCTTATAGATTTTTATACGCGTCC 

N-terminal Extension F ATGCCATATGAATATATTTGAAATGTTACGTTATA

GATGAAGGTC 

N-terminal Extension R GATCGGATCCTTATAGATTTTTATACGCGTCC 

S117 → S117A F GGATTTACTAACGCTTTACGTATGC 

S117 → S117A R GCATACGTAAAGCGTTAGTAAATCC 

S117 → S117V F GGATTTACTAACGTTTTACGTATGC 

S117 → S117V R GCATACGTAAAACGTTAGTAAATCC 

S117 → S117F F GGATTTACTAACTTTTTACGTATGC 

S117 → S117F R GCATACGTAAAAAGTTAGTAAATCC 

R125 → R125A F GCTTCAACAAAAAGCCTGGGATGAAGC 

R125 → R125A R GCTTCATCCCAGGCTTTTTGTTGAAGC 

R125 → R125F F GCTTCAACAAAAATTCTGGGATGAAGC 

R125 → R125F R GCTTCATCCCAGAATTTTTGTTGAAGC 

R125 → R125V F GCTTCAACAAAAAGTCTGGGATGAAGC 

R125 → R125V R GCTTCATCCCAGACTTTTTGTTGAAGC 

R95 → R95A F CTTGATGCGGTTGCTCGCTGTGC 



 

R95 → R95A R GCACAGCGAGCAACCGCATCAAG 

R95 → R95H F CTTGATGCGGTTCATCGCTGTAC 

R95 → R95H R GCACAGCGATGAACCGCATCAAG 

R96 → R96A F GCGGTTGCTGCCTTGTGCATTG 

R96 → R96A R CAATGCACAGGCAGCAACCGC 

R96 → R96H F GCGGTTGCTCACTGTGCATTG 

R96 → R96H R CAATGCACAGTGAGCAACCGC 

 

2.3: Vector Selection: 

Vector selection is an important consideration for successful protein expression. 

The bacterial expression vector pET-3C (Addgene) was selected for the expression 

of wild type and mutant T4 lysozyme. pET vectors accounted for over 90% of 

proteins deposited in the Protein Data Bank (PDB) in 2003 (Sorensen and 

Mortensen, 2005) and are designed for high-level expression of proteins due to the 

presence of the powerful T7 promoter region. The pET-3C plasmid was selected as 

previous publications have demonstrated that it can be used for effective expression 

of T4L (Griffey et al., 1985). Features of the pET-3C plasmid that make it suitable 

for expression of T4L are the Lac Operon controlled T7 promoter region, the 

presence of the ampicillin resistance gene to act as a selectable marker and the 

presence of Nde1 and BamH1 cloning sites in the multiple cloning site of the vector.  

2.4: Preparing ampicillin stock solution: 

100 mg/ml Ampicillin stock solution was prepared by dissolving 0.5 g of Ampicillin 

Sodium Salt (Melford) in 5 ml of ultrapure, distilled water. Solution was vortexed 



 

vigorously to mix and transferred to -20 ˚C for storage. Prepared ampicillin stock 

solution is 1,000X working concentration for LB broth cultures and 2,000X working 

concentration for LB agar cultures. 

2.5: Pouring ampicillin containing agar plates: 

Plasmids can carry one or more antibiotic resistance genes which confer resistance 

to a specific antibiotic to the bacteria carrying them (Addgene, 2020). The presence 

of an antibiotic resistance gene on a plasmid acts as a selectable marker, allowing 

researchers to isolate bacteria containing that plasmid from bacteria that do not by 

artificial selection methods such as growing the bacteria in the presence of the 

antibiotic. As described in section 2.3 the plasmid pET-3C contains the gene 

conferring ampicillin resistance to the host bacteria.  

Luria broth (LB) is a nutrient rich media commonly used to culture bacteria, the 

addition of agar results in the formation of a gel complex that bacteria can grow on, 

as they are unable to digest the agar but can obtain nutrition from the LB within. The 

addition of an antibiotic to the agar gel allows for the selection of only those bacteria 

expressing resistance to the action of that antibiotic, typically conferred by a 

plasmid. 

Complete LB broth powder (Fisher), with a media composition of 10 g/L tryptone, 5 

g/L yeast extract and 10 g/L sodium chloride, was used to maintain and propagate 

E. coli cultures. 1 L of LB broth was prepared by adding 25 g of powder to 1 L of 

purified, distilled water in a Duran bottle. Media was autoclaved to sterilise in a 

Benchtop Prestige Medical Classic Media Autoclave (Phillip Harris) for 30 minutes 

at 121 ˚C and 20 PSI. Bacteriological grade agar added to LB broth at 1.7% w/v 

before mixture re-autoclaved. 

After molten LB agar cooled below 60 ˚C, ampicillin stock solution was added to 

mixture to final concentration of 50 µg/ml, agar mixture was swirled to ensure even 



 

distribution. 40 LB agar plates poured into sterile petri dishes (Sigma) using aseptic 

technique. Plates were left covered on the bench to solidify for 30 minutes before 

being inverted and transferred to 37 ˚C incubator overnight to dry. After overnight 

drying plates were sealed into plastic bag with absorbent material to reduce 

condensation and stored at 4 ˚C until use.   

2.6: Production of E. coli competent cells: 

Chemically competent E. coli competent cells were produced for the expression 

strain One Shot Top10 (Fisher). Glycerol stocks of Top10 cells were streaked out 

onto LB agar and grown at 37 ˚C overnight in an INCU-Line IL 10 incubator (VWR). 

Individual colonies were selected from plate and used to inoculate 10 ml of LB broth 

without antibiotics; culture was grown overnight at 37 ˚C at 220 RPM in a MaxQ HP 

Incubated and Refrigerated Console Shaker (Fisher). 100 ml of LB media was 

sterilely inoculated with 1 ml of the overnight culture and grown in orbital shaker at 

37 ˚C and 220 RPM, 3 ml of LB broth retained as a blank. Optical density (OD) of 

the culture was measured at 595 nm every hour against the blank solution using a 

Biochrom WPA Biowave 2 UV-Vis Spectrophotometer (Fisher), sample OD was 

measured every hour until the optical density reaches 0.1. After OD reaches 0.1 

reading was taken every 15 minutes until the OD595 reaches 0.4. After culture 

reaches sufficient cell density culture flask was chilled on ice for 30 minutes gently 

shaking the flask occasionally.  

Two 50 ml Falcon tubes were chilled on ice alongside cell culture, 100 ml culture 

was split into chilled tubes and centrifuged using Refrigerated Heraeus Megafuge 8 

(Fisher) at 3,000 g for 15 minutes at 4 ˚C to pellet cells. Supernatant decanted and 

pellets gently resuspended in 5 ml of ice-cold 0.1 M MgCl2 (Sigma). Resuspended 

cells were incubated on ice for 5 minutes before centrifugation at 2,000 g for 15 

minutes at 4 ˚C to pellet cells. Supernatant was decanted and pellets were gently 



 

resuspended in 10 ml of ice-cold 0.1 M CaCl2 (Sigma). Cell suspension was chilled 

on ice for 30 minutes alongside 25 sterile 0.5 ml Eppendorf tubes (Eppendorf). Cells 

harvested by centrifugation at 2,000 g for 15 minutes at 4 ˚C, supernatant was 

decanted and pelleted cells were gently resuspended in 2.5 ml of ice-cold 0.1 M 

CaCl2 supplemented with 15% v/v glycerol (Fisher) as a cryoprotective agent. 100 

µL aliquots of resuspended cells were transferred to each chilled Eppendorf tube, 

aliquots were flash frozen in dry-ice ethanol bath and transferred to -80 ˚C cold 

storage. 

2.7: Transformation: 

Chemically competent One Shot Top10 cells were used for both DNA production 

and protein expression in this project. For each transformation performed a 100 µL 

vial of Top10 cells was slowly thawed on ice, 2 µL of plasmid was added directly to 

cell suspension and gently mixed, cells were incubated on ice for 30 minutes. After 

incubation cells were chemically transformed by heat shock at 42 ˚C for 45 seconds 

before being returned to ice for 20 minutes. Following second incubation on ice 150 

µL of super optimal broth with catabolite repression (SOC) media (Fisher) was 

aseptically added to transformed cells and transferred to 37 ˚C incubator for one 

hour for outgrowth and recovery. SOC media is a nutrient-rich bacterial growth 

media that has been demonstrated to improve transformation efficiency of plasmids 

resulting in increased uptake (Hanahan, 1983). 

After recovery 100 µL of transformation mix was spread onto a LB agar plate 

containing ampicillin at a final concentration of 50 µg/ml. Plate was inverted and 

transferred to 37 ˚C incubator for overnight growth, remaining cell suspension was 

supplemented with ampicillin to final concentration of 100 µg/ml and stored at 4 ˚C.  

 

 



 

2.8: Agarose Gel Electrophoresis: 

1% agarose gels were prepared with molecular grade agarose (Fisher) and Tris-

Boric Acid-EDTA (TBE) buffer. 10 mg/ml Ethidium Bromide (Bio-Rad) was added to 

molten agarose just prior to pouring gel to a final concentration of 0.5 µg/ml to pre-

stain gel for visualisation. Samples were prepared with 6X Loading Dye (New 

England Biolabs) (30% glycerol, 0.25% bromophenol blue) and loaded alongside 

100 BP GeneRuler DNA Ladder (Fisher) for fragment size comparison. Gels were 

run at 100 V for between 60 – 90 minutes depending on gel size and degree of 

separation required. Gels were visualised using ChemiDOC MP Imaging System 

using the Ethidium Bromide filter settings.  

2.9: Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE): 

SDS-PAGE gels were cast using Mini-PROTEAN Tetra Handcast System (Bio-

Rad), handcast gels are prepared from acrylamide and bisacrylamide monomer 

solutions (Bio-Rad), the component solutions are prepared, mixed together and 

poured between two glass plates to polymerise. 10% acrylamide resolving gel was 

cast with 4% acrylamide stacking gel. Gels were set by radical polymerisation 

catalysed by the addition of 10% v/v ammonium persulfate (APS) (Melford) solution 

and tetramethylethylenediamine (TEMED).  

10 µL of protein sample was mixed with 10 µL of Laemelli loading buffer (0.06M 

Tris-HCl pH 6.8, 10% v/v glycerol, 2% v/v SDS, 0.005% v/v Bromophenol Blue and 

0.05% V/V DTT) prior to loading into gel alongside 14.4 – 116 KDa Pierce 

Unstained Protein Molecular Weight Marker (Fisher). Gels were run at 220 V for 50 

minutes following original Laemmli protocol (Laemmli, 1970) before staining with 

Coomassie Blue stain (Fisher). Following Coomassie staining the gels were de-

stained with 5% v/v propan-2-ol (VWR) and 7% acetic acid (Fisher) to visualise 

protein bands.     



 

2.10: Plasmid DNA Extraction – Miniprep: 

Extraction of plasmid DNA from host cell was conducted using the QIAprep Spin 

Miniprep Kit (Qiagen), manufacturer’s protocol carefully followed as described in 

Qiagen handbook (Qiagen, 2020) including all recommended additional steps. 

Plasmid DNA was eluted in 30 µL of Elution Buffer (EB). Nucleotide concentration of 

eluted plasmid DNA assessed using Nanodrop-2000 (Fisher) and accompanying 

software package. Purity of plasmid DNA assessed using 260/280 nm absorbance 

ratio as reported by Nanodrop software. 

2.11: Purification of DNA products: 

Purification of DNA products was conducted using QIAquick PCR Purification Kit 

(Qiagen), manufacturer’s protocol carefully followed as described in Qiagen 

handbook (Qiagen, 2020) including all recommended additional steps. QIAquick 

purification removes primers, unbound nucleotides, restriction enzymes, mineral oil, 

salts and other impurities from the sample. Cleaned DNA products were eluted in 30 

µL of EB.  

2.12: Double Restriction Digest: 

Double restriction digest protocol was obtained using NEB Cloner Double Digest 

program (New England Biolabs, 2020). Restriction enzymes were selected from 

program list and generated protocol was carefully followed ensuring that reaction 

conditions are selected to prevent the restriction enzymes cutting off target. 

Reaction mixtures, as described in table 2, were assembled on ice. To ensure 

complete digestion samples were incubated for 12 hours at 37 ˚C instead of the 

recommended 1 hour.   

Following restriction digestion samples were incubated at 65 ˚C for 20 minutes to 

heat inactivate the restriction enzymes preventing further activity. However, if the 



 

restriction enzyme BamH1 was involved in the digestion the DNA products must be 

purified as described in section 2.11 as the enzyme cannot be heat inactivated and 

will continue to display activity in downstream reactions if not removed. 

Table 2: Double restriction digest components. Reaction components to 

digest pET-3C on left, with reaction components to digest pHS1403 on right. 

2.13: Ligation: 

Ligation reactions were set up with a 3:1 insert to vector ratio; however, this 

displayed some variation between reactions depending on the availability of plasmid 

and insert. T4 DNA ligase (New England Biolabs) was used to catalyse the 

formation of phosphodiester bonds between complementary sticky ends of the 

insert and the vector. Manufacturer’s protocol was carefully followed; ligation 

reactions were incubated at 16 ˚C for a minimum for 12 hours. When available 

volume of insert was low the reaction volume was scaled back to 10 µL from 

standard 20 µL per reaction. Annealed DNA products were purified to remove ligase 

and un-annealed vector as described in section 2.11. 

2.14: Gel Extraction: 

Gel extraction of DNA fragments was conducted using QIAquick Gel Extraction Kit 

(Qiagen), manufacturer’s protocol was carefully followed as described in Qiagen 

handbook (Qiagen, 2020) including all recommended additional steps. Agarose gel 

electrophoresis carried out as described in section 2.8, adding glycerol to final 



 

concentration of 20% v/v of sample instead of loading dye. DNA was eluted in 30 µL 

of EB.  

2.15: Polymerase chain reaction (PCR): 

Initial PCR conditions to amplify DNA fragments of interest are described in table 3. 

Template and primers control conditions were also prepared, excluding primers and 

template DNA respectively. PCR products were analysed by gel electrophoresis as 

described in section 2.8. Phusion High-Fidelity DNA Polymerase (Fisher) was used 

in all PCR reactions due to high fidelity and 3’ to 5’ proof reading exonuclease 

activity of the enzyme. PCR amplification was conducted in T100 Thermal Cycler 

(Bio-Rad). 

Table 3: Initial PCR reaction conditions using Phusion Polymerase. Thermal 

cycler program presented on left, and reaction components on right.  

2.15: Acquisition and Amplification of Wild Type T4 Lysozyme Gene: 

Wild type T4 lysozyme gene was obtained from Addgene ligated into pHS1403 

vector. Addgene sequencing results have been confirmed that the T4L insert 

sequence provided is incomplete, missing five amino acids, MNIFE, from the N-

terminus of the protein. T4L gene was excised from pHS1403 vector, as described 

in section 2.12, using restriction enzymes BamH1 and Hind3 (New England 

Biolabs), restriction digest products analysed using agarose gel electrophoresis as 

described in section 2.8. T4L gene extracted and purified from gel as described in 



 

section 2.14. PCR reaction using Taq polymerase (Fisher) performed by Dr Mark 

Odell using T4L N-terminal extension primers to add the missing five amino acid 

residues to the N-terminus of the protein. 

Extended protein has been dispatched to Eurofins for sequencing, this not only 

verifies that the correct fragment has been cloned but allows the cloned sequence 

to check for any mutations. Taq polymerase has been historically used for the 

amplification of DNA targets, although Taq polymerase displays excellent 

amplification efficiency under the correct conditions it lacks proofreading 3’ to 5’ 

exonuclease activity resulting in low replication fidelity (Lawyer et al., 1993). The 

error rate for Taq polymerase has been reported as 1.8x10-4 errors/base (Potapov 

and Ong, 2017) and is one of the most significant sources of error in PCR 

amplification.  

Samples were sequenced to confirm the nucleotide sequence matched the reported 

sequence in the literature for wild type T4L (Owen et al., 1983) and no mutations 

had been introduced during the extension PCR by Taq polymerase. Wild type T4L 

gene amplified using PCR as described in section 2.15 using T4 lysozyme external 

primers to meet the experimental requirements of the project.  

2.16: Ligation of Wild Type T4 Lysozyme into pET-3C vector: 

T4 lysozyme gene and pET-3C vector were both treated with restriction enzymes 

BamH1 and Nde1 to generate complementary sticky ends required for ligation. Wild 

type T4L gene was ligated into pET-3C vector as described in section 2.13.  

2.17: Diagnostic Restriction Digest following Ligation: 

Restriction digest of pET-3C/T4L ligation product obtained in section 2.16 was 

performed to determine if the desired gene had been inserted into the plasmid. 5 µL 

of eluted plasmid DNA digested with BamH1 and Nde1 as described in section 2.12. 



 

Products of restriction digestion analysed using gel electrophoresis following the 

protocol established in section 2.8. If fragments of the correct size were obtained 

(494 BP for T4L gene, 4,638 BP for pET-3C) then it was assumed that the insert 

had been correctly ligated into the vector. 5 µL of pET-3C/T4L ligation retained in -

20 ˚C cold storage to later dispatch for sequencing to confirm identity of ligation 

product.  

2.18: Site Directed Mutagenesis by Primer Extension of T4 lysozyme gene: 

Mutations identified using Prometheus program were engineered in T4L gene using 

site directed mutagenesis by primer extension method described in the paper, 

“Simple and Efficient Site-directed mutagenesis using two single primer reactions in 

parallel to generate mutants for protein structure-function studies” (Edelheit et al., 

2009). Two initial mutagenic PCR reactions were set up with complementary 

mutagenic primers and external T4L primers, the PCR products from the first 

mutagenic reaction were combined using an assembly PCR reaction using external 

T4L primers, the overlapping regions of these amplicons hybridise and the PCR 

creates the final product containing the desired mutation. 

2.19: Ligation of mutated T4 lysozyme genes into pET-3C vector: 

After desired mutations had been engineered into T4L gene as described in section 

2.18 the mutant gene was ligated into expression vector. Mutant T4 lysozyme gene 

and pET-3C vector both treated with restriction enzymes BamH1 and Nde1 to 

generate complementary sticky ends required for ligation. Mutant genes were 

ligated into pET-3C vector as described in section 2.13 

 

 

 



 

2.20: Expression of Wild Type and Mutant T4 lysozyme: 

Protein expression refers to the manufacture, modification and regulation of proteins 

in a living organism. 5 µL of wild type T4L ligation product, produced as described in 

section 2.16, or mutant T4L ligation products, produced as described in section 

2.19, was transformed into 50 µL of Top10 Competent Cells as described in section 

2.7. Transformed cells were aseptically inoculated into 10 ml of LB broth 

supplemented with 100 µg/ml of ampicillin for overnight growth. 1 ml of overnight 

culture of ligation products was inoculated into 500 ml of LB broth supplemented 

with ampicillin to final concentration of 100 µg/ml, cultures were grown in orbital 

shaker at 37 ˚C and 220 RPM until OD595 of 0.8 reached measured against LB 

broth blank. 

Once culture had reached inducible optical density isopropyl-β-D-

thiogalactopyranoside (IPTG) (Melford) was added to culture to a final concentration 

of 1 mM to induce expression of protein in culture. After IPTG addition cultures were 

incubated for 4 hours at 37 ˚C and 220 RPM. Cells were harvested from culture by 

centrifugation at 15,000 g and 4 ˚C in Beckman-Coulter Optima XPN Ultracentrifuge 

(Beckman-Coulter) using a JLA 10.5 fixed angle rotor (Beckman-Coulter). 

Supernatant was poured off cells and cell pellet gently resuspended on ice in 20 ml 

of 20 mM, pH 6.8, Sodium Acetate (Sigma) buffer. 

2.21: Cell Lysis and Preparation of Cell Free Extract: 

Resuspended cells were lysed by sonication on ice using Fisherbrand Q700 Probe 

Sonicator (Fisher) at 40 kHz in 5 second pulses for a total lysis time of 90 seconds. 

Cell lysate was centrifuged for 60 minutes at 15,000 g and 4 ˚C in a JA 10.5 Fixed 

Angle Rotor (Beckman-Coulter) to separate the cell-free extract from the insoluble 

pellet. Cell-free extract was carefully decanted and supplemented with 15% v/v 

glycerol and dithiothreitol (DTT) to final concentration of 10 µM/ml in solution. Cell-



 

free lysate was transferred to -80 ˚C cold storage to minimise sample degradation 

by protease enzymes. 

2.22: SDS-PAGE Analysis of Cell-Free Lysate: 

Cell-free lysate containing recombinant wild type/mutant T4L protein was assessed 

by SDS-PAGE as described in section 2.9. De-stained gel was visualised to confirm 

presence of WT/mutant T4L present in lysate, if band of the correct size was 

obtained (18.8 KDa) it was assumed that the protein had been correctly expressed. 

2.23: Pouring of CM-Sepharose Column: 

CM-Sepharose (Sigma) is a weak cation exchange resin with a high capacity for 

proteins of all isoelectric point values, the ion exchange group is a carboxy methyl 

group which possesses a working pH range of 6 – 12 (Sigma). CM Sepharose resin 

supplied as a suspension in 20% ethanol solution, resin was gently resuspended in 

solution by agitation. 2.5 ml of resin suspension was transferred into 15 ml Falcon 

tube; 10 ml of 20 mM sodium acetate, pH 6.8, buffer was added to resin and 

solution was inverted to mix. Tubes were centrifuged in a Refrigerated Heraeus 

Megafuge 8 at 1,000 g for 1 minute at 4 ˚C to pellet the resin. Residual buffer was 

carefully aspirated away; resin washed a further five times with sodium acetate 

buffer to remove any residual 20% ethanol storage solution.   

Cleaned CM-Sepharose resin was resuspended in 10 ml of sodium acetate buffer 

and, using a serological pipette, transferred directly into Ace Chromatography 

Column 10 mm x 46 cm, with fritted disc (Sigma). Transferred resin was allowed to 

settle for 25 minutes to form a packed 2 cm CM-Sepharose column condensed onto 

the frit of the gravity flow column.  

 

 



 

2.24: Ion Exchange Chromatography: 

Ion Exchange Chromatography (IEX) was used to purify cell-free lysate obtained in 

section 2.21 to separate recombinant T4L proteins expressed from the complex 

mixture of proteins present in the cell-free lysate on the basis of molecular surface 

charge. Adapted version of IEX purification protocol described in “Nuclear magnetic 

resonance observation and dynamics of specific amide protons in T4 lysozyme” 

(Griffey et al., 1985) was followed to selectively purify T4L.  

CM-Sepharose column prepared in section 2.23 was equilibrated with 10 column 

volumes (CV) of 20 mM sodium acetate, pH 6.8, buffer. 5 CV of cell-free lysate was 

applied to equilibrated column and washed through with 10 CV of sodium acetate 

buffer to remove any unbound protein; column flow was through collected in 1.5 ml 

Eppendorf tubes for analysis. Proteins bound to CM-Sepharose column were eluted 

by step elution by introducing increasing concentration of NaCl solution. The greater 

the electrostatic charge on a given protein the more concentrated the NaCl solution 

required to elute the target.  

Column washed with 5 CV of 0.1 M NaCl, 20 mM sodium acetate, pH 6.8 solution, 

elution fractions were collected in 1.5 ml Eppendorf tube. Step elution protocol was 

subsequently followed for 0.2, 0.25 and 0.3 M NaCl solution buffered in pH 6.8 

sodium acetate. All elution fractions were collected and supplemented with 10% v/v 

glycerol and DTT to final concentration of 10 µM. IEX elution fractions were stored 

at -80˚C until use. 

Each separate T4 lysozyme mutant and WT-T4L were separated using a freshly 

poured CM-Sepharose column to ensure that eluted protein is not contaminated 

with other mutant variants of T4L which could invalidate downstream results by 

impacting on experimental data.  

 



 

2.25: SDS-PAGE Analysis of IEX Elution Fractions: 

IEX elution fractions were analysed by SDS-PAGE as described in section 2.9. De-

stained gel visualised to determine which elution fraction contains the purified T4L 

protein. Analysed elution fraction containing band of the correct size (18.8KDa) was 

presumed to contain desired protein. 

2.26: Size Exclusion Chromatography:  

Results of SDS-PAGE analysis, described in section 2.25, showed that only a single 

protein present in the IEX elution fractions possessed a molecular weight below 30 

KDa. Size exclusion chromatography using Vivaspin 30 KDa Molecular Weight Cut 

Off Polyethersulfone (PES) 50 ml columns (GE-Healthcare) was performed as 

described in manufacturer’s instructions to selectively isolate T4L from the protein 

mixture (GE Life Science, 2020). Wild type and each mutant T4L samples were 

separated using a fresh size exclusion column for each protein to ensure that 

proteins samples are not contaminated with other mutants.   

2.27: SDS-PAGE Analysis of Size Exclusion Samples: 

Fractions were purified by size exclusion chromatography analysed by SDS-PAGE 

as described in section 2.9. De-stained gel was visualised to determine if T4L had 

been selectively purified from the protein mixture. Single band of the correct size 

(18.8KDa) was presumed to be purified T4L. 

 2.28: Bradford Assay: 

Sample protein concentration was determined using the Bradford assay, a simple 

colorimetric assay for measuring total protein concentration first described in “A 

rapid and sensitive method for the quantification of microgram quantities of protein 

utilizing the principle of protein-dye binding” (Bradford, 1976). Quantification of 

unknown samples is achieved by comparing their absorbance with a standard curve 



 

prepared with known standard concentrations, a series of bovine serum albumin 

(BSA) (Fisher) standards were prepared; standards prepared at 2, 1.5, 1, 0.75, 0.5, 

0.25, 0.125 mg/ml. 5x concentrated Bradford reagent (Bio-Rad) diluted down to 

working concentration in ultrapure water, 250 µL of Bradford reagent was mixed 

with 5 µL of sample/standard in 96-well microplate and gently triturated to mix. 

Samples were incubated at ambient conditions for 1 hour. Sample absorbance was 

measured using Tecan Plate Reader Infinite 200 PRO (Tecan) at 595 nm as 

described in Bio-Rad handbook (Bio-Rad, 2020).  

2.29: Protein Concentration: 

Purified T4L prepared in section 2.26 was concentrated using Vivaspin 10 KDa 

Molecular Weight Cut Off Polyethersulfone 50 ml columns (GE-Healthcare). Protein 

was concentrated as described in manufacturer handbook, concentrated protein 

supplemented with 10% v/v glycerol and DTT to final concentration of 10 µM.  

2.30: Differential Scanning Fluorimetry: 

Differential Scanning Fluorimetry (DSF) was used to assess the Tm value of protein 

samples to assess the thermal stability of the molecule. The principle of DSF 

involves incubation of natively folded proteins with SYPRO orange (Fisher) in a 96-

well qPCR plate (Fisher). Through systematic increase in temperature and analysis 

of SYPRO orange fluorescence emission it is possible to monitor the thermal 

denaturation of the protein. DSF was performed on protein samples as described in 

the paper “Analysis of protein stability and ligand interactions by thermal shift assay” 

(Huyuh and Partch, 2015).  

DSF analysis performed in Applied Biosystems QuantStudio 1 Real Time PCR 

system and accompanying software (Fisher). Fluorescence data was exported from 

qPCR machine using .EDS document format and uploaded to Protein Thermal Shift 

V1.4 (Fisher) software package. This software analyses the protein melt 



 

fluorescence readings and calculates a Tm value for the protein using a derivative 

curve. Thermal Shift software analysis was performed as described in 

manufacturers handbook (Fisher, 2020).  

2.31: Activity Assay for T4 Lysozyme: 

To confirm that the wild type and mutant T4 lysozyme expressed were biologically 

active the activity of the enzyme to lyse bacteria was assessed using a turbidity 

assay. The activity of wild type and mutant T4L was compared to hen’s egg 

lysozyme (HEL) using chloroform treated E. coli as a substrate. The turbidity assays 

were conducted in triplicate following the protocol described in the paper 

“Immobilisation to positively charged cellulose nanocrystals enhances the 

antibacterial activity and stability of hen’s egg white and T4 lysozyme” (Abouhmad 

et al., 2017).  

Enzyme activity was calculated as a percentage of the activity of HEL; activity 

results are an average of the triplicate measurements of independent replicates. 

2.32: Sequencing Analysis: 

Mutant T4 lysozyme samples ligated in pET-3C vector, prepared in section 2.19, 

submitted to Eurofins for sequencing analysis. Submitted samples were prepared as 

described on “Sample Submission” portal for Eurofins Lightrun Sequencing 

(EuroFins, 2020).  

 

 

 

 

 



 

3.0: Results: 

3.1: Mutagenesis of T4 Lysozyme gene: 

Gene encoding for T4 lysozyme (T4L) obtained from Addgene; gene was removed 

from shipping vector pHS1403 using the restriction enzymes BamH1 and Hind3. 

Missing N-terminal residues added to the protein using N-terminal extension 

primers, full length T4L gene ligated into pET-3C vector using the restriction 

enzymes BamH1 and Nde1 and T4 DNA Ligase. To confirm that the gene had been 

successfully ligated into the expression vector a restriction digest was performed to 

excise the T4L gene, as shown in figure 12. 

  

 

 

 

 

 

 

 

 

 

Figure 12: Restriction digest of T4 Lysozyme gene from pET-3C vector using 

BamH1 and Nde1. 100 base pair marker ladder (New England Biolabs) used to 

assess the size of DNA fragments. T4L gene ligated into pET-3C vector treated with 

 
100 BP marker ladder 

Restriction enzyme 

treated vector. 

Untreated vector. 



 

restriction enzyme cocktail and run alongside untreated vector. Fragment found at 

494 base pairs indicates that T4L gene has been successfully ligated into the pET-

3C vector (4638 base pairs). 

Mutations engineered into T4L gene to engineer mutants required for differential 

scanning fluorimetry (DSF), mutations introduced using primer extension. Gel 

electrophoresis, as displayed in figure 13 - 17, was used to assess if mutants were 

successfully engineered into gene. 

Figure 13: Site directed mutagenesis of S117 residue. Samples run alongside 

100 base pair DNA ladder to assess the size of the DNA fragments. If fragment 

located at expected size it was assumed that mutagenesis was successful. 

Fragment at 351 BP represents forward fragment of S117 mutant, fragment at 143 

BP represents reverse fragment of mutant. Both forward and reverse fragments 

required for assembly of final mutant by PCR hybridisation. 
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Figure 14: Site directed mutagenesis of R96 and R125 residues. Samples run 

alongside 100 base pair DNA ladder to assess the size of the DNA fragments. If 

fragment located at expected size it was assumed that mutagenesis was 

successful. Fragment at 119 BP represents reverse fragment of R125 mutant, 

fragment at 375 BP represents forward fragment. Fragment located at 206 BP 

represents reverse fragment of R96 mutant, fragment at 288 BP represents forward 

fragment. Both forward and reverse fragments required for assembly of final mutant 

by PCR hybridisation. 

 

 

100 BP marker ladder R125 R R125 F R96 R R96 R R96 F 



 

Figure 15: Site directed mutagenesis of R95 residue. Samples run alongside 

100 base pair DNA ladder to assess the size of the DNA fragments. If fragment 

located at expected size it was assumed that mutagenesis was successful. 

Fragment at 285 BP represents forward fragment of R95 mutant, reverse mutant not 

represented on image. Both forward and reverse fragments required for assembly of 

final mutant by PCR hybridisation. 

Mutant products of the first round of site-directed mutagenesis were hybridised 

together via an assembly PCR reaction with external T4L primers to produce final 

mutant gene containing the mutated internal sequence, as shown in figure 16. 

Mutagenesis assumed successful if band seen at expected position after samples 

analysed by gel electrophoresis. 

100 BP marker ladder R95 F R95 F R95 F R95 F R95 F 



 

 

Figure 16: Assembly PCR of mutant T4 lysozyme genes. Samples run alongside 

100 base pair DNA ladder to assess the size of the DNA fragments. Assembly PCR 

hybridisation of mutant fragments assumed to be successful if fragment of expected 

size seen when gel imaged after electrophoresis. Empty pET-3C vector run in lane 

2, however excessive sample loaded as shown by the characteristic smearing seen 

in the gel. T4L gene ligated into pET-3C vector run in lane 3, S117A mutant run-in 

lane 4, S117V run in lane 5, S117F run in lane 6, R95A run in lane 7, R95H run in 

lane 8, R96A run in lane 7, R96H run in lane 8, R125A mutant run-in lane 9, R125V 

run in lane 10 and R125F run in lane 11. 

Gel electrophoresis was performed to assess if T4L gene was successfully ligated 

into pET-3C vector, figure 17; if fragment was seen at expected position (5132 BP) 

ligation was assumed successful and can proceed with protein expression. 
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Figure 17: T4 Lysozyme samples ligated into pET-3C expression vector. Site 

directed mutagenesis of S117 residue. Samples run alongside 100 base pair 

DNA ladder to assess the size of the DNA fragments. If fragment located at 5132 

BP it was assumed that ligation was successful. Fragment at 494 BP represents 

residual mutant T4L gene not ligated into vector, fragment at 4638 BP represents 

empty pET-3C vector. Residual T4L gene and pET-3C vector leftover as insufficient 

adenosine triphosphate (ATP) added to reaction mixture and incubation time for 

reaction insufficient. 

3.2: Sequencing Results: 

To confirm the desired mutations were successfully engineered into the T4 

lysozyme sequence samples were dispatched to Eurofins for LightRun sequencing 

as described in section 2.32. However, samples were reported to have been lost in 

transit and retained samples were discarded during a COVID-19 mandated 

laboratory clean-out. Due to a lack of verified sequence data, it cannot be confirmed 

if mutations were successfully engineered, if repeating the experiment, I would 

ensure that engineered mutations were confirmed before proceeding with later 

analysis. 
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 3.3: SDS-PAGE Analysis of Cell-Free Lysate: 

Cell free lysate containing recombinant expressed wild type/mutant T4L protein 

analysed by SDS-PAGE shown in figure 18, as described in section 2.22, to 

determine if protein had been successfully expressed.  

Figure 18: SDS-PAGE analysis of crude protein lysate. Samples run alongside 

Spectra Multicolour Broad Range Protein Ladder (Fisher) to assess the size of 

proteins in sample. If band found at expected size it was assumed that protein 

expression was successful. Overexpressed band seen at ~18.6 KDa assumed to be 

T4 lysozyme. 

Overexpressed band at 18.6 KDa observed in the SDS-PAGE gel for wild type T4L 

and all engineered T4L mutants, after destaining. The presence of the band at the 

expected position in the gel indicates that the protein has been correctly expressed, 

however cannot be used to infer if the protein is correctly folded or biologically 

active. 
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3.4: Ion Exchange Chromatography: 

Cell free lysate of each expressed T4L isoform were purified using Ion Exchange 

Chromatograph (IEX) to isolate expressed T4L. IEX performed using CM-

Sepharose resin and a protocol adapted from the paper “Nuclear magnetic 

resonance observation and dynamics of specific amide protons in T4 lysozyme” 

described in section 2.24.  

 

  

 

 

 

 

 

 

 

Figure 19: IEX purified wild type T4L. Samples run alongside Spectra Multicolour 

Broad Range Protein Ladder (Fisher) to assess the size of proteins in sample. If 

band found at expected size it was assumed that protein expression was 

successful. Overexpressed band seen at ~18.6 KDa assumed to be T4 lysozyme. 

Overexpressed band at 18.6 KDa observed in the SDS-PAGE gel, as seen in figure 

19, for wild type T4L and all engineered T4L mutants, after destaining. IEX purified 

fraction contains some additional contaminant proteins as seen on the gel at ~100 

Protein 

marker 

ladder 

1M NaCl 

wash 

1.5M NaCl 

wash 

2M NaCl 

wash 

2.5M NaCl 

wash 
3M NaCl 

wash 



 

KDa and 150 KDa, respectively. Pattern observed in figure 19 for WT T4L also 

observed in the SDS-PAGE gels for expressed T4L mutants. 

3.5: Size Exclusion Chromatography: 

Size Exclusion Chromatography (SEC) was used to polish T4L fraction purified by 

IEX to isolate expressed T4L from other contaminants, as described in section 2.26. 

Polyethersulfone resin with a 30 kDa molecular weight cut off was used to separate 

desired protein from contaminants.  

Figure 20: SEC purified wild type T4L. Samples run alongside Spectra Multicolour 

Broad Range Protein Ladder (Fisher) to assess the size of proteins in sample. 

Overexpressed band seen at ~18.6 KDa assumed to be T4 lysozyme, isolated from 

all residual contaminants. Wells 2 and 3 contain the wash fractions from IEX 

purification representing the protein mixture T4L has been isolated from during the 

purification process.  
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Pattern observed in figure 20 for WT T4L also observed in the SDS-PAGE gels for 

expressed T4L mutants following SEC purification.  

3.6: Protein Concentration: 

Following SEC purification to selectively isolate expressed T4 isoform from 

remaining contaminants proteins were concentrated using polyethersulfone resin 

with a 10 kDa molecular weight cut off. Samples concentrated to a suitable 

concentration to allow for downstream analysis to occur, >0.05 g/ml. Concentrated 

T4L isoforms were analysed by SDS-PAGE, figures 21 and 22, to investigate the 

homogeneity of the sample. 

Figure 21: SDS-PAGE analysis of concentrated T4L isoforms. Samples run 

alongside Spectra Multicolour Broad Range Protein Ladder (Fisher) to assess the 

size of proteins in sample. Overexpressed band seen at ~18.6 KDa assumed to be 

T4 lysozyme. Well 3 contains Wild type T4L, well 4 contains S117A mutant, well 5 

contains S117V mutant, well 6 contains S117F mutant, well 7 contains R95A mutant 

and well 8 contains R95H mutant. 
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Figure 22: SDS-PAGE analysis of concentrated T4L isoforms. Samples run 

alongside Spectra Multicolour Broad Range Protein Ladder (Fisher) to assess the 

size of proteins in sample. Overexpressed band seen at ~18.6 KDa assumed to be 

T4 lysozyme. Well 3 contains R96A T4L mutant, well 4 contains R96H mutant, well 

5 contains R125A mutant, well 6 contains R125V mutant and well 7 contains R125F 

mutant. 

3.7: T4 Lysozyme Activity Assay: 

To investigate if the expressed and purified isoforms of T4L were biologically active 

the proteins were subjected to an activity assay; the activity of T4L mutants is a 

topic of thorough research used to investigate the relationship of the genetic code to 

the product protein, a T4L activity assay can be used to determine if the mutant 

protein is biologically active and if the protein was correctly folded during protein 

synthesis (Abouhmad et al., 2017). To ensure the activity of T4 lysozyme mutants 
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could be directly compared all proteins were adjusted to a concentration of 0.05g/ml 

±5% before proceeding with the activity assay. Protein concentrations assessed by 

Bradford assay and adjusted to 0.05g/ml with 0.25 M NaCl, pH 6.8 sodium acetate 

buffer. Protein activity was assessed in triplicate by sequential repeats using a 

turbidity assay with E. coli as a substrate, as described in section 2.31. Standard 

±5% experimental error assumed for activity values.  

Table 4: Average absorbance data at 350nm of T4L activity assay. The time 

taken for the absorbance of the E. coli culture at 350 nm to fall by 0.1 was used to 

assess the activity of the wild type and mutant T4L samples.  

Time 

(s) Average absorbance at 350 nm 

0 0.791 0.811 0.795 0.754 0.833 0.786 0.694 0.812 0.754 0.881 0.641 0.890 

5 0.785 0.795 0.786 0.745 0.821 0.777 0.685 0.801 0.742 0.872 0.632 0.882 

10 0.779 0.781 0.775 0.737 0.814 0.771 0.676 0.793 0.731 0.866 0.624 0.873 

15 0.770 0.769 0.766 0.722 0.801 0.763 0.667 0.780 0.718 0.860 0.615 0.865 

20 0.762 0.752 0.758 0.714 0.788 0.756 0.660 0.769 0.709 0.854 0.604 0.857 

25 0.755 0.730 0.746 0.705 0.775 0.748 0.653 0.761 0.700 0.852 0.592 0.850 

30 0.748 0.715 0.735 0.693 0.764 0.739 0.641 0.754 0.692 0.843 0.585 0.845 

35 0.741 0.702 0.723 0.680 0.754 0.732 0.632 0.742 0.684 0.830 0.575 0.834 

40 0.733 0.688 0.707 0.667 0.747 0.724 0.628 0.737 0.675 0.822 0.568 0.826 

45 0.726 0.671 0.698 0.661 0.735 0.716 0.621 0.729 0.667 0.810 0.559 0.818 

50 0.719 0.657 0.688 0.649 0.727 0.707 0.614 0.718 0.660 0.797 0.551 0.809 

55 0.712 0.642 0.675 0.640 0.719 0.698 0.607 0.709 0.651 0.785 0.545 0.800 

60 0.703 0.631 0.661 0.632 0.708 0.692 0.598 0.698 0.644 0.777 0.539 0.792 

65 0.695 0.614 0.652 0.622 0.695 0.684 0.590 0.685 0.631 0.762 0.534 0.785 

70 0.687 0.603 0.646 0.615 0.688 0.678 0.581 0.672 0.624 0.757 0.521 0.779 

Isoform HEL 

WT 

T4L S117A S117V S117F R95A R95H R96A R96H R125A R125V R125F 

 



 

Absorbance data reported in table 4 used to assess the hydrolytic activity of the T4L 

isoforms as described in the paper “Purification of Bacteriophage T4 Lysozyme” 

(Tsugita and Inouye, 1968). Enzyme activity calculated as a percentage of the 

activity of Hen’s Egg White Lysozyme (HEWL) as displayed in table 5 and figure 23.   

Table 5: Activity of T4 Lysozyme isoforms measured as a percentage of the 

activity of HEWL. Activity in units, per ml (U) for a standard 0.05 mg/ml solution of 

T4 lysozyme measured as described in the paper “Purification of Bacteriophage T4 

Lysozyme” (Tsugita and Inouye, 1968).  

Lysozyme Isoform Activity (U) % activity of HEL 

HEWL 0.05 100.00 

WT 0.10 200.00 

S117A 0.07 140.00 

S117V 0.07 140.00 

S117F 0.07 140.00 

R95A 0.05 107.69 

R95H 0.05 107.69 

R96A 0.06 127.27 

R96H 0.06 127.27 

R125A 0.06 116.67 

R125V 0.06 116.67 

R125F 0.06 116.67 

 



 

 

Figure 23: Activity of wild type and mutant T4 Lysozyme samples compared to 

HEL. HEWL used as a standard to compare the activity of T4L isoforms against. 

WT and all T4L mutants demonstrated to be more active than HEL. 

3.8: Differential Scanning Fluorimetry:  

Thermal stability of expressed and purified T4 lysozyme isoforms was assessed 

using differential scanning fluorimetry to measure the Tm value for the protein. DSF 

analysis was performed as described in section 2.30, Thermal Shift software used 

to determine the Tm value of analysed protein, as seen in figures 24 - 34. Tm values 

for analysed proteins were compared to values reported in the literature. 
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Figure 24: Tm value for wild type T4 Lysozyme generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 64.37 ˚C. 

  

Figure 25: Tm value for S117A Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 68.39 ˚C. 



 

 

Figure 26: Tm value for S117V Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 70.49 ˚C. 

 

Figure 27: Tm value for S117F Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 67.87 ˚C. 



 

 

Figure 28: Tm value for R95A Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 53.35 ˚C. 

 

Figure 29: Tm value for R95H Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 55.33 ˚C. 



 

 

Figure 30: Tm value for R96A Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 56.90 ˚C. 

 

Figure 31: Tm value for R96H Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 56.36 ˚C. 



 

 

Figure 32: Tm value for R125A Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 55.17 ˚C. 

 

Figure 33: Tm value for R125V Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 52.83 ˚C. 



 

 

Figure 34: Tm value for R125F Lysozyme mutant generated by Thermal Shift 

software. Protein fluorescence data analysed by software using a derivative curve 

to calculate the Tm value for the protein as 52.80 ˚C. 

 

 

 

 

 

 

 

 

 

 



 

Table 6: Tm values for wild type and mutant T4 lysozyme samples compared to 

Tm values reported in the literature. Tm values compared to assess the accuracy 

of differential scanning fluorimetry; literature values obtained from the papers 

“Lessons from the lysozyme of phage T4” (Baase et al., 2010) and “Contributions of 

all 20 amino acids at site 96 to the stability of T4 lysozyme” (Mooers et al., 2009).  

T4 Lysozyme Isoform  Tm value calculated (˚C)  Tm value reported in literature (˚C)  

Wild Type  64.37  65.1  

S117V  70.49  70.1  

S117A  68.39 68.6  

S117F  67.87  67.8  

R95A  53.35  Not Reported  

R95H  55.33  Not Reported  

R96A  56.90  59.9  

R96H  56.36  56.7  

R125V  52.83  Not Reported  

R125A  55.17  Not Reported  

R125F  52.80  Not Reported  

 

Tm values for T4L isoforms calculated using Thermal Shift software are very similar 

(±5%) to the thermal unfolding values reported in the literature, this indicates that 

the wild type and mutant proteins have been succesfully expressed and purified, 

and the data is both reliable and accurate.  

 

 

 



 

4.0: Discussion: 

Mutagenesis is an important tool to study gene regulation and the functional 

characterisation of protein (Trehan et al., 2016); mutagenesis of T4 lysozyme gene 

was accomplished in this project using primer extension, a method which uses 

nested primers to mutate a target region. While primer extension is an effective 

method to introduce non-random base changes to the target sequence of a protein 

it is a labour-intensive method prone to human error (Urban et al., 1997). A more 

reliable and accurate method for genetically altering DNA is recombineering, which 

uses bacteria expressing viral recombination protein to introduce a desired mutation 

into a DNA sequence (Trehan et al., 2016). While mutant T4L genes were 

sequenced to confirm that the desired mutation had been successfully engineered 

into the sequence an alternative method of mutagenesis could have been employed 

to ensure actuate and reliable mutation of the target gene with a high PCR 

amplification efficiency, typically site directed mutagenesis by primer extension 

displays low amplification efficiency due to primer self-annealing (Liu and Naismith, 

2008).  

The vector selected for the expression work was pET-3C. This vector has been 

adapted for the expression of bacterial proteins containing a truncated version of the 

powerful T7 promoter downstream of the multiple cloning site (MCS) where the 

gene to be expressed would be inserted (Addgene, 2020). The T7 promoter region 

is very active, synthesising RNA at a rate several times that of the E. coli RNA 

polymerase promoter region (Tabor, 2001). Additionally, the T7 promoter region is 

resistant to antibiotics such as rifampicin and ampicillin which inhibit E. coli RNA 

polymerase and would therefore interfere with protein expression. While pET-3C 

has previously been used to express T4L, as shown in the paper “Nuclear magnetic 

resonance observations and dynamics of specific amide protons in T4 lysozyme” 



 

(Griffery et al., 1985) a more effective expression vector to maximise protein yield 

would be pET-28A. 

pET-28A is the most popular expression plasmid on the commercial market being 

used in over 40,000 published articles (Shilling et al., 2020). While both pET-3C and 

pET-28A both contain a version of the T7 promoter region, pET-28A contains 

additional features to maximise expression and make purification of recombinant 

protein easier. pET-28A contains a lac operator sequence adjacent to the T7 

promoter region that is not found in pET-3C; this region suppresses uninduced 

expression of protein (Shilling et al., 2020). Additionally, the MCS of the pET-28A 

vector is located downstream of the coding sequence for a polyhistidine purification 

tag, allowing the recombinant protein produced to be easily purified by Immobilised 

Metal Ion Affinity Chromatography (IMIAC) following a standardised protocol 

(Bornhorst and Falke, 2010).  

Poly-His tagged proteins can be easily purified and detected due to the string of 

histidine residues which binds to several types of immobilised metal ions including 

nickel, copper, and cobalt. Resins such as Ni-NTA agarose allow for the selective 

separation of the tagged protein from a complex mixture of other proteins, such as 

crude cell lysate (Fisher, 2020). The T7 promoter region in pET-28A contains the 

full-length promoter region, the promoter region in pET-3C lacks the complete T7 

consensus sequence, which limits protein production yields (Shilling et al., 2020). 

To continue with this investigation, or repeating the experiment, I would select pET-

28A as the expression vector to maximise protein yields. 

T4 lysozyme is remarkably tolerant of changes in the amino acid sequence, its 

enzymatic activity is preserved upon single substitutions of more than half of the 

amino acid residues found in the protein (Rennell et al., 1991).  Due to this 

tolerance to change the enzymatic activity of T4L is not affected by engineering a 



 

poly-His tag into the protein at either the N or C terminus of the protein; however, no 

studies have been conducted to investigate if the presence of a poly-His tag affects 

the thermal stability of the protein (Boura et al., 2017).  

Before proceeding with affinity purification of T4L with a poly-His tag engineered 

future work must be performed to investigate the effect of the His tag on the thermal 

stability of the protein. If the presence of the His tag is shown to interfere with the 

thermal stability of the protein the tag can be cleaved off the protein using protease 

enzyme (Waugh, 2011).  

If repeating the expression and purification of wild type and mutant T4L, I would opt 

to use affinity chromatography to purify recombinant T4L isoforms instead of ion 

exchange chromatography (IEX); protein purification by affinity-based methods 

improves yield, protein purity and reduces downstream processing required to 

obtain a homogenous solution of pure protein (Zhang et al., 2010).  While protein 

purification by IEX is a more cost-effective method of purifying a recombinant 

protein, it is a labour-intensive requiring significant downstream polishing to obtain a 

high-purity sample and multiple IEX runs may be required to obtain a suitable yield 

of protein (Duncan et al., 1987). Affinity purification with a poly-His tag has 

previously been used to isolate recombinant T4L as described in the paper 

“Expression and purification of a recombinant metal binding T4 Lysozyme fusion 

protein” (Sloane et al., 1996). 

The activity of the T4L isoforms was assayed using a turbidity assay to determine if 

the protein was biologically active following the protocol described in the paper 

“Immobilisation to positively charged cellulose nanocrystals enhances the 

antibacterial activity and stability of hens egg white and T4 lysozyme” (Abouhmad et 

al., 2017). Chloroform treated E. coli cells used as the substrate for the activity 

assay; while all isoforms of T4L were confirmed to be biologically active from the 



 

results of the turbidity assay the activity of all the assayed proteins, including the 

HEL control, did not match the activity values reported in the literature. The activity 

of HEL with an E. coli substrate is reported as 2.69 U, wild type T4L activity is 

reported as 75.63 U, approximately 28X more active than HEL with an E. coli 

substrate.  

The results of the turbidity assay show that all isoforms of T4L display greater 

antibacterial activity than the HEL control; however, the ratio of activity was much 

lower than expected with the activity of WT T4L being only 2X more active than the 

control sample. Wild type T4L is the most active isoform of T4L with each mutant 

displaying reduced activity, due to a gap in the literature the activity values for T4L 

mutants obtained from the turbidity assay cannot be directly compared against other 

papers.  

To prepare E. coli cells to act as a substrate for the lysozyme activity assay, 

involves cells being grown to a suitable optical density, centrifuged, and 

resuspended in Tris-HCl buffer, treated with chloroform to make cells sensitive to 

action of lysozyme before being lyophilised and resuspended in Tris buffer (Tsugita 

and Inouye, 1968). Due to the lack of available equipment the cells could not be 

lyophilised and were instead used as the assay substrate directly after chloroform 

treatment; this deviation from the assay protocol could explain the consistently low 

activity of the lysozyme enzymes. If repeating the lysozyme activity assay, I would 

select Micrococcus Lysodeikitus as the substrate for the turbidity assay as the 

bacteria does not require processing and chloroform treatment to make cells 

sensitive to the action of lysozyme. While the consistently low activity indicates an 

issue with substrate preparation or experimental design, the low activity of the 

expressed isoforms of T4L could have resulted from the expression and purification 

of a truncated or mutant protein. To investigate the possibility of expression of a 

truncated protein I would sequence the expressed T4L isoforms using mass 



 

spectrometry or Edman degradation; and comparing the activity of a commercially 

prepared and purified sample of wild type T4L to investigate a difference in activity 

between the commercially prepared enzyme and the protein prepared in-house. 

The Tm values for the T4L isoforms analysed by Differential Scanning Fluorimetry 

(DSF) closely match the melting temperature values reported in the literature; DSF 

analysis is a low-resolution technique that can be used to assess peptide thermal 

stability; the technique is used in protein stability screening, epitope discovery and 

vaccine research (Hellman et al., 2016). Circular Dichroism (CD) is a spectroscopic 

technique to study a wide variety of chiral molecules in solution, including small 

molecules, polymers, and biopolymers. CD is particularly valuable to study the 

structure of proteins and investigate the structure-function relationship of a protein, 

which is essential to investigate the mode of action of a protein (Diamond, 2020).  

CD offers increased resolution over DSF to determine the thermal stability of the 

protein while also offering information regarding the secondary and tertiary structure 

of the protein. However, CD analysis requires high sample yields and displays low 

throughput (Hellman et al., 2016). Due to the reduced sample requirement DSF 

analysis reduces demand on protein production systems making it suitable for high 

throughput screening (Niesen et al., 2007). If continuing this investigation, I would 

analyse the thermal stability of the protein samples by CD in addition to DSF, the 

combination of the two techniques provides high resolution thermal stability data 

and provides information regarding the structure of the protein. While CD is a low-

resolution technique compared to NMR and X-ray crystallography, samples 

analysed by CD require minimal processing for analysis, typically CD analysis can 

be conducted on samples in their storage buffers (Greenfield, 2006). 

The B23 beamline at the Diamond Institution produces a collimated beam of small 

cross section at the sample which allows the measurement of small volumes of 



 

sample solutions at a resolution several times better than commercial CD 

instruments (Diamond, 2020). High protein flux across the UV region improves the 

signal to noise ratio of CD measurements using the B23 beamline; for these 

reasons, the beamline has previously been used in biological, biochemical, 

chemical, pharmaceutical and crystallographic research. The high-resolution 

thermal stability data obtained from CD synchrotron data will allow the Prometheus 

program to be refined, permitting more accurate prediction of protein structure and 

thermostability to be calculated.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5.0: Conclusions: 

5.1: Summary: 

Wild type and engineered T4 Lysozyme mutants were successfully expressed and 

purified. Mutations were engineered into the sequence of the T4L gene by site 

directed mutagenesis by primer extension; to confirm the gene had been 

successfully mutated the nucleic acid sequence was commercially sequenced. 

Recombinant expressed protein purified by ion exchange chromatography and size 

exclusion chromatography in conjunction to obtain a homogenous sample of 

protein. Purity of the expressed protein assessed by SDS-PAGE to confirm that the 

sample has sufficient purity for downstream analysing. The biological activity of the 

T4L isoforms was analysed by a turbidity assay to determine the anti-bacterial 

activity of the enzyme. The activity values calculated from the results of the turbidity 

assay significantly deviated from the activity reported in the literature requiring 

further investigation and method refinement to generate more accurate activity data. 

The results of the turbidity assay and the SDS-PAGE analysis confirmed the 

expressed proteins identity, and that the protein is suitable for thermal stability 

analysis.   

The amino acid sequence of the expressed proteins was not analysed to confirm 

that the desired mutation had been successfully engineered into the protein 

sequence. It was assumed that the expressed protein matched the encoding gene, 

and no mutations were introduced during the expression process. To continue this 

avenue of research, the amino acid sequences of the proteins must be sequenced 

to ensure that no mutations or frameshifts were introduced during the expression 

process that could affect the thermostability of the protein. 

Protein thermostability was investigated using Differential Scanning Fluorimetry 

(DSF) to generate the Tm values for the T4L isoforms studied. The values calculated 



 

by DSF closely matched those previously reported in the literature. To increase the 

reliability and accuracy of the generated Tm values the DSF data should be 

supported with valid data from another method that can be used to assess the 

thermal stability of a protein such as circular dichroism, fluorescence-based assays, 

and fluorophore assays. 

Conducting research during the ongoing COVID-19 pandemic was exceedingly 

difficult due to isolation restrictions, laboratory closures and increased competition 

for funding and reagents. Many of the further research avenues of this project, 

described in section 5.2, would ideally have been investigated however this was 

rendered impossible due to the geopolitical situation.  

5.2: Further Research: 

5.21: Refining a protein structure prediction program: 

Developing and refining a program to determine the three-dimensional shape of a 

protein from the primary amino acid sequence is an important tool to investigate 

Anfinsen’s Dogma and determine the contribution of each amino acid to the overall 

structure of a protein. A refined version of Prometheus has the potential to be 

utilised for designing drugs, protein mutation studies, three-dimensional protein 

structure prediction and protein engineering.  

This research has provided substantial experience with DNA mutagenesis, protein 

expression, purification, and thermal stability investigation. The high-resolution 

thermal stability data obtained from CD synchrotron data will allow the Prometheus 

program to be refined and improved by Professor Williams by providing high 

resolution experimental data for the γ, σ, and μ values that Prometheus uses to 

generate a heat map of residues, allowing for more accurate prediction of protein 

structure and thermostability to be calculated by the program. Further research, for 

example a PhD or postdoctoral project is required to further refine protein structure 



 

predicting software using thermal stability and structure data for other well 

characterised proteins, such as catalase or lactate dehydrogenase, to refine and 

improve the ability of Prometheus to predict the three-dimensional shape of a 

protein. Another potential avenue for research is investigating if any point mutations 

not predicted by Prometheus significantly impact the Tm or activity values of T4L, 

the abundance of thermodynamic data for T4L in the literature provides an effective 

starting point for this project to test the functionality of the program. After refinement, 

to test the versatility of the model, entering the program into the CASP would be the 

next logical progression of this project. 

5.22: Improvements to activity assay: 

The turbidity assay used to assess the activity of T4L isoforms, produced data that 

deviated significantly from the enzyme activity values reported in the literature. 

Repeat the activity assay using M. Lysodeikitus as a substrate and compare the 

activity values obtained to those reported in the literature. Additionally, investigate if 

lyophilisation and resuspension of E. coli substrate affects the activity of T4L by 

comparing activity against E. coli substrate directly after chloroform treatment. 

Investigate activity of T4L isoforms for each substrate for the turbidity assay. 

5.23: Refinement of protein expression: 

pET-3C used as the expression vector for isoforms of T4L during the project, to 

maximise the yield of protein expression select an alternative vector, such as pET-

28A. Use a Bradford assay to assess and compare the protein yield of expression 

from pET-3C and pET-28A vectors to investigate if the choice of vector affects the 

amount of recombinant protein produced. Investigate how other factors involved in 

protein expression, such as optical density of culture upon induction, the 

concentration of IPTG used to include protein expression and the time/temperature 

the expression culture is exposed to, affect the concentration of recombinant protein 



 

produced. Additionally, confirm the amino acid sequence of the expressed T4L 

isoforms using mass spectrometry or Edman degradation to verify that the intended 

protein has been successfully expressed. 

5.24: Refinement of protein purification: 

The cation exchange resin CM Sepharose was used to purify expressed T4L from 

the crude cell lysate; while CM Sepharose displays a high capacity for proteins of all 

isoelectric point values an alternative IEX resin could be selected to maximise 

recovery of desired protein sample from cell lysate mixture. AmberLite CR99 

(DuPont) is a strong ion exchange resin which has been engineered to maximise 

recovery and sample purity at all pH values. Expressing T4L using pET-28A will 

insert a poly-Histidine tag at the N-terminus of the protein and enable protein 

separation using affinity chromatography selectively separating the protein using 

IMIAC. Investigate if T4L can be effectively purified using affinity chromatography, 

use SDS-PAGE to assess the purity of the protein sample and determine if further 

polishing is required to obtain a homogenous sample of protein.  

5.25: Assessment of protein thermal stability:  

As mentioned, the thermostability of the proteins was investigated using DSF to 

compare Tm values determined experimentally to those generated by Prometheus. 

Using data generated from DSF in conjunction with high-resolution thermal stability 

data obtained from CD will allow Professor Williams to refine the Prometheus 

program allowing for more accurate prediction of protein structure and 

thermostability to be generated. CD offers increased resolution over DSF to 

determine the thermal stability of the protein while also offering information 

regarding the secondary and tertiary structure of the protein. Assess protein stability 

using CD to determine if the Tm values generated directly correspond to those 

determined using DSF. Additionally, assess if the presence of a poly-His tag affects 



 

the thermal stability of the protein or it is necessary to enzymatically cleave the tag 

prior to conducting thermostability analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

6.0: References: 

Abouhmad, A., Dishisha, T., Amin, A., and Hatti-Kaul, R. (2017) Immobilisation to 

positively charged cellulose nanocrystals enhances the antibacterial activity and 

stability of hen’s egg white and T4 lysozyme. Biomacromolecules, 18(5) 1600 – 

1608.   

Addgene (2020) Plasmids 101: Restriction Cloning. [Available from 

https://blog.addgene.org/plasmids-101-restriction-cloning]. 

Addgene (2020) Pouring LB Agar Plates. [Available from 

https://www.addgene.org/protocols/pouring-lb-agar-plates/]. 

Akinalp, A.S., Asan, M. and Ozcan, N. (2007) Expression of T4 lysozyme gene in 

Streptococcus salivarius subspecies. African Journal of Biotechnology, 6(1) 963 – 

966. 

Alberts, B., Johnson, A. and Lewis, J. (2002) Molecular Biology of the Cell. 4th 

edition. New York: Garland Science. 

Al-Hazmi, A. (2012) Expression of T4 Lysozyme Gene in Escherichia coli and 

Trichoderma reesei. [Available from 

https://knowledgecommons.lakeheadu.ca/handle/2453/537]. 

Anderson, D.E., Lu, J., McIntosh, L., Dahlquist, F.W. (1993) The Folding, Stability 

and Dynamics of T4 Lysozyme: A perspective using Nuclear Magnetic Resonance. 

1st edition. London: Palgrave.     

Anfinsen, C.B. (1973) Principles that govern the folding of protein chains. Science, 

181(4096) 223 – 230. 

Baase, W.A., Liu, L., Tronrud, D.E. and Matthews, B.W. (2010) Lessons from the 

lysozyme of phage T4. Protein Science, 19(4) 631 – 641. 

https://blog.addgene.org/plasmids-101-restriction-cloning
https://www.addgene.org/protocols/pouring-lb-agar-plates/
https://knowledgecommons.lakeheadu.ca/handle/2453/537


 

Benkerroum, N. (2008) Antimicrobial activity of lysozyme with special relevance to 

milk. African Journal of Biotechnology, 7(1) 4856 – 4886. 

Berg, J.M., Tymoczko, J.L. and Stryer, L. (2002) Biochemistry. 5th edition. New 

York: W H Freeman.  

Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N., Weissig, H., 

Shindyalov, I.N. and Bourne, P.E. (2000) The Protein Data Bank. Nucleic Acids 

Research, 28(1) 235 – 242. 

Bertoni, M., Kiefer, F., Biasini, M., Bordoli, L. and Schwede, T. (2017) Modelling 

protein quaternary structure of homo- and hetero-oligomers beyond binary 

interactions by homology. Science Report, 7(1) 104 – 1008. 

Bio-Rad (2020) Quick Start Bradford Protein Assay Instruction Manual. [Available 

from http://www.bio-rad.com/webroot/web/pdf/lsr/literature/4110065A.pdf]. 

Boodhun, N. (2018) Seeing is believing: structure and functions of biological 

molecules. Biotechniques, 64(4) 21 – 24. 

Bornhorst, J.A. and Falke, J.J. (2010) Purification of proteins using polyhistidine 

affinity tags. Methods in Enzymology, 3(26) 245 – 254.  

Boura, E., Baumlova, A., Chalupska, D., Dubankova, A. and Klima, M. (2017) Metal 

ions binding T4 lysozyme as an intramolecular protein purification tag compatible 

with X-ray crystallography. Protein Science, 26(6) 1116 – 1123. 

Bourne, Y., and Henrissat, B. (2001) Glycoside hydrolases and 

glycosyltransferases: families and functional molecules. Current options in structural 

biology, 11(5) 593 – 600. 

http://www.bio-rad.com/webroot/web/pdf/lsr/literature/4110065A.pdf


 

Bowman, A.L., Grant, I.M., and Mulholland, A.J. (2008) QM/MM simulations predict 

a covalent intermediate in the hen egg white lysozyme reaction with its natural 

substrate. Cambridge Chemical Communications, 37(7) 4425 – 4427. 

Bradford, M.M. (1976) A rapid and sensitive method for the quantification of 

microgram quantities of protein utilizing the principal of protein-dye binding. 

Analytical Biochemistry, 7(72) 248 – 25. 

Burgess, P. (1973) Lysozyme: History, Methods of Assay and some Applications. 

Hatfield Polytechnic Industrial Report, 7(2) 9 – 11. 

Callaway, E. (2015) The revolution will not be crystallized: a new method sweeps 

through structural biology. Nature, 525(1) 172 – 174.  

Callaway, E. (2020) Revolutionary cryo-EM is taking over structural biology. Nature 

News, 10 February. Available from https://www.nature.com/articles/d41586-020-

00341-9. [Accessed 19 July 2021]. 

Carroni, M. and Saibil, H.R. (2016) Cryo-electron microscopy to determine the 

structure of macromolecular complexes. Methods, 15(2) 78 – 85. 

Cavalli, A., Salvatella, X., Dobson, C.M. and Vendruscolo, M. (2007) Protein 

structure determination from NMR chemical shifts. Proceedings of the National 

Academy of Sciences of the United States of America, 104(23) 9615 – 9620. 

Cazypedia (2021) Glycoside Hydrolase Families. Available from 

https://www.cazypedia.org/index.php/Glycoside_Hydrolase_Families [accessed 22 

July]. 

CHARMM (2020). Chemistry at Harvard Macromolecular Mechanics: The 

Biomolecular Simulation Program. Available from 

https://www.nature.com/articles/d41586-020-00341-9
https://www.nature.com/articles/d41586-020-00341-9
https://www.cazypedia.org/index.php/Glycoside_Hydrolase_Families


 

https://www.charmm.org/charmm/?CFID=79749f14-5bb3-4eb8-933d-

1488be982e03&CFTOKEN=0 [accessed 7th March 2020]. 

Choi, S.C., Hobolth, A., Robinson, D.M., Kishino, H. and Thorne, J.L. (2007) 

Quantifying the Impact of Protein Tertiary Structure on Molecular Evolution. 

Molecular Biology and Evolution, 24(8) 1769 – 1782. 

Chothia, C., Gherardi, E., Lesk, A.M., Walter, G., Marks, J.D. and Winter, G. (1992) 

Structural repertoire of the Human VH segments. Journal of Molecular Biology, 

5(27) 799 – 817. 

Cornilescu, G., Delaglio, F. and Bax, A. (1999) Protein backbone angle restraints 

from searching a database for chemical shift and sequence homology. Journal of 

Biomolecular NMR, 13(3) 289 – 302. 

Curry, S. (2015) Structural Biology – A Century Long Journey into an Unseen 

World. Interdisciplinary Science Review, 40(3) 308 – 328. 

Davies, G., and Henrissat, B. (1995) Structure and mechanisms of glycosyl 

hydrolases. Structure, 15(3) 853 – 859. 

Davies, G., and Henrissat, B. (1995) Structures and mechanisms of glycosyl 

hydrolases. Structures, 3(9) 853 – 859. 

Deng, H., Jia, Y. and Zhang, Y. (2017) Protein Structure Prediction. International 

Journal of Modern Physics B, 32(18) 184 – 199. 

Diamond Institute (2020) Soft Condensed Matter; Welcome to B23. Available from 

https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/B23.html [accessed 

24 December 2020]. 

https://www.charmm.org/charmm/?CFID=79749f14-5bb3-4eb8-933d-1488be982e03&CFTOKEN=0
https://www.charmm.org/charmm/?CFID=79749f14-5bb3-4eb8-933d-1488be982e03&CFTOKEN=0
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/B23.html


 

DiMaio, F., Kondrashov, D.A., Bitto, E., Soni, A., Bingman, C.A., Phillips Jr., G.N. 

and Shavlik, J.W. (2008) Creating Protein Models from Electron-Density Maps using 

Particle-Filtering Methods. Bioinformatics, 23(21) 2851 – 2858.  

Dong, H., Mukaiyama, A., Tadokoro, T., Koga, Y., Takano, K. and Kanaya, S. 

(2008) Hydrophobic effect on the stability and folding of a hyper-thermophilic 

protein. Journal of Molecular Biology, 378(1) 264 – 274.  

Dubochet, J., Adrian, M., Chang, J., Homo, C., Lepault, J., McDowall, A., and 

Schultz, P. (1988) Cryo-electron microscopy of vitrified specimens. Quarterly 

Review of Biophysics, 21(2) 129 – 228. 

Duncan, J., Chen, A. and Siebert, C. (1987) Performance evaluation of non-porous 

versus porous ion-exchange packings in the separation of proteins by high-

performance liquid chromatography. Journal of Chromatography, 3(97) 3 – 12. 

Dyson, H.J., Wright, P.E and Scheraga, H.A. (2006) The role of hydrophobic 

interactions in initiation and propagation of protein folding. Proceedings of the 

National Academy of Sciences of the United States of America, 103(35) 13057 – 

13061. 

Edelheit, O., Hanukoglu, A. and Hanukoglu, I. (2009) Simple and efficient site-

directed mutagenesis using two single-primer reactions in parallel to generate 

mutants for protein structure-function studies. BMC Biotechnology, 61(9) 55 – 59. 

EuroFins (2020) LightRun Tube Samples Submission Guidance. [Available from 

https://www.eurofinsgenomics.eu/en/custom-dna-sequencing/gatc-services/lightrun-

tube/].  

Evans, P., and McCoy, A. (2007) An introduction to molecular replacement. Acta 

Crystallogr D Biol Crystallogr, 64(1) 1 – 10. 

https://www.eurofinsgenomics.eu/en/custom-dna-sequencing/gatc-services/lightrun-tube/
https://www.eurofinsgenomics.eu/en/custom-dna-sequencing/gatc-services/lightrun-tube/


 

Fisher (2020) His Tagged Proteins; Production and Purification. Available from 

https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-

biology-learning-center/protein-biology-resource-library/pierce-protein-methods/his-

tagged-proteins-production-purification.html [accessed 23 December 2020]. 

Fisher (2020) Protein Thermal Shift Software v1.4. [Available from 

https://www.thermofisher.com/order/catalog/product/4466037#/4466037]. 

Flemming, A. (1922) On a remarkable bacteriolytic element found in tissues and 

secretions. Proceedings of the Royal Society of London, 93(3) 306 – 317. 

Fowler, N.J., Sljoka, A., and Williamson, M.P. (2020) A method for validating the 

accuracy of NMR protein structures. Nature Communications, 11(1) 6321. 

GE Life Sciences (2020) CM Sepharose CL-6B. [Available from 

https://www.gelifesciences.co.jp/tech_support/manual/pdf/71707300.pdf]. 

Green, D.W., Ingram, V.M., and Perutz, M.F. (1954) The structure of haemoglobin, 

sign determination by the isomorphous replacement method. London: Royal 

Society. 

Greenfield, N.J. (2006) Using circular dichroism spectra to estimate protein 

secondary and tertiary structure. Nature Protocols, 1(6) 2876 – 2890.  

Griffey, R.H., Redfield, A.G., Loomis, R.E. and Dahlquist, F.W. (1985) Nuclear 

Magnetic Resonance Observation and Dynamics of Specific Amide Protons in T4 

Lysozyme. Biochemistry, 24(4) 817 – 822. 

Grütter, M.G., Weaver, L., and Matthews, B.W. (1983) Goose lysozyme structure: 

an evolutionary link between hen and bacteriophage lysozymes? Nature, 303(2) 

828 – 831. 

https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/his-tagged-proteins-production-purification.html
https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/his-tagged-proteins-production-purification.html
https://www.thermofisher.com/uk/en/home/life-science/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/his-tagged-proteins-production-purification.html
https://www.thermofisher.com/order/catalog/product/4466037#/4466037
https://www.gelifesciences.co.jp/tech_support/manual/pdf/71707300.pdf


 

Han, B., Zhou, K., Li, Z., Sun, B., Ni, Q., Meng, X., Pan, G., Li, C., Long, M., Li., T., 

Zhou, C., Li, W., and Zhou, Z. (2016) Characterization of the first fungal glycosyl 

hydrolase family 19 chitinase from Nosema bombycis. Journal of Eukaryotic 

Microbiology, 63(1) 37 – 45.  

Hanahan, D. (1983) Studies on Transformation of Escherichia Coli with Plasmids. 

Journal of Molecular Biology, 166(4) 557 – 580. 

Hand, E. (2020) “We need a people’s cryo-EM.” Scientists hope to bring 

revolutionary microscope to the masses. Science Magazine, 23 January. Available 

from https://www.sciencemag.org/news/2020/1/we-need-people-s-cryo-em-

scientists-hope-bring-revolutionary-microscope-masses. [Accessed 20 July 2021]. 

Harrison, R.W. (1993) Phase problem in crystallography. Journal of the Optical 

Society of America, 10(1) 1046 – 1055.  

Hauptman, H.A. (1997) The phase problem of X-ray crystallography: Overview. 

Electron Crystallography, 34(7) 131 – 138. 

Helal, R. and Melzig, M.F. (2010) In vitro effects of selected Saponins on the 

Production and Release of Lysozyme Activity of Human Monocytes and Epithelial 

Cell Lines. Scientia Pharmaceutica, 79(2) 334 – 337. 

Helliwell, J.R. (2017) New Developments in Crystallography: Exploring its 

Technology, Methods and Scope in the Molecular Biosciences. Bioscience Report, 

37(4) 4 – 7. 

Hellman, L.M., Yin, L., Wang, Y., Blevis, S.J., Riley, T.P., Belden, O.S., Spear, T.T., 

Nishimura, M.I., Stern, L.J. and Baker B.M. (2016) Differential scanning fluorimetry 

based assessments of the thermal and kinetic stability of peptide MHC complexes. 

Journal of Immunological Methods, 4(32) 95 – 101. 

https://www.sciencemag.org/news/2020/1/we-need-people-s-cryo-em-scientists-hope-bring-revolutionary-microscope-masses
https://www.sciencemag.org/news/2020/1/we-need-people-s-cryo-em-scientists-hope-bring-revolutionary-microscope-masses


 

Henrissat, B., and Davies, G. (1997) Structural and sequence-based classification 

of glycoside hydrolases. Current opinions in structural biology, 7(5) 637 – 644. 

Holton, T., Loerger, T.R., Christopher, J.A. and Sacchettini, J.C. (2000) Determining 

protein structure from electron-density maps using pattern matching. Acta 

Crystallographica Section D: Structural Biology, 56(6) 722 – 734. 

Huynh, K. and Partch, C.L. (2015) Analysis of Protein Stability and Ligand 

Interactions by Thermal Shift Assay. Current Protocols in Protein Science, 79(1) 91 

– 94. 

Jiang, S., Qin, Y., Yang, J., Li, M., Xiong, L., and Sun, Q. (2017) Enhanced 

antibacterial activity of lysozyme immobilized on chitin nanowhiskers. Food 

Chemistry, 221(1) 1507 – 1513. 

Johnson, L.N., Phillips, D.C., and Atkins, C. (1965) Structure of some crystalline 

lysozyme inhibitor complexes determined by X-ray analysis at atomic resolution. 

Nature, 206(2) 761 – 763. 

Jones, D.T., Taylor, W.R. and Thornton, J.M. (1992) A New Approach to Protein 

Fold Recognition. Nature, 358(6381) 86 – 89. 

Kawashima, S., Pokarowski, P., Pokarowski, M., Kolinski, A., Katayama, T. and 

Kanehisa, M. (2008) AAindex: Amino acid index database, progress report 2008.  

Nucleic Acids Research, 36(1) 202 – 205. 

Kendrew, J.C., Bodo, G., Dintzus, H.M., Parrish, R.G., Wyckoff, H., Phillips, D.C. 

(1958) A three-dimensional model of the myoglobin molecule obtained by X-ray 

analysis. Nature, 181(1) 662 – 666. 

Khoushan, F., and Yamabhai, M. (2010) Chitin Research Revisited. Marine Drugs, 

8(7) 1988 – 2012. 



 

Koshland, D.E. (1953) Stereochemistry and the mechanism of lysozyme enzymatic 

reactions. Biological Reviews, 28(4) 416 – 436. 

Kuroki, R., Weaver, L.H., and Matthews, B. (1999) Structural basis of the 

conversion of T4 lysozyme into a trans glycosidase by re-engineering the active 

site. Proceedings of the National Academy of Sciences of the United Sites of 

America, 96(16) 8949 – 8954. 

Kuroki, R., Weaver, L.H., and Matthews, B.W. (1993) A covalent enzyme-substrate 

intermediate with saccharide distortion in a mutant T4 lysozyme. Science, 

262(5143) 2030 – 2033. 

Laemmli, U.K. (1970) Cleavage of Structural Proteins During the Assembly of the 

Head of Bacteriophage T4. Nature, 227(5259) 680 – 685. 

Lawyer, F.C., Stoffel, S., Saiki, R.K., Chang, S.Y., Landre, P.A., Abramson, R.D. 

and Gelfand, D.H. (1993) High-level expression, purification, and enzymatic 

characterization of full-length Thermus aquaticus DNA polymerase and a truncated 

form deficient in 5’ to 3’ exonuclease activity. PCR Methods and Applications, 2(4) 

275 – 287. 

Liu, H. and Naismith, J.H. (2008) An efficient one-step site directed delection, 

insertion, single and multiple site plasmid mutagenesis protocol. BMC 

Biotechnology, 8(6) 1 – 9. 

Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D. and Darnell, J. 

(2000) Molecular Cell Biology. 4th edition. New York: W.H. Freeman. 

Matthews, B.W., Anfinsen, C.B., Richards, F.M., Edsall, J.T. and Eisenberg, D.S. 

(1995) Advances in Protein Chemistry. Academic Press, 46(1) 249 – 278. 



 

McPherson, A. Gavira, J.A. (2014) Introduction to Protein Crystallization. Acta 

Crystallographica Section F: Structural Biology Communications, 70(1) 2 – 20. 

Mir, M.A. (1977) Lysozyme: A brief review. Postgraduate Medical Journal, 53(619) 

257 – 259. 

Mooers, B.H., Baase, W.A., Wray, J.W. and Matthews, B.W. (2009) Contributions of 

all 20 amino acids at site 96 to the stability and structure of T4 lysozyme. Protein 

Science, 18(5) 871 – 880. 

Moult, J., Fidelis, K., Kryshtafovych, A., Schwede, T. and Tramontano, A. (2018) 

Critical Assessment of Methods of Protein Structure Prediction (CASP) – Round XII. 

Proteins, 86(1) 7 – 15. 

Murata, K. and Wolf, M. (2018) Cryo-electron microscopy for structural analysis of 

dynamic biological macromolecules. Biochimica et Biophysica Acta, 1862(2) 324 – 

334. 

New England Biolabs (2020) NEBcloner Restriction Enzyme Double Digestion. 

[Available from http://nebcloner.neb.com/#!/protocol/re/double/BamHI,HindIII]. 

Niesen, F.H., Berglund, H. and Vedadi, M. (2007) The use of differential scanning 

fluorimetry to detect ligand interactions that promote protein stability. Nature 

Protocols, 2(9) 212 – 221.  

Nwanochie, E. and Uversky, V.N. (2019) Structure Determination by Single-Particle 

Cryo-Electron Microscopy: Only the Sky (and Intrinsic Disorder) is the Limit. 

International Journal of Molecular Sciences, 20(17) 41 – 86. 

Oakley, A.J. and Wilce, M.C. (2008) Macromolecular Crystallography as a Tool for 

Investigating Drug, Enzyme and Receptor Interactions. Clinical and Experimental 

Pharmacology and Physiology, 27(3) 321 – 325. 

http://nebcloner.neb.com/#!/protocol/re/double/BamHI,HindIII


 

Oakley, A.J., Ketterman, A. and Wilce, C.J. (2001) Structural Biology and Its 

Applications to the Health Sciences. Croatian Medical Journal, 42(4) 375 – 378. 

Osapay, K., Wright, P.E., Theriault, Y. and Case, D.A. (1994) Journal of Molecular 

Biology, 244(2) 183 – 197. 

Owen, J.E., Schultz, D.W., Taylor, A. and Smith, G.R. (1983) Nucleotide sequence 

of the lysozyme gene of bacteriophage T4: Analysis of mutations involving repeated 

sequences. Journal of Molecular Biology, 165(2) 229 – 248. 

Papageorgiou, A.C. and Mattsson, J. (2014) Protein Structure Validation and 

Analysis with X-ray Crystallography. Methods in Molecular Biology, 11(29) 112 – 

117. 

Pauling, L., Corey, R.B. and Branson, H.R. (1953) The Structure of Proteins: Two 

Hydrogen Bonded Helical Configurations of the Polypeptide Chain. Proceedings of 

the National Academy of Sciences of the United States of America, 37(4) 205 – 211. 

Perutz, M.F. (1956) Isomorphous replacement and phase determination in non-

centrosymmetric space groups. Acta Crystallographica, 9(11) 867 – 873. 

Popp, D., Koh, F., Scipion C.P., Ghoshdastider, U., Narita, A., Holmes, K.C. and 

Robinson, R.C. (2018) Advances in Structural Biology and the Application to 

Biological Filament Systems. BioEssays, 17(1) 17 – 21. 

Potapov, V. and Ong, J.L. (2017) Examining Sources of Error in PCR by Single-

Molecule Sequencing. Public Library of Science One, 12(1) 169 – 177. 

Poteete, A.R., Rennell, D., Bouvier, S.E. and Hardy, L.W. (1997) Alteration of T4 

lysozyme structure by second-site reversion of deleterious mutations. Protein 

Science, 6(11) 2418 – 2425. 



 

Poulsen, F.M. (2002) A Brief Introduction to NMR spectroscopy of Proteins. 

[Available from  https://users.cs.duke.edu/~brd/Teaching/Bio/asmb/Papers/Intro-

reviews/flemming.pdf]. 

Purslow, J.A., Khatiwada, B., Bayro, M.J., and Venditti, V. (2020) NMR methods for 

structural characterization of protein – protein complexes. Frontiers of Molecular 

Bioscience, 8(1) 33 – 38. 

Qiagen (2020) QIAprep Miniprep Handbook 2020. [Available from 

https://www.qiagen.com/gb/resources/resourcedetail?id=22df6325-9579-4aa0-

819c-788f73d81a09&lang=en]. 

Qiagen (2020) QIAquick PCR Purification Kit – For purification of PCR products. 

[Available from https://www.qiagen.com/au/products/discovery-translational-

research/dna-rna-purification/dna/qiaquick-pcr-purification-kit/#orderinginformation]. 

Ramachandran, G.N. and Sasiskharan, V. (1968) Conformation of Polypeptides and 

Proteins. Advances in Protein Chemistry, 23(1) 283 – 437. 

Ramanthan, A., Savol, A.J., Langmead, C.J., Agarwal, P.K. and Chennubhotla, C.S. 

(2011) Discovering conformational sub-states relevant to protein function. Public 

Library of Science One, 6(1) 158 – 167. 

Rennell, D., Bouvier, S.E., Hardy, L.W. and Poteete, A.R. (1991) Systematic 

mutation of bacteriophage T4 lysozyme. Journal of Molecular Biology, 222(1) 67 – 

88. 

Rose, D.R., Phipps, J., Micniewicz, J., Birnbaum, G.I., Ahmed, F.R., Muir, A., 

Anderson, W.F. and Narang, S. (1985) Crystal structure of T4-lysozyme generated 

from synthetic coding DNA expressed in Escherichia coli. Protein Engineering, 2(4) 

277 – 282. 

https://users.cs.duke.edu/~brd/Teaching/Bio/asmb/Papers/Intro-reviews/flemming.pdf
https://users.cs.duke.edu/~brd/Teaching/Bio/asmb/Papers/Intro-reviews/flemming.pdf
https://www.qiagen.com/gb/resources/resourcedetail?id=22df6325-9579-4aa0-819c-788f73d81a09&lang=en
https://www.qiagen.com/gb/resources/resourcedetail?id=22df6325-9579-4aa0-819c-788f73d81a09&lang=en
https://www.qiagen.com/au/products/discovery-translational-research/dna-rna-purification/dna/qiaquick-pcr-purification-kit/#orderinginformation
https://www.qiagen.com/au/products/discovery-translational-research/dna-rna-purification/dna/qiaquick-pcr-purification-kit/#orderinginformation


 

Rose, G.D., Glerasch, L.M. and Smith, J.A. (1985) Turns in Peptides and Proteins. 

Advances in Peptides and Proteins, 37(2) 1 – 109. 

Rossmann, M.G., and Blow, D.M. (1962) The detection of sub-units within the 

crystallographic asymmetric unit. Acta Crystallographica, 15(1) 24 – 31. 

Rutgers (2020). Novel Computational Tool for Understanding Protein Interactions 

and Generating Energy Maps. Available from 

http://techfinder.rutgers.edu/tech/Novel_Computational_Tool_for_Understanding_Pr

otein_Interactions_and_Generating_Energy_Maps [accessed 4th March 2020]. 

Schrödinger (2020). WaterMap – A New Paradigm in Ligand Optimisation. Available 

from https://www.schrodinger.com/watermap [accessed 7th March 2020].   

Shilling, P.J., Mirzadeh, K., Cumming, A.J., Widesheim, M., Kock, Z., and Daley, 

D.D. (2020) Improved designs for pET expression plasmids increase protein 

production yield in Escherichia coli. Biology Communications, 214(20) 77 – 84. 

Shoemaker, S.C. and Ando, N. (2018) X-rays in the Cryo-Electron Microscopy Era: 

Structural Biology’s Dynamic Future. Biochemistry, 57(3) 277-285. 

Singh, R., Kumar, M., Mittal, A. and Mehta, P.K. (2016) Microbial Enzymes: 

industrial progress in 21st century. 3 Biotech, 6(2) 174 – 175. 

Sloane, R.P., Ward, J.M., O’Brien, S.M., Thomas, O.R. and Dunnill, P. (1996) 

Expression and purification of a recombinant metal binding T4 Lysozyme fusion 

protein. Journal of Biotechnology, 49(3) 231 – 238. 

Smyth, M.S., and Martin, J.H. (2000) X-ray crystallography. Molecular Pathology, 

53(1) 8 -14. 

http://techfinder.rutgers.edu/tech/Novel_Computational_Tool_for_Understanding_Protein_Interactions_and_Generating_Energy_Maps
http://techfinder.rutgers.edu/tech/Novel_Computational_Tool_for_Understanding_Protein_Interactions_and_Generating_Energy_Maps
https://www.schrodinger.com/watermap


 

Sorensen, H.P. and Mortensen, K.K. (2005) Advanced Genetic Strategies for 

Recombinant Protein Expression in Escherichia Coli. Journal of Biotechnology, 

115(2) 113 – 128. 

Stoker, H. (2015) Organic and Biological Chemistry. 2nd edition. New York: Cengage 

Learning.  

Sulakvelidze, A., Alavidze, Z. and Morris JR, J.G. (2001) Bacteriophage Therapy. 

Antimicrobial Agents and Chemotherapy, 45(3) 549 – 659. 

Tabor, S. (2001) Expression using T7 RNA polymerase promoter system. Current 

Protocols in Molecular Biology, 16(2) 11 – 16. 

Taylor, G.L. (2010) Introduction to phasing. Acta Crystallogr D Biol Crystallogr, 

66(4) 325 – 338. 

Thompson, A.L., Watkin, D.J. and Cooper, R.I. (2016) Crystal enhancements: 

Dealing with hydrogen atoms in crystal refinement. Journal of Applied 

Crystallography, 4(3) 1100 – 1107.  

Trehan, A., Kielbus, M., Czapinski, J., Stepulak, A., Huhtaniemi, I. and Rivero, A. 

(2016) REPLACR-mutagenesis, a one -step method for site directed mutagenesis 

by recombineering. Scientific Reports, 6(1) 91 – 101. 

Tsugita, A. and Inouye, M. (1968) Purification of Bacteriophage T4 Lysozyme. 

Journal of Biological Chemistry, 243(9) 391 – 397. 

UniProt Consortium. (2015) UniProt: a hub for protein information. Nucleic Acids 

Research, 43(1) 204 – 212. 

Urban, A., Neukirchen, S. and Jaeger, K.E. (1997) A rapid and efficient method for 

site-directed mutagenesis using one-step overlap extension PCR. Nucleic Acid 

Research, 25(11) 2227 – 2228. 



 

Vengadesan, K. and Gautham, N. (2005) A new conformational search technique 

and it’s applications. Current Science, 88(11) 1759 – 1770. 

Vollmer, W., Joris, B., Charlier, P., and Foster, S. (2008) Bacterial peptidoglycan 

(murein) hydrolases. Microbiology Reviews, 32(2) 259 – 286. 

Ward, A.B., Sali, A. and Wilson, I.A. (2014) Integrative Structural Biology. Science, 

339:12 913 – 915. 

Watson, J.D. and F.H. Crick (1953) Molecular Structure of Nucleic Acids: A 

Structure for Deoxyribose Nucleic Acid. Nature, 171(2) 737 – 738. 

Waugh, D.S. (2011) An overview of enzymatic reagents for the removal of affinity 

tag. Protein Expression and Purification, 80(2) 283 – 293. 

Weaver, L.H., and Matthews, B.W. (1987) Structure of bacteriophage T4 lysozyme 

refined at 1.7 Angstrom resolution. Journal of Molecular Biology, 193(1) 189 – 199. 

Weaver, L.H., Grütter, M.G., Remington, S.J., Gray, T.M., Isaacs, N.W., and 

Matthews, B.W. (1984) Comparison of goose type, chicken type, and phage type 

lysozymes illustrates the changes that occur in both amino acid sequence and 

three-dimensional structure during evolution. Journal of Molecular Evolution, 21(2) 

97 – 111. 

Williams, L.J., Schendt, B.J., Fritz, Z.R., Attali, Y., Lavroff, R.H. and Yarmush, M.L. 

(2019) A protein interaction free energy model based on amino acid residue 

contributions: Assessment of point mutation stability of T4 lysozyme. Technology, 

1(2) 12 – 39.  

Yang, G., Cecconi, C., Baase, W.A., Vetter, I.R., Breyer, W.A., Haack, J.A., 

Matthews, B.W., Dahlquist, F.W., and Bustamante, C. (2000) Solid state synthesis 



 

and mechanical unfolding of polymer of T4 lysozyme. Proceedings of the National 

Academy of Sciences of the United Sites of America, 97(1) 139 – 144. 

Yip, K.A., Fischer, N., Paknia, E., Chari, A. and Stark, H. (2020) Atomic-resolution 

protein structure determination by cryo-EM. Nature, 587(1) 157 – 161. 

Zhang, T., Faraggi, E. and Zhoi, Y. (2010) Fluctuations of backbone torsion angles 

obtained from NMR-determined structures and their prediction. Proteins, 78(16) 

3353 – 3362. 

Zhang, Y. (2009) Protein Structure Prediction: Is it Useful? Current Opinions in 

Structural Biology, 19(2) 145 – 155. 

 

 

 

 

 

 

 


