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 Abstract 

Cancer refers to a large and complex group of diseases that can be caused by multiple genetic and environmental factors.  Many cancers are associated with the dysregulation of tumour-suppressor genes.  Some of these cancers, such as non-small cell lung cancer (NSCLC), can only be detected at an advanced stage and therefore have a low survival rate.  
This project was designed in collaboration with Morvus Technology Ltd with the goal of using modern bioinformatics tools to analyse the major genetic and metabolic pathways involved in ovarian and non-small-cell lung carcinoma (NSCLC).  The study also sought to characterise the predicted structures of some of the key proteins that regulate these pathways and networks.  The wider aim of the work was to use these bioinformatics approaches to underpin and facilitate future efforts at designing novel anti-cancer drugs for ovarian and NSCLC.  The specific objectives of the project were to predict de novo protein structures for possible drug targets and to develop cellular models of cancer-related pathways through biological network analysis. 
Protein and gene data sets for BCL2A1 and TMBIM6 were provided by Morvus Technology. Further protein sequences were retrieved from public databases for comparison using multiple sequence analysis.  Nine new variants of BCL2A1 were identified.  Homology modelling was used to predict the three-dimensional structure of these functional variants. Network analysis and clustering identified five main sub-networks for BCL2A1 related to mitochondrial-mediated apoptosis, the inflammatory response and leucocyte development. 
TMBIM6 codes for the pro-survival protein BI-1, which regulates endoplasmic reticulum mediated apoptosis. Five new variants were identified for which de novo structures were predicted. Structure truncation was shown to affect protein localisation. Results suggest that both N and C-termini are located in the cytoplasm.  Phylogenetic analysis of the BI1 family showed that BI-1 has unique C-terminus motifs for its channel forming and actin-binding properties.  
Key bioinformatics pipelines of importance in cancer research are documented in the study. This project particularly highlights the need for additional information regarding protein interactions, protein turnover and ubiquitination of BI-1.  
This study has demonstrated that a bioinformatics approach that employs computational protein structure prediction and network modelling can provide valuable tools in the early stages of drug discovery and will underpin subsequent experimental approaches to test hypotheses in a laboratory setting.
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Overview of the Project 

 
Figure 1-1:  A mind map showing the project plan to characterise gene and protein function, 
including the bioinformatics tools used for data analysis.  
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 Introduction 

2.1 Overview of Cancer  
The annual global death rate due to cancer has been estimated at 8 million, with about 12.7 
million new cases being diagnosed every year (Ferlay et al. 2010).  In the developed world, 
where there is a trend of population ageing, cancer is one of the leading causes of death and 
morbidity.  In 2011, the combined population of England and Wales was 56.1 million, 16 percent 
of whom were over 65 years of age (UK Office for National Statistics, 2012).  In the same year, 
one in four deaths (159,000 people) were due to cancer, over 75 percent of these being in 
people over 65 years of age (Cancer Research UK, 2013).  It is clear that although better living 
conditions help people to live longer, longer life-span increases the risk of cancer.  This is related 
to the many genetic changes, due to mutation, that accumulate over a lifetime.  Cancer is 
therefore a major health problem for society, having serious implications for health care and 
productivity.  

2.1.1 General Cancer Biology 
Cancer refers to a complex group of genetic diseases caused by the malfunction of gene 
products.  It is mainly related to DNA damage caused by genetic alterations, such as the 
mutation or translocation of DNA segments, which result in the loss of normal function of gene 
regulation.  The six hallmarks of cancer origin and progression have been identified as:  
Sustaining the proliferation signal, resisting cell death, inducing angiogenesis, enabling 
replicative immortality, activating invasion and metastasis (Hanna & Onaitis, 2013). In addition 
to tumour development, the development of new blood vessels (angiogenesis) is particularly 
important as they supply nutrients to the growing mass of new tissue (Hanahan & Weinberg 
2011).  
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In the non-cancerous state, angiogenesis is controlled by an ‘angiogenic switch’ in which 
activator proteins such as Fibroblast Growth Factor (FGF) are balanced by inhibitors, such as 
P53-activated Thrombospondin 1 (TSP-1) (Hammerschmidt & Wirtz, 2009; Hanahan & 
Weinberg, 2011).  Under cancerous conditions, this balance is upset.  Tumour cells release 
growth factors which are angiogenic signal inducers, such as FGF (fibroblast growth factor), 
FGF-2 (fibroblast growth factor 2), PDGF (Platelet-derived growth factor, VEGF (vascular 
endothelial growth factor) and EGF7 (Endothelial Growth Factor 7) (Nichol & Stuhlmann, 2012).  
The release of these growth factors is triggered as a result of oxygen deficiency within the 
tumour.   They cause endothelial cells to sprout from existing capillary walls and divide 
outwards.  Cell vesicles fuse together and form a lumen across multiple cells, forming new blood 
vessels to supply nutrients to the growing tumour (Robinson et al., 2009). 
Metastasis is a pathological condition where cancer spreads from a primary tumour site to 
other secondary, distant organs through the blood circulation or lymphatic system (Lee and 
Lotze, 2009).  Tumours classed as benign grow locally without invading adjacent tissue 
(Tonnock et al., 2013).  Reference to the stage of a cancer shows the measure of spread of that 
cancer, while cancer grading refers to the degree of differentiation of a tumour (Peedell 2005). 
Larger tumours tend to be more chemo-resistant due to the development of resistant clones 
that lead to tumour heterogeneity (Tsvetkova & Goss 2012).   
Even though the causes of cancer are genetic, so far only a small proportion of cases have been 
linked to a predisposition to mutation or inherited hormonal or immune conditions. The major 
causes of cancer are external factors that affect cellular conditions during a lifetime.  The two 
main types of factor are chemicals (such as carcinogens found in tobacco smoke) and radiation, 
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both of which can permanently damage DNA:  Chemical carcinogens have been shown to cause 
local changes in DNA sequences (Peedell, 2005; Tannock et al., 2013).   

2.1.2 The Genetic Basis of Cancer 
Cancers are caused by somatic mutation. The main causes of mutation or DNA damage include 
Ultra Violet radiation (UV), chemicals such as reactive oxygen species, stress, viruses and 
heredity.  There are three major classes of normal gene whose mutations are responsible for 
cancer: Proto-oncogenes, tumour-suppressor genes and DNA repair genes.  

Proto-oncogenes  
Proto-oncogenes are normal genes that carry out their correct function in the wild-type but can 
contribute to the development of cancer under mutation.  The main sources of abnormality are 
point mutations, chromosomal rearrangement, gene amplification and viral insertion (Alberts, 
2008; Tannock et al., 2013).  These changes produce hyper-functional forms of the genes 
resulting in dominant cancer phenotypes.  Over 100 oncogenes are now recognized, affecting 
a variety of proteins including growth factor receptors (e.g. tyrosine kinase and EGFR).  These 
growth factor receptors can be highly amplified following mutation, triggering signal 
transduction which facilitates cell proliferation.  Other proto-oncogenes such as KRAS, BCL2 and 
MYC are involved in regulatory roles. Their over-activation is implicated in many cancers. For 
example, MYC is a transcription factor that can activate many genes.  It regulates around 15% 
of human genes (Tannock et al., 2013) many of which are involved in cell proliferation, 
apoptosis and angiogenesis. Some of their targets include Cyclin D1, CDK4, CDC25A and E2F. 
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Tumour suppressor genes 
Under normal conditions, tumour-suppressor genes prevent abnormal cell proliferation and 
genetic instability. They can be involved in activating cell death or preventing cell proliferation. 
Mutated tumour-suppressor genes lose their ability to control cell death.  However, being 
recessive in nature, cells undergo uncontrolled proliferation only in the homozygous condition.  
Typical examples include P53, PTEN, RB1, BRCA1, BRCA2 and APC. P53 triggers cell death if DNA 
damage is very serious and kills cell to avoid the development of cancer.  PTEN 
dephosphorylates PI3 into PI2 so controls the activation of the AKT pathway which facilitates 
protein synthesis & apoptosis.  RB1 blocks cell proliferation by inhibiting the transcription factor 
E2F1, so the cell divides only when natural triggers happen.  BRCA1 and BRCA2 are common 
breast cancer susceptibly genes which interact with RAD51, a protein that is important in DNA 
repair (Zvelebil & Baum, 2008).  Mutation in the BRCA genes therefore impairs the cell’s ability 
to repair DNA damage.   APC/C controls cell division at mitotic anaphase for the correct 
daughter cell separation, mutation can result in unequal separation of chromosomes.  

DNA repair genes 
DNA repair genes (e.g. human mismatch repair genes) have the caretaker function of preserving 
genomic stability (Tannock et al., 2013).  They encode proteins that repair DNA damage, so the 
loss of such genes can result in persistent damage and further mutation. Such accumulated 
genetic changes occur at an abnormal rate, resulting in genetic instability within cancer cells 
and heterogeneity within tumours.  For example, DNA damage caused by IR, X-rays and UV is 
detected by ATM/ATR which activates DNA repair genes such as RAD51, RAD52 and RAD54.  
DNA damage caused by the incorporation of the wrong nucleotide is repaired by mismatch 
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genes (e.g. MSH3, MLH1, MSH2 and exo1) which code for nucleases that remove the incorrect 
segment of the mutant strand.  

In general, cancer cells are characterised by their:  
 Lack of ability to repair certain types of DNA damage and correct replication errors of 

various kinds. 
 Accumulation of more point mutations or other DNA sequence changes than normal.  
 Inability to maintain either the number or integrity of their chromosomes; this can be 

detected in the karyotype during mitosis. 
 Random change from one cell generation to the next which speeds up the evolution of 

cell clones toward malignancy.  
 Genetic instability which allows the development of different tumours even though they 

developed in same tissue. 

2.1.3 Classification of Cancer 
Cancer is classified according to the tissue and cell type from which the cancerous cell arises 
(Petersen, 2011). For example, carcinomas form from epithelial tissue, sarcomas from 
connective tissue/muscle cells, leukaemia from white blood cells and lymphomas from 
lymphocytes.  About 80% of human cancers are carcinomas (Peedell, 2005) due to the easy 
exposure of epithelial cells to physical or chemical damage.  Lung, bowel, breast and prostate 
cancers account for half of all cancer-related deaths:  Lung cancer, the main type of carcinoma, 
accounts for 12.7% while breast cancer accounts for 10.9% (Cancer Research UK 2013).   

2.1.4 Ovarian cancer  
Of all cancers occurring in females, ovarian cancer is the fifth most common cause of death 
(Tomao et al., 2014).  Its five year survival rate is less than 20% as it only diagnosed at an 
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advanced stage (III-IV) due to a lack of symptoms and diagnostic markers.  10-20% of ovarian 
cancer cases are due to genetic predisposition, with approximately 15% of those at risk going 
on to develop the disease (Tagawa et al., 2012).  Some genes involved at the different stages 
of ovarian cancer include (Tagawa et al., 2012): 

 Type I:  KRAS, BRAF, PTEN, PIK3-CA and MAPK 
 Type II:  P53 (mutated in 95% of cases)  
 High grade:  The most frequent mutations include Rb1 (67%), TP53 (96%), Ras (47%) and 

BRCA 1 or 2 hyper-methylation (22% of cases).    

Due to the molecular heterogeneity of this cancer, although Platinum-based drugs are 
commonly used (Chien et al., 2013), no single therapy is fully effective (Zeineldin et al., 2010).    

2.1.5 Lung cancer 
Lung cancer is the most invasive and common cause of cancer-related deaths worldwide 
(Dhillon et al., 2013).  Due to a lack of effective drugs, and poor early stage diagnosis, the five 
year survival rate is limited to 15% (Ettinger et al., 2010; Kathuria et al., 2014). These difficulties 
can be addressed, in part, by the identification of signature marker genes, which will 
additionally aid the stratification of patients with respect to prognosis and improve the efficient 
therapeutic-drug administration for patients (Kuner, 2013).    
There are two major histopathological classes of lung cancer: Small Cell Lung Cancer (SCLC) and 
Non-Small Cell Lung Cancer (NSCLC).  Figure 2.1 shows a schematic classification of lung cancers 
with their most commonly mutated or amplified risk-related genes. Smoking cigarettes is a risk 
factor that contributes to 85% of lung cancer cases in the USA (Kathuria et al., 2014).   
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SCLC is mainly caused by smoking, which accounts for 90% cases.  SCLC accounts for 20% of 
lung cancer-related deaths with low survival rate (Pardo et al., 2006; Gao et al., 2014).  The 
most common mutations involve tumour-suppressor genes such as P53, PRB, CREBP, and 
transcription factor MYC (Tang et al., 2013; Gao et al. 2014).    
 
 

 
 
 
 
 
 
 
 
 

 
Figure 2-1. Histopathological classification of lung cancers, showing the relative proportions of 
SCLC and NSCLC with their most commonly mutated / amplified genes. 
  

Lung cancer

Small Cell lung cancer (SCLC)
20%

TP53, RB and MYC
90% cases  are smoker

Non-small cell lung cancer (NSCLC)
80%

Adenocarcinoma (AC)
EGFR and ALK

Squamous cell carcinoma (SQCC)
TP53, CDKN2A PTEN, RB1 and  Notch1

Large cell carcinoma (LCC)
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NSCLC, accounts for 80% of lung cancers (Gao et al., 2014), with 50% remaining undetected 
until an advanced stage (Ettinger et al., 2010; Tsvetkova & Goss, 2012).   NSCLC is further 
classified into Adenocarcinoma (AC), Squamous cell carcinoma (SQCC) and large cell carcinoma 
(LCC).  AC accounts for 40% of all lung cancers (Shtivelman et al., 2014).  Epidermal growth 
factor receptor (EGFR) is the most commonly mutated (25%) causing unusual cell signal 
transduction that results in cell proliferation.  In SQCC cell carcinoma the most commonly 
mutated genes are TP53, CDKN2A, PTEN, RB1 and Notch1 (West et al., 2012). 
The genetic heterogeneity highlights the importance of identifying the cancer subtype in order 
to improve drug administration (West et al., 2012).  Some of the molecular subtypes identified 
for drug targeting include: EGFR pathway / Receptor tyrosine kinase (RTK), EML4-ALK, cRAS, 
BCL2 mutation, epigenetic alteration, IGF alteration, PTEN alteration, VEGFR overexpression 
and PI3KCA amplification.  In the following section, the EGFR/RTK pathway is discussed as an 
example of a targeted pathway. 

2.1.6 A common target pathway in lung and ovarian cancer therapeutics 
Receptor Tyrosine Kinases (RTKs) are the most important group of molecules involved in signal 
transduction and, because they are commonly mutated, are important drug targets. They 
consist of a cysteine-rich extracellular domain which binds to growth factors (cytokines) and a 
cytosolic kinase-domain.  The binding of a ligand to the extracellular hydrophilic domain 
activates the receptor’s cytosolic domain through dimerization and auto-phosphorylation.  The 
protein kinases play a catalytic role by adding a phosphate group (from the hydrolysis of ATP to 
ADP) to an amino acid in a target protein.  Secondary messenger adaptor proteins, like GRB2, 
facilitate the signal transduction to activate transcription factors inside the nucleus.  
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Endothelial growth factor receptor (EGFR) is an example of an RTK involved in signal 
transduction causing cell proliferation.  It is mutated in many cancers.  There are four members 
in the EGFR family, named HER or ErbB: EGFR (HER1/ErbB1), HER2 (ErbB2), HER3 (ErbB3) and 
HER4 (ErbB4) (Antonicelli et al. 2013).  There are two major pathways downstream of EGFR 
activation (the RAS/MAP kinase and PI3K/AKT pathways) as shown in Figure 2.2.  

 
Figure 2-2 EGFR downstream pathways:  These RAS-MAP Kinase and PIP3K/AKIT pathways 
regulate cell proliferation, growth and apoptosis.  
 
Some Food & Drug Agency (FDA) approved drugs targeted at EGFR include:  Gefitinib, Erlotinib 
and Cetuximab.  The EGFR-inhibitors Erlotinib and Gefitinib competitively inhibit the ATP-
binding kinase domain, preventing the auto-phosphorylation of EGFR that is required for its 
kinase activity (West et al., 2012).  Gefitinib binds only to the mutated form of EGFR, 
deactivating its signal transducing property (see Figure 2.3).  It does not affect the normal EGFR 
which continues to respond to it naturally-occurring signals.  Some of the poor response to the 
treatment with EGFR target therapy is due to mutation of other genes such as cMET, which has 
shown 5-20% amplification following therapy (West et al., 2012).   

EGF EGFR PI3K PI2 PI3 AKT mTOR
proteinsynthesis &apoptosisregulation

EGF EGFR GRB2 SOS RAS RAF MEK ERK1/ERK2 Cell proliferation
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Figure 2-3   EGF receptor kinase in complex with the inhibitor drug Gefitinib.  In the drug-protein 
complex, Gefitinib is bound to the catalytic pocket of EGFR (based on PDB: 4WKQ).   
 

Some other example of lung and ovarian cancer drugs are: 

 Cisplatin: Advanced NSCLC (Florea & Busselberg 2011).  
 Crizotinib and  AT13387 inhibit ALK (Vadakara & Borghaei 2012). 
 Gemcitabine: Advanced NSCLC (Kim et al. 2011 ; Zwitter et al. 2014).  
  

EGF EGFR 

EGFR dimer 

Gefitinib 
EGRFR and Gefitinib complex 

+ 
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2.1.7 Conclusion of the section  
Targeted cancer therapies are designed to block selected molecules, or pathways, that are 
required for tumour cell survival (Schatz & Wendel, 2011; West et al., 2012).  However, in 
targeted therapies, where a single cancer driver is identified as target for drug design, 
resistance to the drug pathway is a major problem  (Schatz & Wendel, 2011).  Common causes 
of drug resistance, and poor response to existing drugs, include: 
 Mutation in the target protein itself, which affects the binding to the drug. 
 Mutation downstream of the target pathway. 
 Genetic redundancy, meaning that an alternative pathway can maintain the biological 

function.  For example, mutation of MET (another RTK) can negate the desired effect of an 
EGFR inhibitor drug.  

 A sub-population of a tumour growing to a self-sustaining tumour.  
 Mutation caused by the drug itself  (acquired mutation) 

 
Multiple inhibitor drugs provide an alternative option for overcoming resistance to the 
inhibition of signal intermediates (messengers).  However, multiple drugs can result in 
additional side effects and high toxicity in normal cells.  Therefore, understanding the entire 
pathway of a cancer driver is crucial both for the development of therapeutic drugs and the 
understanding of potential side effects.  The following sections review some key steps involved 
in the development of new drugs, and the bioinformatics approach used to facilitate the drug 
discovery process.   
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2.2 Drug discovery and the development process 
Drug discovery and development involves multidisciplinary research and requires multimillion 
pound investment.  It aims either to produce new drugs, or to develop drugs with improved 
properties compared to the existing drugs.  There are two current trends in the drug discovery 
process  (Mohd & Jyoti, 2012; Lounnas et al., 2013):  
1. Structure-based, where a known compound is characterized in terms of its pharmaceutical 

activities profile for a large number of targets. 
2. Target-based, in which a drug target that is associated with a disease is first identified, then 

potential inhibitors are identified during the discovery process.   

However, it might take ten to fifteen years to bring a single drug to the market, and the success 
rate is generally low (Wishart, 2007).  More recently, parallel sequencing technology has 
enabled the characterization of targets that drive diseases from the whole genome; increased 
computational power, which allows the manipulation of large data, is facilitating and speeding 
up the discovery process.  
There are three major phases of drug discovery and development.  These are:  Discovery phase, 
preclinical trials and clinical trials (Chhabra et al., 2012).  The following section reviews the key 
steps in this process.  

2.2.1 Early stage drug discovery research  
The discovery phase involves the characterization of disease pathology, identification and 
validation of therapeutic targets, identification of suitable bioassays and identification and 
optimization of the lead compound.  
1. Identification of disease:  The details of a disease, such as symptoms, target organ, 

biochemical pathway and response to existing drugs, must be determined before to 
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proceeding with the drug discovery process (Mohd & Jyoti, 2012).  This baseline information 
is important when deciding whether it is worth spending time and money in developing a 
new drug compared to the existing one.  

2. Identification and Validation of a drug target:  Molecular targets are components that are 
most likely to be affected by a drug and change the outcome of the disease.  The most 
common targets for drugs are receptor proteins (such as EGFR), enzymes or sections of 
DNA.  The best mechanism for identifying an ideal target protein is to use the disease 
pathway as guide.  For example, some proteins in the pathway, if targeted, are more likely 
to influence the downstream function, so will maximise drug effectiveness. Furthermore, a 
target that is very selective between species, and shows specificity in the organ and tissue 
of action, is vital to avoid side-effects such as interfering with the response to normal signal-
transduction.  Common mechanisms involved in drug target validation are either knock-in 
(gain of function) or knock-out (loss of function)  mutagenesis experiments to develop the 
disease (Mohd & Jyoti, 2012; Zhu et al., 2012).  

3. Identifying Suitable Bioassays:  A bioassay is a method used to test compounds for their 
ability to bind to a drug target and the effectiveness of that process.  

In Vitro testing can be automated, is generally cheaper and requires less rigorous external 
monitoring than in vivo testing.  It is used to check drug-interaction with a specific target 
and to monitor the pharmacokinetic properties of the drug.  Specific tissues, cells or 
enzyme are isolated and used directly.   
In vivo testing involves testing on living systems.  Animals are tested to identify and 
monitor observable symptoms after drug treatment.  
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4. Identification of a Lead Compound and Lead Optimization:  A lead compound is a 
compound which shows the desired pharmaceutical activity.  It may be identified from 
natural products extracted from plants (Fabricant & Farnsworth, 2001; Pan et al., 2010), 
animals and microbes, a synthetic compound ‘library’, or existing drugs.  Natural ligands can 
be used as starting point and be further modified for efficiency using computer-aided 
design.  High-Throughput Screening (HTS) is used to screen for activity up to ten thousand 
compounds simultaneously (Kuroda et al., 2012).  Using HTS, thousands of small molecules 
that bind to target molecules are selected.  However, from the 10,000 to 20,000 hit 
compounds initially identified, only one molecule may eventually lead to a drug.  Once a 
lead is identified it will be optimized through molecular modification for effectiveness and 
safety.  For example, some modifications will improve binding affinity or change its 
pharmacological properties such as specificity, solubility, stability and kinetics (Mohd & 
Jyoti, 2012).   

2.2.2 Preclinical Studies 
In preclinical studies, lead compounds are tested for toxicity.  The tests are carried out on 
animals such as mice, rats or pigs.  Some of the outcomes from these experiments are the 
toxicity profile which determines lethal dose and side-effects in the short and long term.  These 
include fertility tests and pharmacokinetics studies (ADME: Absorption, distribution, 
metabolism and excretion of drug) (Wishart, 2007).  

2.2.3 Clinical Studies 
During clinical studies, the safety and effectiveness of the drug are assessed in humans.  There 
are three main phases in clinical studies: 
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1. Phase I:  The pharmacological profile (safety) test is carried out using 20 to 100 healthy 
volunteers.  Drug absorption and metabolism, side-effects on organs and tissues, dose 
range and effectiveness are assessed. 

2. Phase II:  A total of 100 to 300 patient volunteers are involved to determine the 
effectiveness of the drug in treating the diseases.  Short term side-effects and optimal 
dosage will be assessed. 

3. Phase III:  A large number of 1000 – 3000 volunteer patients covering a wide area are 
provided with the drug to assess its efficacy and side-effects.  The benefit verses the risks, 
and long term side-effects in patients are evaluated. 

4. Application for ethical acceptance for new drug approval and review from MHRA 
In the UK, the Medicine and Health care product Regulatory Agency (MHRA), and in the 
USA, the Food and Drug Administration (FDA), carry out this review.  It results in a document 
that shows that the new drug is approved for sale.  It establishes, via a risk-benefit analysis, 
that drug is safe and effective, and proposes appropriate labelling.  

5. Phase IV: Market launch.  After the drug has been launched, additional information is 
collected to find new therapeutic opportunities to extend the use of the drug to different 
classes of patients like children.  The drug is regularly monitored for effectiveness and 
evidence is documented. Additional risk information and pharmaceutical information is 
added as appropriate.  

Figure 2.4 shows that drug development is a multi-step process that involves a wide range of 
specialized fields, including: Medicine (disease case-information and clinical trials), cell biology 
(characterization of drug targets), bioinformatics (structural and pathway modelling), chemo-
informatics (lead selection and drug design), pharmacology (efficacy and safety testing), 
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management (resource and skill allocation), marketing (drug distribution) and policy making 
(for drug approval).  Despite the major stockholders involved in scientific research, public 
involvement in clinical trials and financial support (e.g. Cancer Research UK) underpin the 
process of drug discovery.   
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Figure 2-4:  Summary of the drug discovery and development processes.  Diamond shapes show 
decision-making stages involving external agencies.  Based on Gu & Bourne (2009) and Mohd 
& Jyoti (2012).  
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2.3 The Bioinformatics approach for early drug discovery  

2.3.1 Protein Structure and Function 
The previous discussion has shown that cancers are the product of genetic mutation.  A gene 
however is simply a chemical code for the synthesis of a specific polypeptide: It is the proteins 
encoded by genes that form the working machinery of a cell.  Proteins are responsible for most 
physiological processes.  These include catalysis, adhesion, structure, cell-cell recognition and 
communication, roles in signalling, cell trafficking and transport (membrane proteins mediate 
nutrient-exchange between the cytosol and external environments).  Despite their vital roles in 
cells, compared to the rate of genomic sequencing there has only been a gradual increase in 
the experimental determination of protein structure (Liu & Hsu, 2005; Blundell et al., 2006; Gu 
& Bourne, 2009).  In fact, many proteins still have no experimentally-determined structure.  

Membrane proteins are the most abundant group of proteins, accounting for around 30% of 
the human genome (Lesk, 2010).  They are implicated in a variety of diseases but, although 
targeted by about 60% of therapeutic drugs, are poorly represented in terms of structural 
information (Bakheet & Doig, 2009); only 150 unique membrane-protein structures have been 
identified so far.  

The paucity of structural information arises due to the technical difficulty of collecting and 
crystallising membrane proteins for experimentation as they are relatively  small in quantity 
(Lacapère et al., 2007).  However, structural information about membrane proteins is essential 
as a better understanding of their structure will allow more efficient focus for the development 
of effective drugs.  
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There is close relationship between protein structure and function (Orengo, Jones & Thornton, 
2003).  In order to catalyse biological processes, a protein needs to be folded into a particular 
shape to facilitate interaction.  Information about protein-folding sheds light on binding sites, 
interaction surfaces and the spatial relationship of catalytic residues.  From a three-dimensional 
protein structure we can infer protein-ligand complexes (functional sites), putative interaction 
interfaces and enzyme active sites (Orengo et al., 2003).  The distribution of amino acids on 
three-dimensional structure can affect the native protein folds under specific physiological 
conditions.  Protein structure is therefore an important part of the rationale for drug design. 

2.3.1.1 Protein Structural Organization 
Four levels of protein structure can be identified.  

Primary structure:  This represents the linear sequence of amino acids in a polypeptide.  The 
number, type and order of the 20 different amino acids that occur widely in living cells 
determine the protein type.  It is well established that all of the information needed for protein 
folding is determined by the primary structure (Lesk, 2010; Gu & Bourne et al., 2009).  Analysis 
of primary structure includes the identification of hydrophobic regions which implicate a 
membrane-spanning site.  The hydrophobic effect also plays a dominant role in the folding of 
proteins: Hydrophobic residues aggregate away from contact with water to form a hydrophobic 
core with the more polar residues determining the solvent accessibility of the protein.  The 
hydrophobic interface also drives the formation of protein-protein and protein-ligand 
interactions.  

Secondary structure:  This is the type of local folding, assigned either as helices, beta strands 
or coils.  Alpha helices (H) follow a spring shape, whereas beta-strand (extended E) residues 
turn back on each other.  Random coils occur when a chain is neither helical nor beta. If a chain 
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makes a turn of 90o or more, it is called Loop.  Coil-coil regions of a protein’s structure mostly 
indicate potential protein-protein interactions as they are structurally more flexible, while 
helix-rich segments form the stable parts of the structure.  

Tertiary structure:  This represents the three-dimensional structure of a protein in space. 
Proteins need to be folded into specific, stable three-dimensional shapes in order to carry out 
their specific biological functions.  

Quaternary structure:  If a protein contains more than one polypeptide chain, the arrangement 
of those polypeptides in space represents the quaternary structure.  If the two interacting 
proteins are identical, the interaction is called homodimeric; if they are different proteins, the 
result is a heterodimer.  Oligomers occur if more than two proteins interact.  

Protein structure can be determined either experimentally or by computational methods.  

2.3.1.2 Protein Structural Determination 
Experimental Methods   
Experimental methods are the most reliable means of determining a protein’s three 
dimensions.  All experimentally known protein structures are freely available at Protein Data 
Bank (PDB).  They can be searched using protein sequence blast, protein name or using a four-
letter structure identifier at http://www.rcsb.org/pdb/home/home.do. PDB is the largest 
repository for experimentally known protein structures. Currently (February 11, 2014), it 
contains about 97,789 protein structures of which 86,543 were determined by X-ray 
crystallography, 10,339 by NMR and 733 by electron microscopy.  A statistical detail of 
structures determined by other experimental protocols is available at 
http://www.rcsb.org/pdb/statistics/holdings.do.  
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X-ray crystallography is the most powerful tool for providing atomic detail of protein 
molecules.  It involves extracting the target protein by cloning, crystallisation, x-ray diffraction 
and data collection for  x-ray image analysis (Liu & Hsu, 2005).  This process is slow and 
resource-intensive, making it expensive and time consuming with a low success rate. 
Experimental conditions such as pH, temperature, salt and protein condition and cofactors 
need to be optimal.  Another limitation is that the crystallisation of multimeric proteins is 
difficult.  

NMR Spectroscopy: This process does not require crystallisation and can be achieved in a 
relatively short time.  Protein structure is determined in solution, providing an environment 
that mimics physiological conditions within the cell.  Limitations include protein size, length of 
data collection and analysis time (Liu & Hsu, 2005). 

Computational methods  
Computational protein structure prediction is a faster, cheaper method of gaining biological 
insight into how proteins function.  There are three main computational prediction methods:  
Comparative homology modelling, fold recognition and de novo protein structure predictions.  
These are discussed in Chapter Three.   
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2.3.2 A System Biology Approach  
While individual proteins play a key role in physiological processes, they do not act in isolation. 
There is concept named “proteins as social animals” which shows the need of interaction for 
biological function (Lesk, 2008).  In most cases, proteins become active only when they create 
complexes with other proteins or small molecules.  The specific nature of protein action via 
active sites means that any changes in structure will affect the possible interactions between 
that protein and other molecules.  Therefore, while structural information about a protein is 
vital to understand its function and to develop specific drugs to modify the activity of that 
protein, it is also important to understand the variety of interactions of the protein with other 
molecules:  A ‘System Biology’ approach is called for.  

The fast growth of high throughput technology has helped us to capture the real-time genomic 
content of the cell.  With Next Generation Deep Sequencing technology and the use of 
microarrays, it is now possible to characterise the whole cell genomic content and total 
transcriptome in single experiments.  The whole proteome can be characterised using mass 
spectrometry.  It is believed that the next stage of our understanding has to come from 
generating knowledge on how genome products (genes/proteins) work together.  This is 
important in the exploration of the applications of genomics, transcriptomics and proteomics 
for intervention in complex genetic diseases like cancer.  The holistic approach will provide us 
with greater confidence when identifying target genes/proteins for drug design and knowledge-
based drug administration for patient treatment.  Such knowledge-based decisions in drug 
discovery can reduce time and cost both during the drug development stage and personalised 
drug treatment (Nikolsky & Bryant, 2011).   
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2.3.2.1 Graph Theory and Biological Interaction  
Despite the detailed information provided by studying the molecular level of individual genes 
and proteins through traditional molecular biology in last century, high-throughput technology 
and web resources provide us with the opportunity to study cellular phenomena using a holistic 
approach.  Gaining biological insight from large datasets needs a mechanism of integrating and 
analysing the available data-pool to identify meaningful knowledge using interaction networks. 
The system biology approach provides the opportunity to develop better models for 
representing context-based cellular process.  The most powerful methods use the concept of 
graph theory outlined in the following section.  

2.3.2.2 Graph Theory Concepts 
The models provided by system biology for integrating multiple cellular components originated 
from and are inspired by the mathematical concept of Graph Theory.  This provides a useful 
way of modelling biological regulator networks in the cell (Pavlopoulos et al. 2011).  

Biological network graphs are made up of the component and its interactions.  In a graph, each 
node is represented by a gene; connections represent interactions.  The interaction 
relationships can be positive or negative, denoting up-regulated or down-regulated target 
genes (Chindelevitch et al., 2012).  Once the gene and protein lists have been obtained from 
genetic and proteomic experiments, they can be used as nodes and their relationships 
identified as interactions (edges) to generate biological network graphs to represent the 
existing integration at global level. 

Consider the example where Graph G = (V, E) consists of two finite sets V and E (Jonathan et 
al., 2013).  Each edge has one or two nodes associated with it which are called end points.  
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 = (  ,  ) 
Vertex V: (also called Nodes) are genes and proteins, or active compounds. 

Edge E: (also called Interactions) exists between the genes and proteins.  
Concepts related to graphs 
Degree: of vertices V in graph G= deg(v) is the number of edges that connect to v plus the 
number of self-loop.  

Order of graph|V|: number of vertices 

Measure of centrality: number of shortest path from network that pass through that node. This 
gives a good estimate of the importance of a node protein in network signalling.  

Connectivity: Graph attributes weight and colour. 

Size |E|:  number of edges. Edge has {u, v} representation.  

Direct connectivity from a to b means the activity of b is regulated by abundance of a,   G= (a, 
b) “+” to show an increase in a can cause an increase in b, or “- “negative interaction. Further 
description of the mathematical representation of graph theory is given in (Pavlopoulos et al. 
2011).  
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2.3.2.3 Biological Interactions  
In multicellular organisms, cells communicate to maintain the homeostatic balance necessary 
for survival.  This involves receiving information from the external environment and 
communicating with intracellular molecules to produce appropriate cellular responses. All basic 
biological processes involve the binary interaction of molecules.  The interactions between 
protein molecules and other proteins or small molecules determine their biological properties.  

There are four main types of molecular interaction.   

1. Protein-protein interaction  
This represents the physical binding of two or more proteins to form a thermodynamically 
stable interaction.  There are several well-established experimental methods for identifying 
protein-protein interactions.  Examples include: 

 Two yeast hybrid interaction (Y2H):  This uses bait and prey proteins to identify the 
expression of a reporter protein to demonstrate the interaction between two proteins, 
neither of which produce a detectable signal on their own.  This provides information about 
binary protein interactions. 

 Co-immuno-precipitation (CO-IP):  This procedure involves breaking to open a cell to release 
the proteins, followed by the addition of a specific antibody that binds to the protein of 
interest.  Any antibody-target protein complexes formed are separated (e.g. by 
chromatography) and purified.  The complexes are analysed to identify proteins that are 
bound to the target protein.  A limitation of this method is that, under experimental 
conditions, many proteins may interact.  This can cause false positives (Mahdavi & Lin, 2007); 
a high concentration of interactions that may have low biological relevance. 
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 Fluorescence Resonance Energy Transfer (FRET):  The coding genes for different colour 
variants of Green Fluorescent protein (GFP) are inserted into the genes coding for different 
proteins of interest, creating fusion proteins.  A sample of the different fusion proteins is 
illuminated with light of a wavelength that excites one of the fluorochromes.  If the proteins 
of interest interact, the emission of light from one fluorochrome (the donor) will excite the 
second (acceptor) fluorochrome.  Thus, the interaction can be visualized by observing the 
fluorescence under a microscope.  In this case, GFP is being used as a reporter protein 
(Alberts, 2008).  

2. Protein-gene interaction  
This is the condition in which a protein interacts with part of a DNA molecule to promote 
transcription.  The interaction can play an activation or repression role as a transcription factor.  
Such protein-DNA interactions are studied by methods such as Chromatin-Immuno-
Precipitation (CHIP).  In this approach, the protein of interest is cross-linked to DNA in vivo.  The 
cells are then lysed and the DNA broken into small fragments of approximately three hundred 
nucleotides.  Antibodies specific to the protein are used to purify the cross-linked DNA.  The 
precipitated DNA is amplified by PCR before hybridisation to whole-genome microarrays in 
order to determine the precise location of the gene that is regulated by the protein of interest 
(Alberts, 2008). 

3. Genetic Interaction  
This is the effect of one gene on the expression of another gene without any physical 
interactions, such as epistatic effects. Genetic interaction (GI) maps comprise pairwise 
measures of how strongly the function of one gene depends on the presence of a second gene.   

4. Protein-small molecule interaction (metabolomics) 
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This type of interaction is important during signal transduction and cell communication. 
Proteins undergo post-translation modification and the addition of ions (e.g. phosphorylation) 
which affect the catalytic state of the proteins.  There are many binary interactions deposited 
in public databases with different degrees of confidence based on the method of detection 
(quality), curation, species coverage and prediction (see Table 2.1).  

Table 2-1:  Publically available Protein-Protein Interaction (PPI) databases.  
Databases Database feature  Link 
PDBSUM  Provides diagrammatic representation of 

PPI interface for proteins in PDB.  
https://www.ebi.ac.uk/pdbsum 

Reactome  Curated databases. http://www.reactome.org/ 

IntACT Binary interactions.  http://www.ebi.ac.uk/intact/ 

BioGrid Consortium interaction repository for 
model organisms.  

http://thebiogrid.org/ 

BIND Drug target and small molecules 
database. 

http://www.bindingdb.org/bind/i
ndex.jsp 

DIP 
 

Database of Interacting Proteins. http://dip.doe-
mbi.ucla.edu/dip/Main.cgi 

MatrixDB 
 

Extracellular matrix protein-protein 
interaction databases 

http://matrixdb.ibcp.fr/ 

STRING Known and predicted PPI http://string-db.org/ 

HPRD Human Protein Reference Database http://www.hprd.org/ 

MINT  
 

Experimental verified protein-protein 
interaction as  minded from literature 

http://mint.bio.uniroma2.it/mint/
Welcome.do 
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2.3.2.4 Network Biology 

2.3.2.5 Application of Biological Network  
The network model approach is widely used to identify disease signature genes, thus potential 
drug targets (Wu & Stein, 2012; Yeh et al., 2012). It allows us to look at how different 
component genes, proteins, reactions, metabolites and their interactions affect biological 
processes.  In this way, it helps to predict possible non-target effects (side effects) of drugs, 
providing a high level of abstraction to understand complexity. Moreover, interactions can 
reveal biological function.  Modelling how different cellular components work together and 
regulate each other will have an impact on predictive drug discovery.  

2.3.2.6 Network Topological Analysis and Visualisation 
Visualisation is key to understanding the complex relationships of proteins and genes involved 
in disease (Doncheva et al., 2012; Millán, 2013; Agapito et al., 2013). In multicellular organisms 
there is genetic functional redundancy whereby the same biological processes can be often 
achieved with different genes. Biological networks achieve robustness through such 
redundancy (Lesk, 2009).  Gene duplication can contribute to redundancy.  A wide variety of 
environmental signals also affect the activities of proteins, which can therefore have a wide 
range of functions depending on the cellular conditions. 

Although over 80% proteins are connected to form large networks, there is also the notion of 
a “small world network” where few nodes with many connections carry out biological function 
within the short distance of 2-6 steps (Lesk, 2009).  Some proteins form more interactions than 
others so play a key role as they are involved in linking different pathways. These proteins, 
called Hub proteins, have disordered regions which have high affinity to bind with a wide range 
of proteins with flexibility (Vallabhajosyula et al., 2009; Doncheva et al., 2012).  This makes 
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them essential to the connectivity and functional integrity of the network but also gives them 
have greater sensitivity within the cell as they affect more cellular processes.  Thus, Hub 
proteins connect sub-networks and are widely conserved.  The removal of a Hub protein may 
affect an entire network, while the random removal of another protein will not have an 
equivalent effect.  
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2.4 Challenge and Problem Statement 
Unlike many diseases that have a single cause, cancer is a complex genetic disorder.  To date, 
around 400 distinct types of cancer have been identified (Tannock et al., 2013).  This reveals 
the high genetic heterogeneity of cancer causes.  Furthermore, different individuals can have 
different subtypes since, once developed from a single cancer cell at a primary tumour site, 
cancers undergo many accumulative mutations.  This causes great difficulty in identifying 
targets for treatment (Stratton, 2011) and increases the potential for drug resistance.   

Morvus Technology screened Ovarian and Non-Small Cell Lung Cancer cell lines with the drug 
cisplatin to identify resistant cell lines.  Over-amplified genes were identified by the cloning in 
yeast system.  From these studies, mutant gene and protein sequences were provided for the 
proteins BCL2A1 and BI-1. The bioinformatics brief was to investigate the effects of mutation 
on protein structure and function in order to develop cellular models to predict the contribution 
of the different gene variants to cancer development.  As the primary mechanism for cisplatin 
action is through DNA-damage and the consequent mismatch repair activity that leads to 
apoptosis (Florea & Busselberg, 2011), elucidation of the network interactions of the mutants 
was also required to identify their role or change of role in DNA repair, cell proliferation and 
apoptosis. 
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2.5 Aims and Objectives  
The overall purpose of this project is to provide information for the development of new drugs 
for ovarian and non-small cell lung cancer.  The aims are: 

1. To compare wild type and mutant variants of BCL2A1 and BI-1 proteins in order to 
determine their role in tumour progression and drug resistance in cancer.  

2. To develop theoretical cellular networks for BCL2A1 and BI-1 in order to identify disease-
related pathways for targeted drug development. 

The specific objectives are: 
1. To predict de novo protein folding, secondary structure, protein topology and three 

dimensional structures for BCL2A1 and BI-1.   
2. To predict the effect of mutation of BCL2A1 and BI-1 on possible protein-protein 

interaction interfaces and drug binding pockets. 
3. To develop genetic interaction networks in cell-cycle and cell-death pathways.  
4. To generate cellular networks for BCL2A1 and BI-1 in order to elucidate their role in the 

cell proliferation and cell death, which affect tumour development, and identify possible 
targets for drug development.  
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 General Methodology 

3.1 Data Sources 

3.1.1 DNA and Protein Sequences 
Anti-apoptotic gene and protein sequences (BCL2A1 and TMBIM6) were provided by Morvus 
Technology.  These gene datasets were generated from drug resistant ovarian and non-small 
cell lung cancer cell lines using human cDNA in yeast systems.  Additional, related protein 
sequences for the BCL2, Caspase and BI-1 families were retrieved from UniprotKB at 
http://www.uniprot.org/. 

3.1.2 Protein Structure Dataset 
Structural data for homology modelling were obtained from Protein Data Bank (PDB) at 
http://www.rcsb.org/pdb/home/home.do.  These were used to predict three-dimensional 
protein structures and protein-protein interactions. 

3.1.3 Genetic Interaction Datasets 
Genetic interaction datasets were obtained from BioGRID (http://thebiogrid.org/) and STRING. 
For protein and genetic network interactions, a human dataset from Biological General 
Repository for Interaction Databases (BioGRID) data release 3.1.93 was downloaded into 
Cytoscape V2.82 and V3.0.2. The BioGRID version 3.1.93 contains 150,273 physical interactions 
and 1619 genetic interactions; a total of 135,761 raw interactions.  It contains 15,549 unique 
proteins with 83,592 non-redundant interactions 
(http://wiki.thebiogrid.org/doku.php/statistics).  
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3.2 Gene and Protein Identification  
NCBI protein and nucleotide databases were searched using Blast algorithm (Altschul et al., 
1997; Camacho et al., 2009). Different search programs of Blasts were used at 
http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome.  Those being:  
blastp – Protein (amino acid) query sequence used to search a protein database.  
blastn – Nucleotide (DNA) query sequence used to search a nucleotide database. 
blastx – Nucleotide query sequence that is translated in all reading frames by BLAST into an 
amino acid query sequence.  This is then used to search a protein sequence database.  
tblastn – Protein query reverse-translated in all six reading frames by BLAST into a nucleotide 
sequence that is used to search a nucleotide database.  
tblastx- Nucleotide sequence translated in all reading frames by BLAST into a protein sequence 
and used to search a nucleotide database that is also being translated in all reading frames by 
BLAST (Moorhouse & Barry, 2004). 
DNA and RNA translation were carried out using Translate ExPASy Bioinformatics tools (Artimo 
& Stockinger, 2012) at  http://web.expasy.org/translate/ and Transeq  from EMBOSS suite of 
bioinformatics tools using EMBOSS Explorer (Rice, 2000).  

3.3 Protein Structure Prediction 

3.3.1 Secondary Structure and Transmembrane Topology Prediction 
 PSIPRED protein structure servers were used to automate secondary structure prediction using 
PSIPRED, MEMSAT2 for prediction of transmembrane structure and topology, and Gene 
THREADER for fold recognition (McGuffin et al., 2000).  
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TMHMM developed at Centre for Biological Sequence Analysis at University of Denmark was 
used to predict transmembrane helices.  TMHMM uses hidden Markov model; it is claimed that 
TMHMM has an accuracy of 97 to 98% in predicting transmembrane helices (Krogh et al., 2001).  
TMHMM is available at http://www.cbs.dtu.dk/services/TMHMM/. 

 Jpred3 secondary structure prediction server developed by Cole, Barber, & Barton (2008) was 
also used.  It is found at http://www.compbio.dundee.ac.uk/www-jpred/index.html.  

TMpred developed by (Bagos et al., 2004) was obtained from the web server at  
http://www.ch.embnet.org/software/TMPRED_form.html.  

3.3.2 Computational methods for Three Dimensional Structure Predictions 

3.3.2.1 Comparative Homology Modelling  
The basic assumption is that through protein evolution, structure is more conserved than 
sequence; close relatives follow the same folding pattern and hence have more related 
functions.  Comparative modelling involves the prediction of the three-dimensional structure 
of a protein from the known structure of one or more related proteins (Lesk 2010).  If a protein 
of unknown structure has homologues of known structure with 40% sequence identity, 
homology modelling can produce a near-complete model.  The major limitation of homology 
modelling is that homology to a known structure is needed.  Common automated homology 
modelling tools include Modeller and Swiss (Lesk, 2008; Pettersen et al., 2004).  Homology 
modelling was carried out using Modeller following Sali (1995).  It carries out automated 
homology modelling and de novo modelling loop through refinement.  

Esypred3D Web Server 1:  This is an automated homology modelling program on the web that 
uses Modeller at the back end (Lambert et al., 2002). Users can paste protein sequences at the 
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web interface of the server for protein structure prediction.  If there is a homologous protein 
with known protein structure, it produce high quality model with better accuracy. The program 
can be accessed at http://www.unamur.be/sciences/biologie/urbm/bioinfo/esypred/.  

3.3.2.2 Fold recognition (Threading) 
If there is no homology model with 40% similarity, it is possible to predict the protein fold using 
a fold library of known structures. Some useful online tools include FUGUE, GeneThreader, 
Phyred2 and HHPred.  

Phyre2 server (Protein Homology/ AnalogY Recognition Engine2 V.2)   
Phyre2 was developed by Kelley & Sternberg (2009).  A query protein sequence is searched 
against millions of known sequences for homology using PSI-BLAST.  This information is then 
converted into Hidden Markov Model (HMM). Using 65,000 known protein structures, 
structural information is extracted to create a fold library.  The program can be accessed on the 
web from http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index. 
I-TASSER Server: This tool was developed at the University of Michigan.  It predicts three-
dimensional models based on multiple-threading alignment and iterative fragment assembly 
(Roy, Kucukural & Zhang, 2010).  It is available at http://zhanglab.ccmb.med.umich.edu/I-
TASSER/. 

3.3.2.3 Ab initio (in silico) prediction of novel fold 
Ab-initio predictions (from first principles) depend only on the information in the sequence of 
the target protein (Zvelebil & Baum, 2008).  There are two types of method, knowledge-based 
and simulation.  Knowledge-based methods use information from known protein structures 
whereas simulation methods use basic protein physics to find native folds by finding the 
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conformation of the protein with lowest energy function.  The leading online resources for ab-
initio prediction are I-Tasser and Robetta.  The Robetta server at 
http://www.robetta.org/submit.jsp generates protein structure models from sequence alone 
by simulation (Kim, Chivian & Baker, 2004).  This is computationally intensive due to the 
difficulty of finding the conformation of the protein fold with the lowest energy.  Robetta Server 
is claimed to be the most reliable de novo three-dimensional protein structure prediction tool 
online (Kim et al., 2004).  Robetta uses Rosetta software to predict protein structure.  First, it 
tries to identify a domain prediction using a blast search called Ginzu prediction which identifies 
if there is template for homology modelling.  If there is no close homologue, it carries out de 
novo structure prediction on a fragment by fragment basis.  Robetta is available at 
http://robetta.bakerlab.org/submit.jsp.  The limitation of using the Robetta server is that you 
can only submit one sequence at time, so this is time-intensive if you have many protein 
sequences for investigation.   

3.3.3 Structural Visualisation Tools 
Protein structural visualisations were carried out using the following open source software:  

UCSF Chimera:  This is an extensible molecular modelling system developed by  Pettersen et al. 
(2004).  It is a visualisation tool but can also be used for molecular analysis such as density 
mapping, structural superimposition, sequence alignment, docking results and macromolecules 
assembly.  It is available for free for non-commercial use at http://www.cgl.ucsf.edu/chimera/.  
Another key functionality of Chimera is its ability to incorporate new features such as making 
movies and a homology modelling environment.  It also provides easy access to Modeller (Yang 
et al., 2012).  Protein homology modelling was carried out using UCSF Chimera as the interface.  
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YASARA  (Yet Another Scientific Artificial Reality Application):  This was developed by (Krieger 
et al., 2002) as a molecular visualisation and modelling environment. YASARA viewer with free 
licence registration was obtained from http://www.yasara.org/.  

PyMOL (DeLano et al., 2002) is a user-friendly open-source visualisation tool developed using 
Python.  It was obtained from http://www.pymol.org/. 

CC4MG v 2.7.3:  CCP4 is a molecular graphics program developed at the University of York 
http://www.ccp4.ac.uk/MG/.  It was used to superimpose proteins and produce high quality 
images of protein structures.   

Molsoft ICM-Browser, obtained from http://www.molsoft.com, was used as a desktop 
molecular viewer.  ActiveICM was used to display interactive 3D structures in Powerpoint 
presentations.  

Discovery Studio: The free Discovery Studio visualiser was used to develop hydrophobicity 
graphs. It is available at http://accelrys.com/products/discovery-studio/visualization-
download.php. 

Jmol:  Java based molecular visualisation.  This is available as a java applet (Jmol applet) on the 
web.  Jmol application can be installed for use on a desktop and JmolViewer may be integrated 
into a java application programme by the developer.  It is a lightweight, portable visualisation 
tool available at http://jmol.sourceforge.net/. 

3.4 Biological Network Prediction and Analysis 

3.4.1 Network Generation Tools 
Cytoscape 
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This is an open-source platform for biological network-data visualisation, integration and 
analysis (Cline et al., 2007; Cytoscape Consortium, 2010).  It was developed by the Cytoscape 
consortium:  Agilent Technology, University of Toronto, University of California San Francisco, 
System Biology and Institute of Pasteur.  It has extensible plug-in facilities and network 
visualisation interface.  There are many versions available to download; the latest is version 
3.0.2.  However, the older version, 2.8, has a lot of plugins available and it relatively more stable 
to be used for network analysis (Saito et al., 2012).  Currently (as on 12/02/2014), 192 plug-ins 
are available at http://apps.cytoscape.org/apps/wall.  

Plug-in applications for network generation, online data import, graph analysis, network 
visualisation and enrichment analysis can be installed as required from inside the Cytoscape 
user interface (Saito et al., 2012; Lotia et al., 2013).  All plug-ins facilitating network generation 
and analysis are available at http://apps.cytoscape.org/apps/all.  The following section 
describes some of the key plug-ins used for this project.   

Genemania:  This was used to import data to Cytoscape in order to make a local library to 
generate and analyse network (Montojo et al., 2010).  It is a very fast, convenient way to 
identify a gene’s functional prediction based on gene ontology (GO) terms.  The user has the 
option of including datasets from different species allowing gene evolution to be considered.  
For example, in the human datasets downloaded on 15/10/2013, there are about 395 
networks, 21, 438 genes and 163670641 interactions.  Moreover, Genemania can also be 
accessed out of the Cytoscape environment using the web interface 
http://www.genemania.org/.  By pasting known Gene Name lists and selecting Species of 
Interest, it provides the additional option of downloading data in the form of a report.  While it 
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is effective and fast for a small number of genes, online access has the limitation of getting 
slower as the number of genes increases.   

Proteomics Standard Initiative Common Query Interface (PSICQUIC):  This was developed to 
create a common, standard language for accessing biological interaction networks.  It 
implements Molecular Interaction Query Language (Aranda et al., 2011).  The PSICQUIC Web 
Service Client currently has access to 151,530,801 interactions from 28 registered services.  
Figure 3.1 shows the web interface for PSICQUIC at European Bioinformatics Institute.   

Some of the data sources were from BioGRID, BIND, Genemania, IntAct, DIP, MINT, and 
Reactome. Lists of other services and their status can be accessed from 
http://www.ebi.ac.uk/Tools/webservices/psicquic/registry/registry?action=STATUS.  

 
Figure 3-1: The PSICQUIC web interface at EBI shows the number of available interaction 
databases. (http://www.ebi.ac.uk/Tools/webservices/psicquic/view/main.xhtml). 
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Agilent Literature Search:  This extracts gene and protein association data from the literature 
and, on that basis, generates interaction networks.  Users enter a gene, protein or biological 
term at http://apps.cytoscape.org/apps/agilentliteraturesearch and can limit the number of 
literature to be searched in order to find the most relevant interactions.  

MiMIPlugIn retrieves interaction information from the Michigan Molecular Interaction 
Database (Gao et al., 2009) and provides a good network visualisation tool.  

BiNGO -Biological Network Gene Ontology (Maere, Heymans & Kuiper, 2005).  The user inputs 
the gene lists, then BiNGO identifies and calculates over-represented Gene Ontology (GO) 
terms in the network, displaying them as a network of significant GO terms. 

MCODE (Molecular Complex Detection):  This clusters a given network based on topology to 
find densely connected regions that represent either protein-protein interactions that share 
common pathways or protein similarities that belong to related families (Bader & Hogue 2003). 

Osprey is a Java-based software platform for the visualisation and generation of interaction 
networks.  It was developed by Breitkreutz, Stark & Tyers (2003) and can be downloaded at 
http://biodata.mshri.on.ca/osprey/servlet/Index.  
VisANT  This is an integrative visual analysis tool for biological network and pathway analysis  
(Hu et al., 2013).  It can be accessed from http://visant.bu.edu/. 

Navigator:  This network analysis, visualisation and graphing tool, developed by K. R. Brown et 
al. (2009), is available for free download from http://ophid.utoronto.ca/navigator/. 
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3.4.2 Network Topological Analysis and Visualisation 
Network analysis involves data-import using web services like PSICQUIC, generating networks, 
filtering networks and integrating other data attributes like gene expression. Further analysis 
for large networks includes clustering analysis to identify sub-network modularity using 
different clustering algorithms. MCOD (Bader & Hogue, 2003) and  ClusterMaker (Morris et al., 
2011) create functional clusters based on degree of connectivity using gene ontology term 
representation.  Functional enrichment using BINGO (Maere et al., 2005) provides a list of all 
functions enriched in the network compared to the entire human genome.  
Network layout is tool that helps to visualize and investigates the structure of network.  
Common layouts are Force direct layout, Circular, Hierarchical, and Organic layout.  
Gene Ontology (GO) and network analysis 
This is the systematic classification of gene function in the form of a dictionary of terms and 
their relationship (Balakrishnan et al., 2013; Roncaglia et al., 2013).  The GO initiative is to 
provide a unified meaning for gene and protein standards across different species and 
databases (http://www.geneontology.org/).  The main categories of gene/protein function that 
can be derived based on GO terms include: 

Biological processes:  These show the activity of a protein, such as signal transduction, at the 
cellular level.   

 Cellular components:  These show the localisation of a protein related to its function (for 
example, mitochondrial and nucleus). 

Molecular functions: These imply the biochemical function of a protein, such as binding 
properties and enzymatic action.     
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 Cell cycle and Apoptosis in Cancer  

Metazoans arise from a single fertilized egg that multiplies by controlled cell division followed 
by cell growth. These cells then undergo differentiation and specialise into different cell types 
for different cellular functions.  Cells proliferate when they are triggered by external agents 
(growth factors) called Mitogens. The concentration and relative proportions of extracellular 
and intracellular signals control whether the cell undergoes active cell division or not.  
There is strong case for cancer being a disease of the cell cycle (Park & Lee, 2003). An 
understanding of the cell cycle (consisting of cell proliferation by division, and incremental 
growth in cell mass), cell death, the role of tumour-suppressor genes (such as p53, which 
promotes cell death by transcriptional activation of essential genes that promote apoptosis) 
and DNA repair, is crucial to understanding the molecular basis of human cancers.  As most 
cancers are known to originate mainly due to the dysregulation of proteins that control those 
pathways (Park & Lee, 2003), understanding the core pathways in the context of their cellular 
roles can help to identify target proteins for intervention in the design of cancer therapeutics. 
Figure 4.1 summarises the multiple signalling pathways that can cause cancer and shows the 
contribution of dysregulation of both cell proliferation and apoptosis.  
Three major events normally occur in the cell life-cycle: Cell growth (if resources are available 
after signal induction), cell arrest (for DNA repair) and cell death (if DNA damage is irreparable).  
If cell proliferation exceeds the normal rate of cell-death, a tumour will develop.  In the 
following sections, the major regulatory events of the cell cycle and apoptosis are discussed as 
a basis for understanding the molecular mechanisms of cancer.    
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Figure 4-1:  Diagrammatic representation of multiple signalling pathways that can cause 
different kinds of cancer.   
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4.1 The Cell Cycle  
The cell cycle describes the sequence of events that cells undergo during cellular division and 
growth (Park & Lee, 2003; Ross et al., 2013); namely DNA duplication, cell division and 
cytokinesis, and cell arrest.  There are five distinct, identifiable phases in the cell cycle; the G0, 
G1, S, G2 and M phases.  Figure 4.2 shows that each phase is regulated and catalysed mainly by 
Cyclin Dependant Kinases (CDKs) (Park & Lee, 2003).  

 

Figure 4-2:  Cell cycle phases showing the types of cyclin and CDK enzymes that drive the cell 
cycle, and the proportion of time it takes to complete each phase.  Major events include growth 
of the cell by increasing cell mass (G1 progression by CDK4 + CDK6 + D cyclin and CDK2 + E for 
G1-S transition), DNA replication (S-phase by CDK2 + A), the preparation of resources for mitosis 
(G2), and sister chromatids separating to form daughter cells (M phase CDC2 + cyclins A and B).  
Generation of the cell cycle in 24 hours was adapted from Hartl & Jones (2012).  
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Based on external stimuli, including the presence of ideal raw materials required for cell 
division, cyclin production is stimulated to catalyse CDK-dependent cell division; in the absence 
of sufficient resources, the cell undergoes arrest (a non-divided state) (Khodjakov & Rieder, 
2009).  Furthermore, the cell cycle is punctuated by three key regulatory checkpoints during 
which proper DNA replication and the separation of sister chromatids during mitosis are 
assessed.  The results of these checks determine whether the cell is allowed to progress through 
division via the cell cycle or whether cell arrest or apoptosis (cell death) are triggered. 

4.1.1 Control of the Cell Cycle Phases 
Each of the four cell cycle phases is driven by different cyclins which stimulate the action of a 
variety of CDK enzymes.  This diversity represents a layer of complexity in the study of cell cycle 
regulation (Park & Lee, 2003; Khodjakov & Rieder, 2009).  
Gap Phase 1 (G1):   
This is the cell growth phase during which cells prepare the necessary raw materials to enter 
cell division. Depending on cellular conditions, this phase may result in the cell proceeding to 
the synthesis (S) phase, entering cell arrest (G0) or undergoing apoptosis.  During early G1, 
three types of cyclin D (D1, D2 and D3) interact with CDK4 or CDK6 resulting in the 
phosphorylation of the pRB tumour-suppressor gene product, Retinoblastoma-associated 
protein RB1 (Narasimha et al., 2014).  When phosphorylated by CDK4 or CDK6, RB1 releases 
E2F, a group of eight proteins (E2F1 - 8) that act as transcription factors for cell cycle control, 
proliferation, tumour genesis and apoptosis (Biyashev & Qin, 2011).   

    +   4  6 + ℎ ℎ  + 1  =>    2   
E2F transcription factors regulate the expression of many genes required for the cell cycle to 
proceed, such as cyclins E and S  (Park & Lee, 2003).  However, these include not only genes 
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required for DNA synthesis, but also those involved in checking for DNA damage.  If DNA 
damage is detected, E2F may initiate p53 to trigger cell repair or, in the presence of severe DNA 
damage, may trigger apoptosis by initiating the expression of caspase enzymes and pro-
apoptotic proteins.  Thus pRB is a key player in cell cycle progression, both promoting progress 
through cell division and acting as a tumour-suppressor. 
The concentrations of D-type cyclins fluctuate with the level of extracellular mitogens. 
Therefore, D-cyclin continuously informs the cell-cycle clock regarding current environmental 
conditions.  In the presence of excess nutrients from the cellular environment the 
concentration of D-type cyclins increases, creating more complexes with RB1 and releasing 
more E2F.  Thus, in mid and late G1 phase, if D-cyclin concentrations are low, E2F1 binds with 
hypophosphorylated RB1 proteins initiating cell arrest (G0). This process is reversed when D-
cyclin concentration increases as the phosphorylation of pRB releases E2F to its transcriptional 
role, promoting G0 to G1 transition. 
During late phase G1, cyclins E1 and E2 interact with CDK2 enzymes to initiate DNA synthesis, 
promoting G1/S transition. 
G1 Restriction point (R point) 
This is a critical key regulatory checkpoint that involves CDK2, Cyclin D and E.  It involves 
checking whether there are enough resources in the cell for DNA replication.  If not, the cell 
undergoes arrest.  Deregulation of the R-point decision-making machinery accompanies the 
formation of most cancer types.  Cell cycle check protein RAD1 also known as REC1 is another 
important protein for DNA repair (http://www.uniprot.org/uniprot/O60671). 
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Synthesis (S) Phase: 
This is the DNA duplication phase which involves cyclins A1 and A2 interacting with CDK2 and 
CDK1 (CDC2-Cell division control protein 2 homolog). Cyclin A2 interacts with the CDK1 and 
CDK2 protein kinases to form a serine/threonine kinase holoenzyme complex to promote the 
next stages in the DNA synthesis reactions. 
 S checkpoint:  
At this, the second regulatory checkpoint, DNA duplication is checked for correctness. 
Gap Phase 2 (G2):  
This is the preparation stage for mitosis using cyclins B1 and B2 and enzyme CDC2.  CDK1 also 
plays a key role in the control of the eukaryotic cell cycle by modulating the centrosome cycle 
as well as mitotic onset.  M-cyclin activates the CDK that stimulate entry into mitosis.  
Mitotic (M) phase:   
Nuclear dissociation consists of four distinct sub-phases: Prophase (chromosomal 
condensation), Metaphase (chromosomal alignment at an equatorial position), Anaphase 
(separation of sister chromatids) and Telophase (separation of daughter cells).  
Anaphase Promoting Complex (APC/C) is an ubiquitin-ligase enzyme that facilitates the 
transition from metaphase to anaphase by destroying cyclins S and M.  It also inactivates most 
CDKs by dephosphorylation and destroys the securin that holds sister chromatids together 
(Albert, 2008).   APC/C turns off at the G1/S transition phase where CDK becomes active.     
G2/M: This final transition check occurs during the M phase. It determines if all chromosomes 
are attached to the spindle before sister chromatid separation.   
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4.1.2 The complexity of interactions within the cell cycle 
The multiple roles of pRB and E2F have been outlined above, showing that progression through 
the cell cycle and the terminal event of apoptosis may be controlled by the same genes and 
proteins acting under different environmental conditions. Consideration of another enzyme, 
cyclin-dependent kinase 2 (CDK2), further highlights the difficulties encountered when 
attempting to study the regulation of the cell cycle. 
Cyclin-dependent kinase 2 /CDK2/ 
This enzyme plays a key role in the control of the cell cycle.  It can interact with cyclins A, B1, 
B3, D, and E.  The activity of CDK2 is maximal during the S and G2 phases.  It triggers DNA 
duplication, promoting E2F transcription and DNA synthesis. CDK2 also modulates G2 
progression, controlling the timing of entry into mitosis/meiosis by controlling the subsequent 
activation of cyclin B/CDK1 by phosphorylation.  TP53, RB1 and MYC are also phosphorylated 
as a result of CDK2 action.  Furthermore, CDK2 also plays a crucial role in orchestrating the fine 
balance between cellular proliferation, cell death, and DNA repair in human embryonic stem 
cells (http://www.uniprot.org/uniprot/P24941).    
The above discussion reveals the complexity of studying gene action in living systems.  Figures 
4.3 and 4.4 further illustrate the challenges, showing clearly the need to study not only 
individual genes and proteins, but also the interactions between them.  Figure 4.2 illustrates 
the many interactions formed by CDK and E2F enzymes, while Figure 4.3 shows network graphs 
and clusters for common genes in cell cycle.  In the latter diagrams, eleven highly 
interconnected clusters were generated using MCODE clustering algorithm. Core genes in each 
cluster include CDK2, RB1, CDK4, TP53, TAF1, MYC, and E2F1. TAF1 is a transcription initiation 
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factor TFIID subunit 1 essential for G1 cell cycle progression 
(http://www.uniprot.org/uniprot/P21675).  

 
Figure 4-3:  Cell cycle network graph generated from STRING database using common gene lists 
involved in the cell cycle.  For GO terminology see appendix 1.  
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Figure 4-4:  Cell cycle networks.  The whole network was generated from an MIMI interaction 
dataset consisting of 661 nodes and 5252 edges.  Eleven clusters were generated using MCODE 
clustering algorithm with default setting.   

 Cluster 2-

Cluster 1 Whole network 
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4.2 Apoptosis  
Cellular development in multicellular organisms is highly regulated. There are three different 
types of cell death: Apoptosis, necrosis and auto-phagocytosis (Bruce et al., 2008).  
Programmed cell death, apoptosis, is the means of controlling the balance between cell growth 
and cell death (Cory et al., 2003; Elmore, 2007).  It is important in the development of a wide 
range of organisms.  In plants, specialised cell death may occur for the formation of different 
morphological shapes, leaf senescence and in response to plant pathogens (Chae et al., 2003).  
In animals, it occurs during embryonic development when further growth of a structure is not 
needed (e.g. the inter-digit regions of pentadactyl limbs in vertebrates), and during 
metamorphosis. 
Apoptosis is characterized by cell shrinkage, condensation, cytoskeleton collapse, nuclear 
envelope disassembly, and nuclear chromatin condensation and breakdown.  The cell may also 
undergo surface-chemical alteration as a signal to macrophages to engulf the apoptotic cell  
(Bruce et al., 2008).  Apoptosis is triggered either by intracellular damage of DNA or 
extracellular stimuli (e.g. growth factor withdrawal).  It is highly controlled and involves 
activation of endonuclease to digest DNA.  Intracellular enzymes and cell contents are retained 
in an apoptotic body that can be phagocytized by macrophages. There is no inflammatory 
response. 
By contrast, necrosis occurs when cells accidentally die due to injury.  The cell releases its 
contents into the cellular environment causing an inflammatory response.  It is then ingested 
by neutrophils and macrophages (Kanduc et al., 2002; Elmore, 2007). While in apoptosis cells 
shrink in an energy-dependent manner, during necrosis cells swell and rupture by energy-
independent processes ( Kanduc et al., 2002; Elmore, 2007). 



54  

 

Programmed cell death (apoptosis) is regulated through complex signalling network pathways, 
errors in which are implicated in a number of disease types.  For example, lack of apoptosis due 
to errors in a pathway leads to tumour formation whereas excessive apoptosis is implicated in 
autoimmune disease, neurodegenerative disease, AIDS and Ischemia (Elmore, 2007). 

4.2.1 Apoptosis catalysed by Caspases 
Apoptotic processes depend on the catalytic activity of proteolytic enzymes called Caspases. 
These belong to a family of proteases that have cysteine at their active site and cleave their 
target protein at specific aspartic acid residues.  Caspases are synthesized in cells as inactive 
precursors called Procaspases.  They are activated by other pre-activated Caspases (Elkholi et 
al., 2011).   
There are more than 13 well known caspases which are involved in a wide range of cellular 
activities in mammals (Elmore, 2007).  Figure 4.5 shows a multiple sequence alignment for ten 
common human caspases.   
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Figure 4-5:  Multiple sequence alignment of 10 Caspases found in humans. The conserved residues are highlighted blue across all protein sequences. Sequence data were retrieved from UniprotKB.   
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On the basis of their function, Caspases can be classified as initiator Caspases (2, 8, 9 and 10), 
executioner Caspases (3, 6 and 7), Caspases involved in the inflammatory response (1, 4 and 5) 
and epidermal differentiation (Caspase 14).  The phylogenetic tree in Figure 4.6 shows the 
relationship between these different Caspase proteins and illustrates the evolutionary 
functional diversity of caspases that play vital roles in development.  

 
Figure 4-6:   A phylogenetic tree of Caspases. Three main functional clusters can be 
distinguished:  Executioner Caspases 3, 6 and 7, Initiators 2, 8, 9 and 10, and Caspases involved 
in auto-immunity 1, 4 and 5.  Different clusters reveal the evolutionary diversification which 
allows this protein family to carry out different roles in cells. The phylogenetic tree was 
generated using Mega 6, the protein sequences were retrieved from UniprotKb. 
 
In apoptosis, initiator caspases start the proteolytic cascade.  Once activated, they cleave and 
activate the downstream executioner procaspases. For example, Caspase 3 can be activated by 
caspase 9 (intrinsic pathway) or caspase-8, or caspase 10 (extrinsic pathway) (Elmore, 2007).   It 
catalyses the activation of endonucleases and executioner caspases 6 and 7 which disintegrate 
DNA and cytoskeletons so that cells become fragmented into apoptotic bodies.  Once caspase 
3 is activated, it is irreversibly committed to cell death.  
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4.2.2  Types of apoptotic pathways 
Apoptotic catalytic-resources are always in place in the form of Procaspases.  Based on cellular 
conditions and stimuli, they need only to be triggered to activate the process of apoptosis.  Due 
to the complexity of the mechanisms of apoptosis, two types of apoptotic pathway (extrinsic 
and intrinsic) have been selected for discussion. 

4.2.2.1  Extrinsic pathways  
When there is change in the extracellular environment, the extrinsic pathway is triggered by 
the binding of death receptor ligands (small molecules that bind to receptors) on the cell 
membrane (Elmore, 2007; Villunger et al., 2012).  Death receptors are transmembrane proteins 
containing two domains, an extracellular ligand-binding domain and an intracellular death 
domain.  For example, in extrinsic apoptosis pathways three FAS ligands bind to a FAS death 
receptor.  This triggers the binding of the cytoplasmic adaptor protein FADD (FAS –associated 
death domain) to the death domain of an FAS receptor.  FAS death receptor is a cell surface 
receptor that belongs to the TNF (Tumour necrosis factor) receptor super-family.  The FAS 
ligand, also known as ‘death protein’, induces cell death by binding to FAS receptor 
(http://www.uniprot.org/uniprot/P25445).  This further creates a suitable environment for 
binding with Procaspase 8 or 10 which forms a death-inducing signal complex (DISC) to activate 
Caspase 8 or Caspase 10.  Once activated in the DISC, these enzymes activate downstream 
executioner pro-caspases to induce apoptosis.  Figure 4.7 shows the DISC complex of tetramer 
FADD and four FAS (Scott et al., 2009).  
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Figure 4-7:  Extrinsic pathway initiations involving FAS and adaptor-protein FADD complex.  
There are four clusters, each consisting of two dimers of FAS and FADD molecules.  Annotation 
is based on PDB: 3EZQ after Scott (2009).  JMol was used for protein structural visualisation.  
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4.2.2.2  Intrinsic pathways 
Intrinsic pathways, also called mitochondrial-mediated pathways, are activated from within the 
cell.  This series of events may be activated in response to DNA damage, altered redox status, 
lack of oxygen or nutrients, extra-cellular survival signals or endoplasmic reticulum (ER) stress 
(Elkholi et al., 2011; Vogler, 2012). These trigger the release of proapoptotic proteins (like 
puma/bim) that bind with the anti-apoptotic protein, BCL2.  This facilitates the activation of 
BAX and BAK oligomerisation on the outer mitochondrial membrane. The oligomerisation of 
BAX on the outer membrane forms membrane pores which allow the release of cytochrome c 
from the inter-membrane space of the mitochondria into the cytosol.  Under normal 
physiological conditions, cytochrome c is a water-soluble component of the mitochondrial 
electron transport chain.  When released into the cytosol it binds with pro-caspase 9 and 
interacts with Apoptotic Protease Activation Factor 1 (APFA1) as shown in Figure 4.8. A 
heptamer complex, Apoptomer, is then formed which creates the ideal complex environment 
for the activation of procaspase-9 using ATP as a cofactor (Elmore, 2007; Villunger et al., 2012).  
Activated Caspase 9 then activates procaspase 3 which executes apoptosis and activates other 
procaspases.  
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Figure 4-8:  Apoptosome complex (PDB: 3IZA).  The letters A-G represent monomers of APAF1 
which have aggregated to form the ring that facilitates the activation of procaspase 9 in the 
presence of cytochrome c.  
 

4.2.3 Regulation of intrinsic pathways by BCL2 protein Family 
The intrinsic pathway of apoptosis is regulated through the B-Cell lymphoma (BCL2) protein 
family (Tzifi et al., 2012). BCL2 proteins generally reside on the outer mitochondrial membrane 
where, under normal physiological conditions, they maintain membrane integrity.  However, a 
range of cellular stimuli cause BCL2 proteins to become active in apoptotic pathways. The 
balance in the activity of anti- and pro-apoptotic proteins determines the fate of the cell.   

4.2.3.1 The diversity of BCL2 protein activity 
There are two main functional groups of BCL2 proteins, anti-apoptotic and pro-apoptotic. The 
pro-apoptotic proteins are further subdivided on the basis of their structure into multi-domain 
and single-domain proteins. The phylogenetic tree in Figure 4.9 shows the classification of these 
proteins in relation to their role.   
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Figure 4-9:  A phylogenetic tree of the BCL2 protein family generated using Jalview.  A: anti-
apoptotic, B: multi-domain pro-apoptotic, C: single-domain (BH3) pro-apoptotic.   
 
Anti-apoptotic proteins such as BCL2, BCL-xL, BCL2-B, Mcl-1 and BCL2A reside on the outer 
membrane of mitochondria, endoplasmic reticulum and nuclear membrane.  They contain four 
BH domains, BH4 being essential for their function.  Anti-apoptotic proteins mainly work by 
inhibiting the multi-domain pro-apoptotic BCL2 proteins.  They do this by binding with BAK or 
BAX preventing homo-dimerization.  This prevents the formation of pores on the outer 
mitochondrial membrane which consequently prevents the release of cytochrome c (Li et al., 
2010;  Elkholi et al., 2011 and Villunger et al., 2012).  On the endoplasmic reticulum they control 
the permeability of calcium ions.    
Multi-domain pro-apoptotic proteins (such as BAK, BAX and BOK) contain the BH1, BH2 and 
BH3 functional domains. BAK is tightly bound to the mitochondria outer membrane while BAX 
is located mainly in the cytosol and is translocated to the mitochondria based on apoptotic 
signals (Albert, 2008; Elkholi et al., 2011).  When activated by appropriate stimuli, BAX and BAK 
promote cell death by homo-oligomerisation to form pores in the mitochondrial outer 
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membrane.  This allows the release of cytochrome c from the inter-membrane space into the 
cytosol thereby activating initiator caspases to start the intrinsic apoptotic pathway.  
The single domain pro-apototic proteins such as BAD, BID, BIK, BIM, Bmf, Hrk, Noxa and Puma 
contain only the BH3 domain. These BH3-only proteins are activated by different stimuli and 
inhibit anti-apoptotic proteins from interacting with BAK or BAX (Dalafave & Prisco, 2010). 

4.2.3.2 Linking BCL2 protein structure and function. 
In order to understand the multiple roles and interactions of BCL2 proteins, detailed structural 
analysis is necessary.  
There are 25 genes known in BCL2 protein family  (Elmore, 2007;  Alberts, 2008).  These proteins 
are highly conserved in a wide range of organisms from yeast to mammals. The multiple 
sequence alignment in Figure 4.10 shows the relationship between selected proteins of the 
BCL2 family. The blue highlight shows residues which are widely conserved in most protein 
sequences.  A list of BCL2 proteins is presented in appendix 2.  
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Figure 4-10:  Multiple sequence alignment of the BCL2 protein family.  Conserved residues are 
highlighted in blue, the intensity of the colour represents the percentage similarity at a specific 
locus (Jalview was used for multiple sequence alignment; the sequences were retrieved from 
UniprotKB).  
 
In order to relate structure to function, a sequence profile logo was developed using eleven 
BCL2 proteins.  Sequence Logo is a graphical representation of the pattern of conservation in 
multiple sequence alignments.  Logo represents stacks of residue at a particular position. The 
height of each symbol represents the relative frequency of the corresponding amino acid or 
nucleic acid at that position (Crooks et al., 2004).  Logo therefore indicates the most highly 
conserved sequences, exposing regions of structural and functional significance which probably 
correspond to the active site.  
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The four B-cell homology domains (BH 1-4), shown in Figure 4.11, are widely conserved regions 
across most members of the BCL2 protein family.  The BH3 domain is known to be necessary 
for dimerisation with other proteins of the BCL2 family and their killing activity (Elkholi et al., 
2011).  By contrast BH4 is present only in anti-apoptotic proteins.  

 
Figure 4-11:  BCL2 protein family conservation Logo (generated using Crooks et al., 2004). Four 
BH domains are indicated.  
The apoptotic network graph in Figure 4.12 was generated using lists of fifty genes/proteins 
that are common in intrinsic and extrinsic pathways.  In the networks graph, the nodes are 
proteins or genes while the line that connects two proteins/genes, the edge, represents the 
interaction relationship.  Blue colouration shows physical protein interactions while green 
represents genetic interactions. 

BH3 BH4 

BH1 BH2 
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Figure 4-12:  Apoptotic network graph generated using Genemania.  Genes/proteins involved 
in cell death pathways have been shown to illustrate the involvement of BCL2 and the Caspase 
family in cell death pathways.  Black and striped nodes represent query genes, blue represent 
selected nodes that are involved in the executioner phase of apoptosis, grey represents other 
genes within the networks, not related to the annotated function.  Line colour represents the 
interaction type between gene and protein. See Appendix 3 for the gene/protein list.   
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4.2.4 The role of P53 Gene in apoptosis and its implication in cancer  
P53 is a gene that codes for a DNA-binding transcription-factor protein called TP53 (Stiewe, 
2007; Paskulin et al., 2012).  This protein binds to a specific DNA sequence to activate the 
expression of specific sets of genes.  P53 is a tumour-suppressor gene that detects genetic 
damage.  It may arrest the advance of a cell through its growth and division cycle.  It changes 
its localisation in response to DNA damage and repair:  If the DNA damage is severe, it promotes 
cell death.  It also promotes cell repair and regulates the cell cycle. 
TP53 undergoes post-translational modifications such as acetylation (the addition of an acetyl 
group), glycosylation (sugar), phosphorylation (phosphate), ribosylation (ribose) and 
sumoylation (sumo).  The different kinds of modification determine the specificity of genes that 
can be activated in various circumstances by p53.  As a tumour-suppressor protein, TP53 plays 
a regulatory role for the BCL2 protein family (Elmore, 2007).  Based on various cellular stimuli, 
in a context dependant manner, P53 acts on distinct BCL2 related proteins to activate pro-
apoptotic proteins to catalyse apoptosis as shown in Figure 4.13.    
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Figure 4-13:  Signals that trigger the different functions of P53.  Star shapes represent stimuli 
that trigger the activation of P53.   
 
P53 is widely implicated in many cancers, being mutated in 50% of human cancer cases (Albert, 
2008; Paskulin et al., 2012).  The majority of P53 mutations are due to point mutations that 
result in reading frame shifts; these account for 75% of mis-sense mutations.  15,000 mutant 
alleles of P53 have been documented, 95.1% of which affect a DNA-binding domain (Weiberg, 
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2007).  P53 normally acts as a sensor for damage to cellular DNA and suppresses cell 
proliferation either through cell arrest and/or cell death (Weinberg 2007) by: 

 Stimulating P21  (an inhibitor of cyclin dependent kinase CDK) to prevent entry to the 
cell division cycle, leading to growth arrest 

 Promoting expression of pro-apoptotic proteins (e.g. BAX) and activating genes that 
encode BH3 proteins (e.g. PUMA, NOXA), leading to cell death  

However, some p53 cancer-associated mutations acquire additional functions that promote 
tumour formation. 
P53 Regulation 
P53 has only a twenty minute half-life under normal physiological conditions as it is regularly 
degraded by ubiquitination through the action of MDM2/HDM2.  MDM2 binds directly to P53, 
blocking its function (Zhang & Xu, 2000; Shmueli & Oren, 2003).  Under stress conditions: 
 E2F1 increases the level of ARF that interacts with MDM2 so releasing P53.  
 E2F1 drives the expression of Caspases 3, 7, 8, 9 and pro-apoptotic proteins BIM, NOXA 

PUMA and APF1.  These are the raw resources for the promotion of apoptosis.  
 M2DM2 is phosphorylated by ATR, increasing the level of P53 to promote apoptosis and 

eliminate unwanted cells. 
Mutant P53 escapes degradation by MDM2; high levels of P53 then play the role of a 
transcription factor which cells are unable to control.  
Figure 4.14 summarises the major functions of P53 described in Elmore (2007) and Weinberg 
(2007).  
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Figure 4-14  P53 responses to DNA damage.  On DNA damage P53 either activates DNA repair 
proteins by holding the cell cycle at G1/S transition, or initiates apoptosis for severe DNA 
damage by activating pro-apoptotic proteins like puma or Noxa.  
 
P53 has a large network of interactions as it influences the activation of many genes (Paskulin 
et al., 2012).  Figure 4.15 shows common genes that interact with, and are regulated by, tumour 
suppressor gene P53.  
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Figure 4-15. P53 interaction network based on biological processes. The graph was generated 
using Genemania (see appendix 4).  
  
.   
 
 
 
 
 
 
 



71  

 

4.3 Summary of Apoptosis Pathways and the link to cancer 

The previous sections have shown that the cell-cycle and cell death play a major role in cell 
developmental regulation.  Dysregulation of key Hub regulatory proteins in either pathway can 
promote uncontrolled cell proliferation and developed-resistance to drugs in cancer treatment.  
In this section, some key proteins that play regulatory roles and are responsible for the 
development of tumour progression are summarised.  Table 4.1 shows a list of regulator 
proteins involved in the cell cycle and programmed cell death.  Mutation of these proteins can 
result in tumorigenesis.  Further details of some transcription factors and regulatory proteins 
are discussed below. 
Table 4-1.  Some regulator proteins involved in cell proliferation and programmed cell death.  

Protein /gene Regulator protein/gene Protein /gene Regulator protein/gene 
BAX/BAK BCL2 P21 P53 
Cyclin D P16 CDK2 p21  
RB1 Cyclin D and HPV E7 CDK4 p15 
E2F RB1 CDK 4/6 p16/ CDKN2A 
IAPs E2F Cyclin E p27 
IAPs SMAC/DIABLO PI3K-AKT PTEN 
Caspase 3, 7, 9 IAP BAD AKT 
MDM2 p14ARF/ CDKN2A FASL DecoyR 
P53 MDM2  M-S cyclin  APC 

 
Nuclear factor–Kappa (NF-KB family) is a family of transcription factors that regulates many 
genes involved in apoptosis and the immune response (Tonnock et al., 2013).  NF-KB 
transcription factors determine a cell’s survival and proliferation by inducing the expression of 
key anti-apoptosis proteins, BCL2, IAP-1, IAP-2, MYC and Cyclin D.  It protects cancer cells from 
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apoptosis and drives their proliferation.  REL is a NF-KB protein that targets 150 genes (Liu-
Mares et al., 2007).  
The BCL2 protein family plays a regulatory role in cell death pathways by controlling 
mitochondrial permeability (Debaud et al., 2012).  Amplification of anti-apoptotic BCL2 proteins 
plays a role in tumour cell line survival; their mutation can contribute to chemo-resistance to 
existing drugs.    
RB1 controls cell cycle progression by inhibiting E2F (Tonnock et al., 2013).  E2F1 induces the 
expression of both caspases and IAPs (Inhibitor of Apoptosis Proteins), which are inhibitors of 
caspases.  IAPs act through the BIR-domain (Baculovirus Inhibitor of apoptosis Repeat ) (Wu et 
al., 2015) so are also known as BIR-Containing proteins.   The BIR-domain is a zinc-fingered 
domain consisting of 3 cysteines, 1 histidine and a zinc ion 
(http://pfam.xfam.org/family/PF00653) found in proteins with roles in cytokine production, 
chromosomal segregation and apoptosis inhibition.  The BIR-Containing protein family includes 
NAIP (BIRC1), cIAP1 (BIRC2), cIAP2 (BIRC3), XIAP (BIRC4), surviving (BIRC5) and BIRC6.  Their 
role in apoptosis is exemplified by X-linked inhibitor of apoptosis protein (XIAP) which is 
produced by a gene located on the X chromosome.  Expression of XIAP is influenced through 
the MEK/ERK pathway, activated through fibroblast growth factor 2 (FGF-2) (Pardo et al., 2003).  
XIAP directly interacts with the active site of CASP 3 and CASP 7, preventing substrate entry, 
thus inhibiting apoptosis.  It also keeps CASP 9 in an inactive form 
(http://www.uniprot.org/uniprot/P98170). Second mitochondria-derived activator of caspases 
(Smac/DIABLO), after release from the mitochondria with cytochrome c, promotes apoptosis 
through physical interaction with IAPs by releasing caspases.   
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P53 is a transcription factor that promotes activation of both DNA damage repair and of pro-
apoptotic proteins such as BIM, BAX or BAK.  Inactivation of p53 due to a point mutation 
interferes with its transcriptional activity.  Over-expression of MDM2 reduces the 
concentration of P53 below the threshold needed in real time to promote cell repair or 
apoptosis. P53 also induces the expression of TSP-1 (thrombospondin) which can inhibit 
angiogenesis and tumorigenesis.  Mutation therefore results in unregulated angiogenesis, thus 
promoting tumour growth. 
BAX/BAK promotes cell death by interrupting mitochondrial integrity through cytochrome c 
release.  Inactivation of the pro-apoptotic protein BAX is the result of a gene mutation, common 
in 5% of colon cancers, which allows tumour progression. 
Targeting such regulatory proteins in apoptosis and cell cycle pathways can provide a powerful 
means for the development of cancer therapeutics. Some interventions in apoptosis-related 
diseases include activation of IAPs, caspase inhibition, PARP inhibition (DNA repair), stimulation 
of PKB/AKT and inhibition of BCL2 proteins (Vogler et al., 2009).  BCL2 proteins have long been 
a target for therapeutic drugs.  Existing drugs are discussed in the following section, revealing 
the complexity of protein targeting in drug development. 

4.4 Targeting BCL2 for anticancer therapeutics  
Apoptotic pathways are therapeutic targets for many cancers (Arlt et al., 2013); selectively 
inhibiting target driver-proteins and promoting apoptosis is a key strategy (Anderson et al., 
2014).   BCL2 proteins are over-amplified and contribute to the survival of the tumour in many 
cancers.  For this reason, BCL2 is a therapeutic target for the design of new anti-cancer drugs.  
Figure 4.16 shows the many genes that interact with BCL2; mutation of this gene can therefore 
affect many biological processes that can contribute to tumour development. 
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Figure 4-16. Network graph of common genes involved in the regulation and activation of 
apoptosis.  Network developed using Osprey.    
 
A key mechanism employed by existing drugs is to release the pro-apoptotic BCL2 proteins, BAX 
and BAK: Under normal conditions, stress signals are sensed by BH3-only proteins that bind to 
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BCL2, displacing BAX and BAK which are then free to promote apoptosis.  Dalafave & Prisco 
(2010) designed small BH3 mimetic molecules to bind to three BCL2 anti-apoptotic proteins, 
BCL-xL, BCL2 and MCL1.  The mimetics bind to the hydrophobic groove of the BCL2 BH3-binding 
domain to displace BAX and BAK.  Free BAX and BAK then dimerise to form membrane channels, 
releasing cytochrome c so that apoptosis can proceed (Ghibelli & Diederich, 2010; Suzuki et al., 
2000).  
Some commonly used BH3 mimetic inhibitors of the BCL2 family include WEHI-539 which 
inhibits BCL-xL, Obatoclax which inhibits BCL2A1 and MCL-1 (Braun & Trécesson, 2013; Haq et 
al., 2013) and ABT-199, a potent selective BCL2 inhibitor (Souers et al., 2013).  However, there 
are still problems of drug resistance as exemplified by the BH3 mimetics ABT-737 and its orally 
active analog ABT-263.  
ABT-737 and ABT-263 inhibit BCL2 and BCL-xL (Cippà et al., 2012; Ishitsuka et al., 2012 and 
Anderson et al., 2014).  ABT-737 binding to BCL2 is based on PDB: 2YXJ as shown in Figure 4.17.  
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Figure 4-17. BCL2 inhibitor ABT737 and ABT-262. Rainbow colouring is from N-terminus (blue) 
to C-terminus (red). Based on PDB: 2YXJ and 4LTV respectively (Souers et al., 2013). 
 
ABT-737 effectively binds with BCL2 but not MCL-1 so has limited effect when MCL-1 is over-
expressed (Adams & Cory, 2007).  Furthermore, BCL2A1 has been found to be amplified 100 
times in tumours treated with ABT-737 (Vogler et al., 2009).    

 
  

ABT737: 2YXJ 

ABT262: 4LTV 
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 B-cell Lymphoma 2- Related protein A1  

5.1 Introduction  
The B-cell lymphoma 2 protein family plays a crucial role in regulated cell death by maintaining 
mitochondrial integrity.  These proteins are highly dysregulated in many cancers so are 
attractive targets for drug discovery (Vogler, 2012).  Like other anti-apoptotic proteins in the 
BCL2 protein family (BCL2, BCL2L1, BCLW and BC2L3), B-cell lymphoma 2 related protein A1 
(BCL2A1) regulates the balance of cell death and survival.  BCL2A1 is an anti-apoptotic protein 
that resides on the outer membrane of mitochondria and in the cytoplasm. BCL2A1 is highly 
expressed in tissues that are involved in the immune system.  The gene for BCL2A1 is mainly 
expressed in the peripheral vascular system, spleen, bone marrow, lung, small intestine, testis, 
and at minimal levels in other tissues (http://www.uniprot.org/uniprot/Q16548).  Further 
expression-profile evidence from Gene card (http://www.genecards.org/cgi-
bin/carddisp.pl?gene=BCL2A1&search=BCL2a1) is provided in Figure 5.1 in which expression 
was measured using microarray, RNAseq and SAGE (Serial Analysis of Gene Expression).  This 
shows high expression levels in whole blood, bone marrow, lung, B-lymphoblast and foetal 
lung.  The high expression of BCL2A1 in bone marrow is suggestive of immune system function. 
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Figure 5-1 Gene expression of BCL2A1 from Gene Card. This shows high expression of BCL2A1 
in blood and B-lymphoblast.  
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Immune systems involve the recognition of host and foreign proteins (antigens) and use either 
cell toxicity or antibodies to attack foreign antigens.  Cell membrane receptor proteins play a 
crucial role in the cell-cell recognition process:  An inability to distinguish host antigens (self) 
from foreign antigens (non-self) results in the autoimmune response.   

The diverse mechanisms of the immune system necessitate the action and interaction of many 
cell types.  Bone marrow, a region of high BCL2A1 expression, contains haematopoietic stem 
cells that give rise to the different types of blood cell.  Three kinds of white blood cell 
(lymphocytes) play a crucial role in the immune system: 
 Natural killer cells (NKC) lyse viral-infected host cells and tumour cells as cytotoxic innate 

immunity. They use a surface marker antigen called Major Histocompatibility Complex I 
(MHC I) which is recognised by killer-cell immunoglobulin receptors (KIR).  Infected cells 
missing the MHC I signal will be killed by NKC.   

 B-cells are involved in the production of humoral (blood and lymph) antibodies 
(immunoglobulins) that bind to foreign antigens.  Antigen-recognition involves Class II MHC 
binding. B-cell antibodies kill pathogens indirectly by initiating macrophages or neutralize 
foreign antigens.  

 T-cells consist of:   
a. T-helper cells (CD4+) which release cytokines (small signalling peptides) that can 

stimulate other cells, such as B-cells and cytotoxic T-cells, to move to the site of 
infection. T-helper cells recognise Class II MHC antigens which are found on the surface 
of B-cells and macrophages.  

b. Cytotoxic T-cells (CD8+, T-killer) which kill body cells that are affected by viruses and 
cancer.  Most T-killer cells express the T-cell receptor protein (TCR), found on the cell 
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membrane.  TCR is a hetero-dimer, composed of an alpha and beta protein, which is 
used to recognize antigen MHC I.   

BCL2A1 plays a key role in the immune system, regulating inflammation and facilitating the 
survival of selected leukocytes (Buggins & Pepper, 2010; Vogler, 2012).  An inflammatory 
response is limited by the action of BCL2A1 which regulates neutrophil apoptosis; neutrophils 
have a half-life of only 6-8 hours (Cowburn et al., 2011).  Gene-knockdown experiments in mice 
have shown that the removal of BCL2A1 impairs T-cell differentiation and B-cell homeostasis 
(Ottina et al., 2012).  As result of its loss, B-cells lose their response to mitogenic factors so fail 
to proceed to mitotic division.  
The Role of BCL2A1 in Cancer 
BCL2A1 is implicated in leukaemogenesis (Beverly & Varmus, 2009) and is over-expressed in a 
wide range of leukaemia (Nagy et al., 2003) and lymphomas (Vogler, 2012).  Furthermore, a 
recent study showed that BCL2A1 is 30% more amplified in melanoma than in normal cells and 
is  responsible for melanoma tumour development (Haq et al., 2013).  
BCL2A1 expression is also correlated to chemo-resistance and poor prognosis in B-chronic 
lymphocytic leukaemia and acute myeloid leukaemia (Villunger et al., 2012; Vogler, 2012).  Due 
to mutation, BCL2A1 becomes resistant to ubiquitination so contributes to the progression of 
cancer due to its pro-survival function, and can prevent cell death following chemotherapy.  
BCL2A1 is important for T-cell development and the differentiation of T-cell progeny by 
inhibiting the activation of Caspase 3, which would lead to apoptosis. Pre-T cell receptor (TCR) 
is expressed during early T-cell development and provides survival selection of T-cells.  The 
over-expression of pre-TCR can therefore contribute to T-cell leukaemia both in mice and 
humans through the action of BCL2A1 by preventing apoptosis (Mandal et al., 2005).  BCL2A1 
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is the transcriptional target of NF-kB and TCR where the expression of pre-TCR in early T-cell 
development induces BCL2A1 to inhibit Caspase 3.  Induction of BCL2A1 expression by NF-kB is 
based on various inflammatory stimuli.  For example, cRel (a member of the NF-kB family) binds 
directly to the cis-element of the BCL2A1 gene regulating its expression. Other signalling 
pathways induced by NF-kB include PI3K, ERK and CD40 signalling.   
Overall, BCL2A1 plays a role in the regulation of apoptosis, and is involved in B-cell receptor 
signalling pathways and the activation of the immune response (Genemania functional search). 
It might contribute to the progression of cancer and is over-expressed in haematological 
malignance (Vogler, 2012).  
BCL2A1 has been implicated in a variety of roles within the immune system.  However, the 
functioning of BCL2A1 as an anti-apoptotic gene is poorly understood due to the lack of an 
appropriate model and the redundant effect of other BCL2 over-expression (Villunger et al., 
2012).  In the following sections new variants of BCL2A1 are described using different 
bioinformatics tools.  The structures, biological functions and interaction networks will be 
discussed.   
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5.2 Material and Methods 

5.2.1 Datasets 
A total of forty four nucleotide sequences for BCL2A1 were provided by Morvus Technology. 
Additional sequences were retrieved from ENSEMBL, UniprotKB and MIMI.  

5.2.2 Data analysis 

5.2.2.1 Gene information analysis 
DNA sequences were translated into protein sequences using EMBOSS Transeq (Rice, 2000) and 
ExPASy Translate bioinformatics tool (Artimo & Stockinger, 2012) which can be accessed from 
the website http://web.expasy.org/translate/.  The gene expression profile for BCL2A1 was 
retrieved from the Card database http://www.genecards.org/cgi-
bin/carddisp.pl?gene=BCL2A1&search=BCL2a1. Genome visualizations were carried out using 
the UCSC Genome browser (http://genome.ucsc.edu/) and Ensembl Genome browser 
(http://www.ensembl.org/index.html). The BCL2A1 promoter was predicted from a eukaryotic 
database at http://epd.vital-it.ch/. 

5.2.2.2 Multiple Sequence Alignment  
All DNA sequences and proteins were aligned using ClustalW2 (Thompson et al., 1994) and 
Mafft (Katoh et al., 2005) to identify any genetic variation in BCL2A1 at a particular locus, as 
discussed in Chapter Three. Using multiple sequence alignment, functional domains were 
drawn using Mydomain at http://prosite.expasy.org/cgi-bin/prosite/mydomains/.  
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5.2.2.3 Protein Structural predictions 
Hydrophobicity 
BCL2A1 hydrophobicity was generated using Discovery Studio. 

5.2.2.4 Homology Modelling  
A program called Modeller was used for Comparative Homology Modelling.  Modeller is free 
automatic modelling software developed by Andrej Sali and written in FORTRAN 90. It is 
available at http://salilab.org/modeller/.  It needs registration for a licence key which is free for 
academic use.  To run the program, Python must be installed on a local machine.  UCSF Chimera 
1.8 was used as the interface to facilitate manipulation and visualisation during homology 
modelling (Pettersen et al., 2004; Yang et al., 2012).  Alternative interface options are also 
available, including Mint, Easy modeller and Swift modeller.   
The essential steps followed for Homology modelling are: Blast target sequence of unknown 
structure against Protein structure Data Bank (PDB) to find a related protein of known 
structure, called the ‘Template’.  Once a template with high sequence similarity has been 
identified (over 40% similarity is needed to give reliable structure prediction) carry out multiple 
sequence alignment. Using this multiple sequence alignment, Modeller automatically 
generates models. These models can be further refined for regions that are not covered by the 
template. Figure 5.2 shows the process of comparative homology modelling.  
 
 



84  

 

 
Figure 5-2:  Major steps in Comparative Homology Modelling: Template identification using 
Blast, multiple sequence alignment, model generation and model refinement.  
 

5.2.2.5 Binary interactions and networks 
Binary physical interactions of experimentally known structures for BCL2A1 were retrieved 
from Protein Databank. Interaction networks were generated in Cytoscape (Lotia, 2009) from 
the MIMI database (Gao et al., 2009).  Network clustering was carried out using MCODE (Bader 
& Hogue, 2003).  
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5.3 Results and Discussion 
Understanding the function of a gene involves describing the gene and its resulting protein at 
many levels.  These range from structural descriptions (the sequence of nucleotides and amino-
acids, and the three-dimensional structural folding of the resulting protein) to functional 
descriptions (identifying interacting partners and their biochemical role in cell physiology).  In 
the following section, gene and protein structures are defined in relation to their biological 
functions.  Biological networks and regulatory mechanisms are also explained.  

5.3.1 Description of the genomic features of the BCL2A1 gene 
The BCL2L5 gene encodes BCL-2 related protein A1 (BCL2A1) which is also known as: BCL-2 like 
protein 5 (BCL2-L-5), Haematopoietic specific early response protein (HBPA1), protein BFL-1 
(BCL2 related gene expressed in Foetal liver) and GRS (Glasgow Rearranged Sequence).  The 
BCL2A1 protein UniprotKB accession number for human is Q16548.  The HGNC Accession 
number is 991. The gene is located on chromosome 15 on the reverse strand at 15q25.1 as 
indicated in Figure 5.3.   
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Figure 5-3: BCL2A1 locations on UCSC Genome browser.  The three exons are shown as dense 
blue boxes in the Refseq Genes row.  GC content is indicated in the middle:  The peaks in the 
blue line show high % GC content mainly in the exons, while the red down-spikes show low GC 
content in the intron regions. The green lines show homologues in other species. The final row 
shows the single nucleotide polymorphisms, SNPs, for the gene.   
 
Alternative splicing (AS) is a common phenomenon in the human genome, accounting for 80-
90% of protein diversity (Au et al., 2010).  Alternative splicing determines the alternative usage 
of existing genes, allowing variation of function across different tissues and developmental 
stages.  Unusual alternative splicing is more common in cancer than in normal tissue (Kim et 
al., 2008).  BCL2L5 has two natural splice variants (shown in Figure 5.4).  The two alternative 
transcripts at NCBI are:  NP 001108207.1 (Isoform 1) and NP 004040 (Isoform 2).  Isoform 1, the 
canonical representative for BCL2A1, contains two exons and encodes a polypeptide containing 
175 amino acids which is located in the cytoplasm. By contrast, Isoform 2 contains three exons 
and codes for a polypeptide 163 amino acids in length. It occurs in the nucleus due to a short 
C- terminus (Vogler, 2012). 

RefGene 

GC % 

Homologues in other Species 
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Figure 5-4: A BCL2A1 transcript visualisation in ENSEMBL genome Browser. The first transcript 
(isoform 1) has two exons and the second (isoform 2) has three exons due to alternative 
splicing.   
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Promoter prediction for BCL2A1 Gene 
The genetic basis of cellular differentiation and morphogenesis is the result of differential gene 
activity.  Gene regulation determines which genes turn on, are ‘active’, and which turn off, 
‘inactive’, during the various stages of growth and development.  Gene transcription depends 
on interactions between proteins called Transcription Factors (TF) and specific DNA sequences 
in the promoter region.  Transcription factors are activated by phosphorylation based on 
environmental stimuli.  Any mutation that affects the binding motif of a transcription factor can 
affect gene expression and function.   
There are four major eukaryotic RNA polymerase II promoter elements: TATA-box, GC-box, 
initiator and CCAAT-box.  Specific motifs, such as the TATA box, are sites where transcription 
initiation factors bind.  Usually TATA is found at -35 and -20 relative to the transcription starting 
site (TSS) upstream of the coding gene (Sanchez et al., 2011).  TATA binding protein (TBP) binds 
to the TATA box to unwind DNA.  The CCAAT-box usually occurs between -212 and -55 from 
TSS, and the GC-box between -164 to +1.  The Initiation CAP signal base  occurs between 1 to 
+5 (http://epd.vital-it.ch/promoter_elements.php).  Understanding these regulator elements 
is of great importance in the manipulation of target genes.   
The Eukaryotic Promoter Database (EPD) is a well annotated collection of eukaryotic RNA 
Polymerase II promoters found at http://epd.vital-it.ch/.  It was used to predict the 
transcription starting site for gene BCL2L5.  The core promoter sequence is: 
gaggaagtggcttctctgaaacattttcctctttcacattttaaactttCTCTTTCATAC    
The Genomic region from -499 to 100 relative to the transcription starting site (TSS) is shown 
below.  The core promoter region is coloured in blue and the TSS (ATG) in red.  
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>BCL2A1_1|NC_000015 78050624..78051223 1-
CTATGGATTTAACTGTCTGGATATTTCATAGAAATAGAATCACATAATGTATGACCTTTTCTGTTTGGCT
TCTTTCTATTAGCCTAATGTTTTTGAGGTTCATTCCTGTTGAAGCATGTATCAGTTCTTCATTCCTTTTTT
GGGATGAATAATGTTCCATAATTTATTTATCCTTTCGTCTGTTGATGAACATTTGAGTTGTGTCCACATC
TTGGCTATTGTGAATAGTGCTGCCATGTACATTCGTATGTAAGTATTTGAGTATCTGTTGGGTGTATAC
CTATGAATGGAATTGCTGGGTCTTTTGACAATTCTGTATTTAACTTTTTGAGAAACTGCCAACATTTTCA
CAGGGGTTGTACCATTTCACATTCCCACCAGCAATCTACAAGGATTCTAATTTCTCCACATCCTGCATTT
AAGACTTGCAAAGCTGAATTAATCACAGGATGAGGAAGTGGCTTCTCTGAAACATTTTCCTCTTTCA
CATTTTAAACTTTCTCTTTCATACATGACATGAAACACAGCCTACGCACGAAAGTGACTAGGAGGAAG
GATATTATAAAGTGATGCAAACAGAAATTCCACCAGCCTCCATGT 
 
The positions of the TATA box and CCAAT are indicated in Figure 5.5.  The closest TATA box to 
the TSS is shown from -91 to -68, a significant distance from the expected -30 position.  This 
suggests that BCL2L5 may be a TATA-less gene.  Although the TATA-box is a well-known specific 
core promotor element, it is only present in 10-15% of mammalian promotors (Carninci et al., 
2006).  Furthermore, the promotor elements BRE, INR and DPE also appear to be absent from 
BCL2L5, which is consistent with the view that constitutive genes, having ‘house-keeping’ 
functions, are commonly TATA-less (Yang et al., 2007), and have dispersed rather than focussed 
promotors (Juven-Gershon & Kadonaga, 2010).  Furthermore, Figure 5.5 shows the CCAAT-box 
to be positioned from -582 to -569, again away from the expected -212 and -55.   
Another possible explanation for these deviations from the theoretical positions is related to 
the binding of DNA around the chromatin in the nucleosome.  Due to the folding of the DNA, 
the predicted positions of gene regulatory binding motifs may not accurately represent the 
physical distance between specific promotor elements.  Thus, transcription factors binding to 
these seemingly dispersed sequences can be close enough to carry out their biological function 
and activate transcription.  
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Figure 5-5:  BCL2L5 core promoter elements. The closest TATA box position to the TSS is shown 
from -91 to -68 and the CCAAT- box from -582 to -569 box. 
  
Figure 5.6 shows the different transcription factor binding sites, methylation, and GC island 
prediction from DBTSS7 and FANTOM4 databases as visualised in USCS genome browser. 
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Figure 5-6:  Transcription factor binding sites of BCL2L5 genes. 
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5.3.2 B-cell Lymphoma 2 - related protein A1 (BCL2A1) 

5.3.2.1 Multiple sequence alignment of BCL2A1 DNA and Proteins 
Figure 5.7 shows a multiple sequence alignment of forty four BCL2A1 protein sequences from 
the same genomic coding region.  Sequence matches at a particular position are highlighted in 
blue while the white boxes show variation at the locus.  The dot (.) sign represents a point 
mutation (deletion/insertion) or, if in a series or block, represents a truncated region compared 
to canonical sequences.  
The potential impacts of the point mutations introduced to BC2A1 are summarized in Table 5:1.  
Details of further genetic variations follow.  In chapter 4, the four essential functional domains 
of the BCL2 protein family were discussed.  The four known BH domains of BCL2A1 are: BH1:77-
97 (21aa), BH2:132-147 (16aa), BH3:52-58 (6aa), and BH4:11-27 (15aa).  This knowledge gives 
further insight into the potential impact of the genetic variations. 
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Figure 5-7. Multiple Sequence Alignment of BCL2A1 proteins. The colouring is based on 
sequence identity where blue shows matches and white mismatches. The dots show 
insertion/deletion or truncation.  
 
 
 
Table 5-1:  BCL2A1 protein sequence variations and their potential impact on function. 
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Id Mutation Position DNA Polarity Change Remark 

SM01 V  >M 62 G/A Both are hydrophobic neutral No change in polarity.  
New  

SM08 V >M 62 G/A Both are hydrophobic neutral No change in polarity. 

SM12 Q >R 173 A/G Polar hydrophilic neutral 
Glutamine to polar positive 
charged Arginine 

Change of charge  
New 

SM14 F >S 43 T/C Aromatic hydrophobic neutral 
phenylalanine to polar 
hydrophilic neutral Serine 

Can have an effect on 
protein folds as affinity to 
water changes  
New  

SM15 Q >R 107 A/G Polar hydrophobic neutral 
Glutamine to polar positive 
charged Arginine 

Can have an effect on 
protein folds  and 
interaction   
New 

SM17 Q >R 173 A/G Polar hydrophobic neutral 
Glutamine to polar positive 
charged Arginine 

Polarity change 
 New 

SM19 Q >R 173 A/G Polar hydrophobic neutral to 
polar positive charged Arginine 

Polarity change 
 New 

SM26 C >Y 19 G/A Polar hydrophobic neutral to 
aromatic polar hydrophobic 

Polarity changed  
Natural variant  
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New point mutations in protein sequences due to genomic change are: 

1. V to M at position 62 in protein sequences SM01, SM08 and SM32 are new as a result 
of the substitution of G by A.   

2. Q to R at position 173 in protein sequences SM12, SM17 and SM19 are new as a result 
of the change of A to G.  

3. F to S at position 43 in SM14 as a result of T to C  
4. Q to R at position 107 in SM15  
5. D to Y at 111 in SM27 due to a change of  G to T  
SM02: In the genomic sequence, starting from position 875, new variable nucleotides are 
introduced.   

SM26 N >K 39 T/G Polar hydrophilic neutral 
Asparagine to polar hydrophilic 
positive Lysine 

Polarity change 
Natural variant 

SM26 G >D 82 
 
 

G/A Aliphatic neutral Glycine to 
polar hydrophilic negative 
Asparagine 

Strong polarity change in 
BH3 interacting domain 
of BCL2A1 with BAK 
natural variant 

SM27 D >Y 111 G/T Polar hydrophilic negative 
Asparagine to aromatic polar 
hydrophobic Tyrosine 

Charged to hydrophobic:  
Can affect interaction and 
protein folds.         New 

SM32 V > M 62 G/A Both are hydrophobic neutral No change in polarity. 
New 



96  

 

SM03 and SM05: There is a nucleotide substitution at position 325 G to A (GTG =>ATG) that 
results in a change of Valine (V) to Methionine (M) at position 62 of the polypeptide. This 
can be a silent mutation as both residues are hydrophobic and neutral.  SM02, SM03, SM05, 
SM12 and SM22: In the upstream region from 115 to 126, ‘CTCAGCACATT’ is missing.   

New Truncated proteins  
1. SM66:  Codes only for 71 amino acids and misses the essential component of the BH4 

anti-apoptotic domain. There is a residual insertion in the BH3 domain region and the 
C-terminus is omitted entirely. There are 149 bases missing from the upstream region 
and a G deletion at position 579.   

2. SM81:  Codes for 87 amino acids. There is a base truncation from 382 downstream.  
3. SM94:  Codes for 82 amino acids. It contains BH4 but misses all domains that are 

essential for interaction with pro-apoptotic proteins at BH3 and the C-terminus. This is 
due to the truncation of bases downstream from 389.   

New Extended protein  
SM68:  Codes for 183 amino acids.  The nucleotide deletion at position 667 causes a frame-shift 
mutation.  This changes TGA, a stop codon, to GAC, a code for Aspartic acid (D).  It results in the 
addition of 7 amino acid residues, DQKGHIL (D: Aspartic acid acidic, negatively charged, Q: 
Glutamine polar, uncharged, K: Lysine basic positive charged, G: Glycine aliphatic non-polar, H: 
Histidine basic positive charge, I: Isoleucine aliphatic non-polar and L: Leucine aliphatic non-
polar), until a new stop codon is reached.  
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5.3.3 Hydrophobicity of BCL2A1  
Hydrophobic effects play a key role in protein folding and the protein-protein interaction 
interface.  Hydrophobic residues aggregate in order to minimise their contact with aqueous 
surfaces, forming a hydrophobic core, while hydrophilic residues more readily interact with 
water, creating a solvent-accessible outer surface to the protein.  Protein interactions based on 
hydrophobicity are non-covalent, so are easily formed and broken according to their 
environment (Orengo et al., 2003).  Such interactions play important functional roles when 
proteins dimerise or oligomerise by hydrophobic associations.   
Hydrophobicity plots provide a useful means of predicting membrane-spanning domains which 
are highly hydrophobic, and identifying regions of a protein that are likely to be exposed to 
aqueous surfaces (hydrophilic regions).  The hydrophobicity scale was based on  Kyte & 
Doolittle (1982) and was used to identify protein hydrophobicity with a window size of 5-7.  In 
this scale, valine is 4.2 and glutamic acid -3.5 on the hydrophobic scale.  Hydrophobicity values 
of 20 amino acids are shown below 
(http://web.expasy.org/protscale/pscale/Hphob.Doolittle.html):   
Ala:  1.800 
Arg: -4.500 
Asn: -3.500 
Asp: -3.500 
Cys:  2.500 
Gln: -3.500 

Glu: -3.500 
Gly: -0.400 
His: -3.200 
Ile:  4.500 
Leu:  3.800 
Lys: -3.900 

Met:  1.900 
Phe:  2.800 
Pro: -1.600 
Ser: -0.800 
Thr: -0.700 
Trp: -0.900 

Tyr: -1.300 
Val:  4.200 
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A protein hydrophobicity graph (Figure 5.8) was generated for BCL2A1 to show distribution of 
hydrophobic and hydrophilic amino acids along the sequence.   

 
Figure 5-8.  Hydrophobic distributions of amino acid residues in BCL2A1. The graph is based on 
the SM02 sequence and was generated using Discovery Studio.  The peaks correspond to alpha 
helices.  
 
The hydrophobicity peaks of BCL2A1 correspond to alpha helices, which play structural and 
functional roles in the protein.  BCL2A1 consists of 8 helices, where helices 4, 5 and 6 
correspond to BH3, BH1 and BH2 (Villunger et al., 2012), the motifs that interact with pro-
apoptotic proteins (BAX/BAK).    



99  

 

5.3.4 BCL2A1 structural prediction  
The identification of protein structure is one of the major problems in structural biology (Gue 
and Bourne, 2009).  Genes function through proteins, in which three-dimensional structure and 
folding are essential for proper orientation and function. Proteins are held together in specific 
conformations via factors such as the burial of their hydrophobic surfaces, hydrogen bonding 
and salt bridges (Lesk, 2010).  The formation of a native structural state is a global property of 
proteins.  Change of residue charge distribution can affect the native conformation of proteins. 
Though in most cases only 10% of the sequence is involved in the active-site (to carry out its 
biological function), the rest of the structure is required for scaffolding to create the correct 
spatial relationships among the active residues (Lesk, 2010).  

5.3.5 BCL2A1 structural features and interaction interface 
There are seven BCL2A1 structures with binary protein-protein interactions (Physical 
interaction) known in PDB: 3MQP (NOXA), 3I1H (BAK) and 2VM6 (BIM) in humans and 2VOF 
(PUMA), 2VOG (BMF), 2VOI (BID) and 2VOH (BAK) in mice. Figure 5.10 shows physical protein 
interactions between BCL2A1 and NOXA, BAK and BIM.  BCL2A1 also interacts physically with 
the proteins HRK, BCLG, BID, BIM, BAD, PUMA, NOXA, BAK1, BAK, BAX, BBC3, BOK, BIK, PMAIP1, 
BCL2L11 and NR4A1.  The BH3-only pro-apoptotic proteins, (NOXA, BIM) and multi-domain pro-
apoptotic (BAK) interact with BCLA21 in the hydrophobic grooves in the BH3 domain.   
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Figure 5-9:  Binary protein-protein interactions with BCL2A1, showing physical interaction at 
the BH3 hydrophobic region with NOXA, BAK and BIM in humans.  
 
Details of the secondary structure of BCL2A1 are shown in Figure 5:10 A.  This shows that there 
are nine helices and four functional domains.  At the protein-protein interface there is much 
interaction energy which stabilises the proteins so that they can carry out their biochemical 
roles.  Some common interactions at interface include hydrogen bonds, disulphide bonds, salt 
bridges and non-contact bonds.  The types and positions of interactions required for protein 
stability and function with BIM, NOXA and BAK are also shown in Figure 5.10 C.    
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Figure 5-10   BCL2A1 structure and interactions based on PDBSUM.  A: Secondary structure 
helices relative to amino-acid positions.  B: Domain representation cartoon  C:  Protein-Protein 
Interface diagram showing interactions with BIM, NOXA and BAK:  The colour of the ovals 
indicate the charge of the amino acids (blue represents positive, red = negative, green = neutral, 
grey=aliphatic, purple=aromatic, yellow=cysteine) while the lines show the different interaction 

B. 

BIM: 2VM6 NOXA : 3MQP BAK: 3I1H 

C. 

A. 
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types (e.g. blue lines represent hydrogen bonds, broken orange lines represent hydrophobic 
interactions).  
It is well known that the general folding of all BCL2 proteins is similar so it is possible to deduce 
similar structural roles for the domains of BCL2A1.  The BH1, BH2 and BH3 domains’ surface 
area influence the homo and hetero-dimerization of BCL2 protein family (Petros et al., 2004).  
For example, BH1 and BH2 form heterodimers with BAX to retain mitochondrial membrane 
integrity.  BH1, 2, 3 also form a hydrophobic cleft binding-pocket for BH3-only proteins.  
Furthermore, anti-apoptotic proteins, like BCL2, containing a BH4 domain in the N-terminus 
have an essential pro-survival function.  Some of functions of BH4 are (Rong et al. 2009) to 
stabilise overall protein structure by forming hydrophobic interactions with other alpha-helix 
containing domains (BH1, BH2 and BH3), and to interact with, and inhibit the activity of, IP3R 
(calcium ion signalling), RAF1, RAS, and VDAC (voltage dependent anion channel).  
The four domains of BCL2A1 are the essential to its functioning, so a mutation will affect the 
protein’s function through its influence on the secondary structure and protein folding.  A 
change of side chain due to a substitution mutation can affect the protein folding as each amino 
acid has its own preference to be in particular secondary structure.  According to Zvelebil & 
Baum (2008): 
 Poor helix formers are Glycine, Tyrosine and Proline.   
 Good helix formers are Ala, Glu, Leu and Met.  
 Beta-strand formers include Ala, Val, Ile Tyr, Cys, Trp, Phen, and Thr.  
 Turn formers are Gly, Asn, Pro, Ser and Asp.  
During this study, nine new variants of BCL2A1 have been identified. The following section 
investigates how the gene mutations may affect the structure and function of the proteins. 
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5.3.6 Homology modelling of BCL2A1  
Template-based structural prediction (using experimentally known structures) is a faster, 
cheaper method of describing protein function than experimental work. The structure of 
BCL2A1 is well characterised using experimental methods and for this project homology 
modelling has been used to characterise new protein variants and mutation analysis. 
For human BCL2A1, there are three known structures available in PDB: 3MQP, 3I1H and 2VM6. 
The three templates used during homology modelling are 3I1H (BAK), 3MQP (NOXA) and 2VM6 
(BIM). The sequence similarity percentage of the template and BLOSUM62 score are shown in 
Table 5.2.  Templates were searched in Protein Databank (PDB) using the default parameter, 
blast algorithm with E-value 1e-x= 3 (10*10-3).  Query sequences were aligned with the 
template using the multiple sequence alignment algorithm BLOSUM62 (BLOSUM: Blocks, 
Substitution Matrix) which carries out local alignment and sequence similarity matches in the 
matrix to give a score-value based on position-specific similarities. 
Table 5-2 Template used for BCL2A1 Homology modelling in Modeller. BLOSUM alignment 
score and percentage identity are indicated.   
 

 

PDB Template E-value BLOSUM Score Percentage identity 
3MPQ_A 2e86 315 100% 
3I1H_A 2e85 312 99.3 
2VM6_A 4e84 308 100% 
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Using homology modelling, the structures for BCL2A1 variants were determined using Modeller 
in Chimera (Sali and Blundel, 1993; Sali, 1995; Andrej, 2013) and EsyPred3D Web Server 
(Lamber et al., 2002).  These are discussed below. 
Models of mutated proteins 
SMO1, SM08 and SM32:  The templates used to generate these models were 3I1H_A and 
3MQP_A at E-value 6e-86, with BLOSUM62 score of 314.  The ZDOPE score of the models is -
1.68.  Discrete Optimized Protein Energy (DOPE) is a statistical potential used to assess 
homology models in protein structure prediction.  In these sequences, there is a single 
nucleotide substitution that results in a change in the coding for different amino acids.    Table 
5.1 shows the mutation to be at position 62, resulting in a change of V (Valine) to M 
(Methionine).  The mutation is in the loop region of the structure rather than the BH domain 
region.  The wire model representation (Figure 5.11 A) shows the difference in size of the two 
side chains, revealing that Methionine creates more surface accessibility for interaction. 
SM12, SM17, SM19:  These structures show a change of Q (Glutamine) to R (Arginine) at 
position 173.  This produces a strong positive change in charge at the C-terminus, which can 
affect protein localisation.  A similar Q to R change occurs in sequence SM15 at position 107 
(Fig. 5.11D), between the BH1 and BH2 domains.  This change in charge may affect interaction 
at the hydrophobic pocket formed between BH1 and BH2 where interaction with BAK/BAX 
occurs.   
SM14:  This model is based on 3I1HA with e value 2e-85 score 312 and ZDOPE score -6.64.  In 
Figure 5.11B, F (Phenylalanine) changed to S (Serine) at model position 42.  This change is not 
in a BH-domain, but there is a change from hydrophobic to polar (an –OH containing side group) 
that has the potential to create hydrogen bonds, so can affect protein folding. 
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SM26:  There are three substitution mutations occur in the sequence for this protein. These 
changes, C (Cysteine) to Y (Tyrosine) at position 19, N (Aspargine) to K (Lysine) at 39 and G 
(Glycine) to D (Aspartic acid) at 82, are shown in the model in Figure 5.9C.  The first two changes 
are not in the binding domain.  However, the change of G to D at 82 results in a strong polarity 
change, as aspartic acid has a negatively-charged side-chain, in BH1 domain (77-97).  This 
domain is crucial for the activity of BCL2A1 function; the neighbouring aspartic acid residue at 
position 81 forms strong hydrophobic contact with Arginine 153 in the BIM BH3 domain and 
forms hydrogen bonds and hydrophobic contact with Arginine 76 in BAK.  It is therefore possible 
that the change from G to D at position 82 will increase the strength of hydrophobicity in the 
active site pocket, making it more difficult to displace the interacting protein. 
SM27:  The change from D (Aspartic acid) to Y (Tyrosine) at position 111 is shown in Figure 
5.11E. This is in the loop region between BH1 and BH2, away from the interacting domains. 



106  

 

 
Figure 5-11  BCL2A1 molecular representation models.  A). Wire representation for SM1, SM08 and SM32, showing where V is replaced by M. B). Stick representation for SM14 showing the change from F to S.    C). Ribbon representation of the model for SM26, showing changes at positions 19 (C to Y), 39 (N to K) and 82 (G to D), followed by stick representations showing the localised structural differences resulting from each change. D) SM15:  Stick representation showing the structural change from Q to R.  E) Stick representation showing change D to Y in SM27.  
 
 
 
 

A.  B.  

D. SM15: 107 Q to R 

C.  

E. SM 27: 111: D to Y 
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Models of truncated proteins:  
SM 94:  This is a truncated polypeptide containing 82 amino acids.  Its model was generating 
using 2vm6 as a template at E-value 1e-41; with BLOSUM62 score of 166 (see Figure 5.12 A & 
B).  The model quality ZDOPE score is -0.84.  This truncated sequence is missing about 93 amino 
acids resulting in the loss of the entire BH2 domain and the C-terminus.  C-terminus residues 
are needed for proper protein folding to form stable interactions with the BH3 domain (Petros 
et al. 2004).  Furthermore, only a segment of the BH1 domain is retained (77-82), weakening 
any interactions with both BAK and BIM.   
The lack of a C-terminus has a greater effect on the interaction with BIM which requires 
stabilisation by a sulphate ligand:  In normal BCl2A1, sulphate acts as a cofactor-ligand to 
facilitate interaction with BIM: Lys 147 of BCl2A1 interacts with the sulphate ion by forming a 
hydrogen bond, the BIM residue Arg 165 also forms a hydrogen bond with this sulphate creating 
an interaction between the two proteins (see Figure 5:12 C).  BCL2A1 Lys 147 also forms 
hydrogen bonds with Tyr 163 and Asp 160 on BIM which further stabilize the interaction.  In 
the SM94 mutant form, truncation means that there are no sulphate-binding domains, so the 
Lys 147 interaction with BIM cannot occur.  The BIM interaction with BCl2A1 is important to 
activate BAX dimerization which facilitates the initiation of apoptosis.  The weakened 
interaction means that BIM may no longer be an effective natural trigger for promoting cell 
death.  Furthermore, it may be hypothesised that SM94 will preferentially bind to BAK, which 
does not require a sulphate ligand, thus maintaining the pro-survival role of the BCl2A1 variant.  
In addition, SM94 is also resistant to existing BH3-binding mediated drugs as it is missing the 
essential binding domain.  This can result in a weak degree of response to drug treatment.   
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SM66:  This model was generating using 2vm6 as a template at E-value 1e-20, with BLOSUM62 
score of 97.  SM66 is a truncated polypeptide with 71 amino acids.  Although the region of 
interaction with BIM is partially retained (i.e. BH1), the protein is missing helices H1, H2, and 
H3 in the N-terminus and H6, H7, H8, and H9 in the C-terminus (see Figure 5:12 D & E).  This 
means that BH3, which is essential in creating interaction grooves for pro-apoptotic proteins, 
and BH4, which is important in anti-apoptotic proteins, are missing.  
SM81:  This model was generating using 2vm6 as a template at E-value 5e-45, with BLOSUM62 
score of 178.  In this truncated protein, of 87 amino-acids, only the first three to four helices 
are retained (see Figure 5:12 F); the entire C-terminus and BH1, BH2 domains are missing.   The 
effects of these losses have been discussed for SM94.  In summary, the missing domains are 
vital for the anti-apoptotic properties of BCl2A1.   
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Figure 5-12  Models of truncated BCl2A1.  A:  SM94 (green) super-imposed on template 2VM6 
(blue), showing interaction with BIM (red).   B:  Truncated SM94 (82aa).  C:  Sulphate Ligplot.  
D: SM 66 (71aa) (red) super-imposed on template 2VM6 (blue), showing interaction with BIM 

B: SM94  C:  Sulphate  
A: 2VM6 and SM94  

D. SM66/2vm6 
E. Sm66 red 

F.SM81  
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(green).  E. SM66 (red) and BIM (green): An essential binding segment is missing. F:  SM81 
(87aa)(red) showing interaction with BIM. 
Models of extended protein SM68:  
This protein contains an additional residue of 183 polypeptides.  The model was based on 
template 3I1H which is 151 amino acids long, with 100% sequence similarity (see Figure 5:13).  
Although other BCL2 anti-apoptotic proteins have transmembrane domains, it is not clear 
whether BCL2A1 has a transmembrane domain at the C-terminus.  However, it is possible that 
the insertion in SM68 has an impact on its localization, the richly charged residues perhaps 
influencing the interactions.  Such charge changes can also affect signalling for protein 
degradation.  If the mutant were resistant to the degradation response stop-signal, it could also 
be resistant to existing therapeutics. 
 

 
Figure 5-13  Refined model of SM68 (cyan).  The template, 3I1H, is shown in blue, BIM is green.  
 
In summary, using experimentally-known structures for BCL2A1, for all variants the template 
similarity is over 95%.  For this level of similarity, models are considered to be as good as 



111  

 

experimentally determined structures (Lesk 2010).  The structural models generated in this 
study provide insight into how the proteins may lose their function due to missing the essential 
domains required for their activity.  Nine new variants of BCL2A1 have been identified, including 
five new point mutations due to substitution in DNA sequences, three truncated and one 
extended A1 proteins due to frame-shift mutations in the BCL2L5 gene.   
Truncation can result in drug resistance as the change in structure results in the complete or 
partial absence of domains essential for existing inhibitor binding.  For example, SM81 and 
SM94 lack the BH1 and BH2 domains which are vital for forming the hydrophobic groove for 
protein interaction. SM66 lacks BH2, BH3 and BH4 so is unable to interact with both pro- and 
anti-apoptotic proteins.  This fragmentation is likely to affect protein binding ability, localisation 
and anti-apoptotic properties.  It might also lead to unusual interactions that can cause an over-
activation of protein function that is responsible for anti-cancer drug resistance.   
By contrast, the SM68 protein has gained an additional segment (DQKGHIL) in the C-terminus 
which has been identified to be involved in ubiquitination and protein degradation (Vogler, 
2012).  The addition of those seven residues might affect its functions and localisation.  As it is 
rich in charge, the protein folding might be impaired.  
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5.3.7 BCL2A1 Network interaction and analysis 
Networks give a system level view of biological processes (Kar et al., 2009).  Networks provide 
information at the cellular level about interactions between the genes/proteins involved in 
biological process regulation, signal transduction, transcription and metabolism.  Direct 
(physical) interaction involves the direct binding of proteins to form an assembly whereas 
indirect (functional) interaction occurs when proteins are involved in the same biological 
pathway but do not bind directly with each other.  In the following sections, the major network 
cluster around BCL2A1 is analysed.  The network was generated using MIMI database and 
analysed to determine key characteristics such as node distribution, network composition and 
clusters.  For each cluster, key pathways were identified.  

5.3.7.1 Generating the Network 
Protein-protein interaction databases use diverse protein interaction datasets which show 
variation based on method of detection, annotation, prediction, species coverage, automated 
text mining or manual curation.   
Michigan Molecular Interaction (MIMI) is part of NCIBI (National Center for Integrative 
Biomedical Informatics) which collects information from diverse, existing databases like BIND, 
BIGRID, HPRD, IntACT and develops new data models to provide more comprehensive 
information (Jayapandian et al., 2006).  It merges large datasets to provide more information 
about potential interactors and to remove redundancy.  In the updated version of MIMI, 
relevant pathways are integrated to include gene and protein function from KEGG and 
Reactome (Tarcea et al., 2009).   The MIMI cytoscape plugin is used to retrieve interaction 
datasets of diverse origin and well annotated interaction types (Gao et al., 2009). It provides a 
user-friendly interface to search for genes and proteins by symbol and to generate network 
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graphs inside the cytoscape that can be used for further network analysis.  Due to its coverage 
and consistency in tracing data sources, for this study MIMI interaction datasets were used.   
The BCL2A1 network was searched and generated from MIMI database to identify the direct 
interactions (see Figure 5:14).   

 
Figure 5-14 Physical binary interactions of BCL2A1. 
Twelve proteins’ binary interactions were identified:  

BAD  BCL2-antagonist of cell death 
BAX  BCL2-associated X protein 
BAK1  BCL2-antagonist/killer 1 
BBC3  BCL2 binding component 3 (Synonym = BIM) 
BIK  BCL2-interacting killer (apoptosis-inducing) 
BOK  BCL2-related ovarian killer 
BMF  BCL2 modifying factors 
BID  BH3 interacting domain death agonist 
PMAIP1  Phorbol-12-myristate-13-acetate-induced protein 1 (Synonym = NOXA) 
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HRK  Harakiri, BCL2 interacting protein (contains only BH3 domain) 
CAPN1  Calpain 1, (mu/I) large subunit 
GRB2  Growth factor receptor-bound protein 2 
 

The importance of some of these interactions with BCL2A1 has been discussed in section 5.3.5.   
For example, the role of proteins in cell death pathways belonging to the BCL2 family, such as 
pro-apoptotic protein BAD, BAX, BAK1 (Suzuki et al., 2000), and the BH3-only proteins BB3 and 
BIK.  A protein not yet discussed is GRB2, an adaptor protein that forms a crucial link in the TRK 
and RAS-MAP kinase pathways to regulate cell proliferation.  It is upstream of SK6 which 
regulates BCL2A1 expression (Liwak et al. 2012).  More detail is discussed in section 5.3.7.9 
under clustering.   

By the process of expanding to the next node neighbours’ of neighbour, a further, large network 
of BCL2A1 was generated from Michigan interaction database, MIMI (see Figure 5:15).  The 
network was generated by including genes’ neighbour’s parameter to expand from the entire 
network to capture upstream and downstream interacting genes.    The expanded network is 
extremely large, consisting of 395 nodes and 2670 edges.  Some characteristics of the larger 
network are explored in the next section, followed by clustering to identify subnetworks and 
functional modules. 
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Figure 5-15:  BCL2A1 interaction whole network (generated by neighbours’ of neighbour 
expansion from MIMI database) consisting of 395 nodes and 2670 edges.  Colour is based on 
AllegoMCODE clusters. 
 

5.3.7.2 Network analysis 
Network topology is an important tool for identifying large interaction datasets and finding 
functional relationships (Kar et al., 2009).  Detailed methodology for network analysis is given 
in Chapter 3.  However, it is worth recalling some of key concepts related to network analysis:   
 Degree of node (all, in, out). The number of links interconnected at a node. This helps to 

find the hub.  
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 Between (node) is used to find nodes with tight interconnections with immediate 
neighbours. 

 Shortest path (edge) is the lowest number of hops between nodes/number of paths 
between nodes.  This shows the likelihood of two genes communicating with each other; 
the closer they are, the more likely they are to influence each other. 

 Modules/cluster/cliques/communities:  These refer to the more interconnected 
subnetworks from a larger network, which have some common functionality.  In the 
BCL2A1 whole network, the average number of neighbours about 13.519 (Figure 5.16). 
  

 
Figure 5-16.  Parameters for the BCL2A1 whole network 
 

The graphical representation (see Figure 5: 17 A) shows that the number of genes forming this 
number of interactions is about 10.  Few genes have a large number of interactions (one 
protein GRB2 has 256 interacting partners), while many genes (up to 35) have few 
interactions. There are two models used to describe this relationship, the linear model 
(shown on the graph in blue) and the Power Law model (shown in red).  These are described 
as follows:  

 :  =  +  ;    = 6.271 + ( 0.043 ∗ ) 
  :   = ;     ℎ   = 90.194   =  1.007 
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From the linear model, there is a negative value of -0.043 showing the inverse relationship 
between the number of nodes and the potential interacting partners. However, the linear fitted 
line (blue) has a weak correlation of 0.493 (see Figure 5.17 B), suggesting that the node 
distribution is non-linear.  By contrast, the Power Law fitted line has a stronger correlation, 
0.741 (see Figure 5.17 C).   

 
Figure 5-17. Graphical analysis. A.  Graphical representation of node and edge distribution. B. 
Correlation fit to the linear model   C. Power law correlation results 
  

A 

B C 
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5.3.7.3 Network Clustering 
Network clustering involves finding topological clusters to identify how proteins work together.  
The average clustering coefficient captures to what degree node neighbours are connected 
(Bader & Hogue, 2003). 

( )    (Bader & Hogue, 2003) 

In this equation, c= cluster coefficient; this is between [0, 1].   ni = number of links among ki 
neighbours of node i.  For example, for 4 nodes with 5 links between those nodes then k=4, 
n=5, so 2*5/4(4-1),    ci= 0.83333.  
MCODE algorithm has been used to identify densely-connected clusters that are over-
represented in the subnetwork. It based on vertex weighted by local neighbourhood density.  
Densely connected clusters are more likely to share functional roles in biological processes and 
disease conditions (Bader & Hogue, 2003).  Step-wise analysis procedure is as follows:  
 MCODE algorithm gives a higher score weight to those nodes whose neighbours are more 

interconnected. 
 It starts with the highest scoring node (the ‘seed’) and moves outward to expand the 

network until a given cut-off.  Here, the cut-off specifies the minimum degree to be 
included in the scoring. 

 Finally, it applies filters to improve the cluster.  For example, ‘haircut’ involves dropping 
nodes with single links, while ‘fluffing’ involves expanding the network outwards by one 
step.  K-core cut-offs filter out clusters that do not have maximum sub-clusters of k degree.  
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Using AllegoMCODE algorithm, seven large clusters were generated where cluster 1 has cluster 
coefficient of 9.524 and cluster 7 has a cluster coefficient of 1.5 (see Table 5.3).  The gene and 
pathway terms for each cluster are indicated in Appendix 6.   
 
Table 5-3 Summary of BCL2A1 network structural topologies.  

Network name node edges Cluster coefficient 
Whole  395 2670 Whole network 
Cluster 1 21 200 9.524 
Cluster 2 18 90 5 
Cluster 3 12 38 3.167 
Cluster 4 19 55 2.89 
Cluster 5 36 73 2.89 
Cluster 6 4 6 1.5 
Cluster 7 4 6 1.5 

 
 
Discussion of Clusters 1 to 7. 
Note that the high cluster coefficient of cluster 1 compared to clusters 6 and 7 means that this 
cluster holds most relevance to the functioning of BCL2A1. 
Cluster 1:  This is the most densely interconnected network with an average cluster coefficient 
of 9.524.  There are 21 nodes and 200 interactions (see Figure 5.18).  It mainly composed of 
growth factors (FGFs) and target receptor (FGFR).  
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Figure 5-18   Cluster 1. Layout based on Perfused direct layout, based on edge-betweeness. 
Proteins in this subnetwork include:  
FGFs, Fibroblast Growth Factors:  These are a group of growth factors involved in angiogenesis, 
wound healing, embryonic development and various endocrine signalling pathways.  There are 
22 members in the family (http://pfam.xfam.org/family/PF00167).  FGF 1-10 bind to FGFRs.  
One example is FGF-2 (Fibroblast Growth Factor 2) which is commonly mutated and responsible 
for drug resistance in Small Cell lung cancer. FGF-2 increases the expression of anti-apoptotic 
proteins such as XIAP and BCL2-xL through the activation of Ribosomal S6 kinases 2 (S6K2) 
(Pardo et al., 2006; Pardo & Seckl., 2013).  S6K2 regulates PDCD4 (tumour suppressor 
programmed cell death 4) by phosphorylation.  PDCD4 binds to IRES (Internal Ribosomal Entry 
Site) to prevent translation at the initiation site of the ribosome, inhibiting the expression of 
anti-apoptotic proteins BCL-xL and XIAP (Liwak et al., 2012).  When phosphorylated by SK6, 
PDCD4 losses its inhibition role so the expression of tumour suppressor proteins is enhanced 
(Liwak et al., 2012). 
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FGFRs (Fibroblast growth factor receptors): The mammalian fibroblast growth factor receptor 
family has four members, FGFR1, FGFR2, FGFR3 and FGFR4 
(http://pfam.xfam.org/family/PF00167).  FGFR1 is a single span transmembrane tyrosine 
kinase that plays a crucial role in cell signal transduction to trigger cell proliferation and protein 
synthesis based on mitogen factor pathways.  It plays an essential role in the regulation of 
embryonic development, cell proliferation, differentiation and migration 
(http://www.uniprot.org/uniprot/P11362).  It activates many downstream pathways, including 
the RAS-MAP kinase and PI3K/AKT1 pathways that play a crucial role in cell proliferation, 
apoptosis and protein synthesis.  These proteins are common drivers of tumorigenesis in many 
classes of  cancers (Antonicelli et al., 2013). 
GRB2 (Growth factor receptor-bound protein 2):  This is one of the highly connected Hub 
proteins, having 245 connections.  It plays a critical role in signal transduction as all activity 
downstream depends on its activity.  GRB2 binds with FGFR1 to activate the RAS kinase 
pathway which leads to cell proliferation.  It activates RAS by binding through its SH2 domain. 
More discussion about RAS and its downstream pathway is given in the following section.   
CBL is a protein with ubiquitin ligase activity that plays a major role in autophagy, ensuring the 
survival of cancer under stress conditions.  It also facilitates ubiquitination of the RTK, FGFR1.  
Cluster 2:  This subnetwork (shown in Figure 5.19) contains genes that belong to a number of 
signalling pathways including the extra-cellular apoptotic pathways (FAS, TNFRSF and FADD, 
see chapter 4.2) and the MAP-kinase pathway (RAS family).  

Other genes include MSN, EZR, RHOA and ARHGDIA which are involved in cytoskeleton 
structure, cell cycle regulation, cell adhesion and motility.  



122  

 

 
Figure 5-19.   Cluster 2. Layout based on Perfused direct layout, based on edge-betweeness. 
 
There are three RAS genes in the human genome: HRAS, KRAS and NRAS (Westcott & To, 2013).  
They are small GTPases that regulate cell proliferation.  There are many RTKs upstream that 
activate the RAS pathway.  Downstream, RAS proteins activate the MAP kinase pathways by 
phosphorylation.   
RAS/MAP kinase pathway:   Downstream of EGFR activation, RAS play a significant role in 
inducing threonine/serine kinases through phosphorylation.  The RAS family are monomeric G 
proteins.  They are activated when bound to GTP (guanosine triphosphate) by a guanine 
nucleotide-exchange factor (GEF) (Figure 5.20), and are inactivated by a GTPase-activating 
protein (GAP).  Mutated RAS will not respond to GAP, so the MAP kinase pathway remains 
active, increasing cell proliferation.  Mutation in this pathway is common in many cancers.   
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Figure 5-20:  RAS bound to GTP. B. Active site: Magnesium ion as cofactor to coordinate the  
binding of  GTP to the RAS protein (PDB: 1QRA). 

Cluster 3:  EGFR (Endoblast Growth Factor Receptors) are represented in this cluster (Figure 
5.21).  There are four members of the EGFR family: EGFR (HER1/ErbB1), HER2 (ErbB2), HER3 
(ErbB3) and HER4 (ErbB4).  EGFR has two main downstream intermediate pathways: the 
RAS/RAF1/MAP2K1/MAPK pathway and the PIK3CA/AKT1/mTOR pathway (Krasinskas 2011).  

 
 

 

 
 

Figure 5.21:  Cluster 3 EGFR members and downstream signal mediators RAS/MAPK3.   

RAS/RAF1/MAP2K1/MAPK pathway: Stimulation of the RAS extracellular signal-regulated 
kinase (ERK) pathway can modulate cell growth, proliferation, survival and motility.  p90 

A B 
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ribosomal S6 kinases (RSKs) comprise a family of serine/ threonine kinases that lie at the 
terminus of the ERK pathway.  RSKs play an active role in nuclear signalling by phosphorylating 
the cyclic AMP response element binding protein (CREB) (Steelman et al., 2011).  
PI3K/AKT pathway: Phosphoinositide-3-kinase (PI3K) phosphorylates PtdIns(4,5)P2 
(Phosphatidylinositol 4,5-bisphosphate) to generate phosphatidylinositol 3,4,5-trisphosphate 
PIP3.  Thus, PI3K is a kinase that activates PI2 into its active form, PI3.    The regulator protein 
for this pathway is PTEN, which convert PI3 to PI2. 
PI3 activates AKTs, proteins that have major roles including:  
 Activation of protein synthesis and promotion of cell growth by activating mTOR.  
 Inhibition of apoptosis by inhibiting the pro-apoptotic proteins BAD, BAX and BIM.  
 Modulation of the cell cycle by inhibiting cell-cycle inhibitors such as FOXO1 and p21. FOXO1 

is a transcriptional factor that prevents the expression of genes that regulate the induction 
of cell death (Tannock et al., 2013). 

 
EGFR mutation occurs in 10 to 20% of patients with NSCLC and 50% with adenocarcinomas 
(Antonicelli et al., 2013).  RAS/MAP and PI3K/PTEN pathways are common targets for 
anticancer drug development (Mccubrey et al., 2012a,b).  PTEN is a tumour-suppressor in the 
PI3K and AKT pathways (Georgescu, 2010; Madhunapantula et al., 2011). Protein kinases and 
phosphatases are key enzymes that regulate the fate of cell (Bononi et al., 2011). 
Cluster 4:  This cluster (Figure 5.22) comprises a wide range of pathways that include genes 
involved in insulin signalling, such as INSR, IRS1 and SHC.  They induce downstream signalling 
cascades that affect cell proliferation and regulate cell survival and glucose metabolism.  Genes 
in this cluster include receptor Tyrosine kinases (KIT, MET, RET, INSR, PDGFRB and ERBB4), non-
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receptor Tyrosine kinases (SYK, JAK, SRC and ABL1) and adaptor proteins (GAB1, GAB2, SHC1 
and DOK1) that link receptor signalling to other kinases.  

 
Figure 5.22:  Cluster 4, showing TRKs, non-receptor tyrosine kinases and adaptor proteins. 

 
Cluster 5:  This heterogeneous cluster (Figure 5.23) contains transcription factors (e.g. P53 and 
MYC) and genes that are enriched for immune response (e.g. Zap70, CD19).  This is to be 
expected as BCL2A1 is known to play a crucial role in T-cell and B-cell differentiation (Mandal 
et al., 2005).  
P53 is a transcription factor that targets a wide range of genes in response to DNA damage (see 
section 4.2.4).  The targeted genes include those involved in the activation of DNA repair, cell 
arrest (p21), and activation of pro-apoptotic proteins like BIM.  MYC also has a large range of 
transcriptional targets including Cyclin D1, CDK4, CDC25A and E2F1 (Tannock et al., 2013). 
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Figure 5.23:  Cluster 5 contains genes belonging to heterogeneous pathways.   Some code for 
transcription factors (P53 & MYC), others are involved in the adaptive immune response 
(Zap70, CD19). 
The immune response involves antigen signalling pathways (Zikherman & Weiss 2009): 
 Genes involved in B-cell receptor signal transduction are BCR (B-cell antigen receptor), CD19 

(B-lymphocyte antigen CD19), SYK, CD22 (B-cell receptor CD22) and CSK.  
 T-cell receptor signal transduction involves TCR (T-cell receptor), CD45, CD4, LCK, CD3, LAT 

and ZAP-70 and their regulators, Csk/PTPN22.  ZAP70 (Tyrosine-protein kinase ZAP-70) is a 
tyrosine kinase that regulates the motility, adhesion and cytokine expression of mature T-
cells, as well as thymocyte development.  ZAP70 is also required for TCR-CD247/CD3Z 
internalisation and degradation through interaction with the E3 ubiquitin-protein ligase CBL 
and adapter proteins SLA and SLA2. (http://www.uniprot.org/uniprot/P43403). 

 Downstream, both pathways activate MAP kinase so can affect cellular responses like  
proliferation, differentiation and death . 

Other genes in this cluster include: 
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SOCS1:  Regulates cytokine signal transduction by inhibiting JAK in the JAK/STAT3 pathway.  
CBLB (protein: E3 ubiquitin-protein ligase CBL-B):  E3 ubiquitin-protein ligase accepts ubiquitin 
from specific E2 ubiquitin-conjugating enzymes and transfers it to substrates; generally 
promoting their degradation by the proteosome system (see discussion in chapter 6).  It 
regulates TCR (T-cell receptor), BCR (B-cell receptor), FCER1 (high affinity immunoglobulin 
epsilon receptor) and PIK3R1 ubiquitination (http://www.uniprot.org/uniprot/Q13191).  
Failure of ubiquitination can result in prolonged activation of TCR which can lead to 
physiological cellular dysfunction.  
 
Cluster 6:  This cluster, shown in Figure 5.24A, contains Fibroblast Growth Factors (discussed 
with cluster 1).  
 
 

 
Figure 5.24:  A. Cluster 6 containing growth factors; B. Cluster 7: ATP synthesis genes are 
involved. 
 
Cluster 7:  This cluster (Figure 5.24B) includes genes involved in ATP synthesis and metabolism. 
ATP is required for phosphorylation, the main mechanism of signal transduction and activation 
of many proteins in TRK pathways.  Some of the genes involved in this process include:  

A. B. 
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SLC25A4 (protein name: ADP/ATP translocase): This is a 6-transmembrane protein that 
catalyses the exchange of cytoplasmic ADP with mitochondrial ATP across the mitochondrial 
inner membrane.  
ATP5J gene (protein: ATP synthase, H+ transporting mitochondrial F0 complex): This is 
involved in mitochondrial ATP synthesis, producing ATP from ADP in the presence of a proton 
gradient, generated by electron transport complex of the respiratory chain, across a membrane 
(http://www.uniprot.org/uniprot/Q6IB54).  
Downstream of the RTK signalling pathway, there is a wide range of proteins that have the 
potential to become oncogenes.  Some of these are: G-protein c-RAS, intracellular tyrosine 
kinases c-src and c-abl, Serine threonine kinases like c-raf and c-mos, and transcription factors 
in the nucleus c-myc, c-rel, c-jun and c-fos  (Antonicelli et al., 2013). 
 
The network analysis shows that there is cross talk between pathways where activation of TRC 
by growth factor can regulate expression BCL2A1 and other genes involved in cell death and 
cell proliferation.  The overall network analysis can provide a potential target list for new 
therapeutics.  
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5.4 Conclusion  
BCL2A1 is an anti-apoptotic protein that resides in the cytoplasm and mitochondrial 
membrane. Expression-profile evidence from Gene card (Fig 5.2) shows that it is highly 
expressed in blood plasma and bone marrow.  This is consistent with its role in the immune 
system, facilitating the survival of selected leukocytes (Buggins & Pepper, 2010; Vogler, 2012) 
and regulating T-cell development and B-lymphocyte homeostasis (Ottina et al., 2012).  
Dysregulation of BCL2A1 is implicated in cancers such as leukaemia, lymphoma and melanoma 
(Vogler, 2012).  
Gene transcription depends on interactions between Transcription Factors (TF) and specific 
DNA sequences in the promoter region.  Any mutation that affects the binding motif of a 
transcription factor can affect gene expression and function.  Promotor prediction was carried 
out for BCL2A1.  Well known promotor core sequences were searched using EPD.  However, 
the positions of the TATA-box and CCAAT-box (Fig. 5.5) were significantly different from those 
normally quoted (Alberts, 2008; Juven-Gershon & Kadonaga, 2010).  Possible reasons for these 
deviations are that BCL2A1 has dispersed rather than focussed promotors (Juven-Gershon & 
Kadonaga, 2010), or that the folding of the DNA within the nucleosome is such that the specific 
binding motifs are brought close enough for the transcription factors and accessories to carry 
out their biological function. 
BCL2L5 has two natural splice variants (shown in Figure 5.4).  Isoform 1, the canonical 
representative for BCL2A1 is located in the cytoplasm while Isoform 2 occurs in the nucleus due 
to a short C- terminus (Vogler, 2012).   A protein hydrophobicity graph (Figure 5.8) was 
generated for BCL2A1 to show distribution of hydrophobic and hydrophilic amino acids along 
the sequence.  The hydrophobicity peaks of BCL2A1 correspond to the alpha helices, which play 
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structural and functional roles in the protein.  BCL2A1 consists of 8 helices, where helices 4, 5 
and 6 correspond to BH3, BH1 and BH2 (Villunger et al., 2012), the motifs that interact with 
pro-apoptotic proteins (BAX/BAK).  The BH3-only pro-apoptotic proteins, (NOXA, BIM) and 
multi-domain pro-apoptotic (BAK) interact with BCLA21 in the hydrophobic grooves in the BH3 
domain (Figure 5.9).   Details of the secondary structure of BCL2A1 and the points of protein 
interaction with NOXA, BAK and BIM are shown in Figure 5.10. 
The four domains of BCL2A1 are essential to its functioning, so a mutation may affect the 
protein’s function through its influence on the secondary structure, protein-protein interaction 
interfaces and protein folding.    
Multiple sequence alignment was used to compare the forty four protein sequences provided 
by Morvus Technology Ltd in order to identify variations in primary structure that could result 
in a change in function.  Twelve point mutations were identified, eight being new variants.  In 
addition, three new truncated proteins and one new extended protein were identified.  As the 
structure of BCL2A1 is well characterised using experimental methods, homology modelling 
was used to characterise new protein variants. 
Three new variants, SM01, SM08 and SM32 have a single nucleotide substitution of methionine 
in the place of valine.  This may create more surface accessibility for interaction.  SM12, SM 15, 
SM17 and SM19 contain a substitution of arginine in the place of glutamine.  This change in 
charge may affect interaction at the hydrophobic pocket formed between BH1 and BH2 where 
interaction with BAK/BAX occurs.  The change from phenylalanine to serine in SM14, although 
not in a BH-domain has the potential to create hydrogen bonds, so can affect protein folding.  
SM26 contains three substitution mutations. The first two are not in the binding domain.  
However, the change of G to D at 82 results in a strong polarity, in BH1 domain which is crucial 
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for the interaction of BCL2A1 with BIM and BAK.  It is possible that this will increase the strength 
of hydrophobicity in the active site pocket, making it more difficult to displace the interacting 
protein.  The change in SM27 is in the loop region between BH1 and BH2, away from the 
interacting domains, so is unlikely to have any significant effect on protein function. 
As the balance of pro- and anti-apoptotic proteins is important for cell homeostasis, a mutation 
in BCL2A1 that affects its regulation of anti-apoptotic proteins or its stimulation of pro-
apoptotic proteins can lead to tumour development.  Of the variants studied, SM12, SM15, 
SM17 and SM19 contain mutations that may affect the hydrophobic pocket where interaction 
with BAK/BAX occurs. Similarly, SM26 contains a mutation that may affect the interaction with 
BIM and BAK.  It is therefore possible that these mutations impair the normal action of BCL2A1 
by preferentially binding to either BAK/BAX rather than BIM, thus preventing apoptosis.   Such 
mutations can also reduce the affinity of BCL2A1 to mimetic drugs, accounting for the drug 
resistant properties of some tumours.   
Global understanding of gene/protein networks can provide holistic information in the drug 
discovery process.  Network modelling provides the tools for identifying target cancer-drivers 
and intrinsic mechanisms of genetic redundancy that are responsible for drug resistance.  In 
section 5.3.7, a network was generated using BCL2A1 as the search term.  This displayed twelve 
proteins that interact directly with BCL2A1 to facilitate or regulate apoptosis (Fig 5.1).  The 
network was expanded to reveal upstream and downstream interacting genes then clustered 
in order to identify subnetworks, functional groups of proteins.  Seven clusters have been 
described.   
The cluster with the highest coefficient of 9.524 (Table 5.3), thus the most connected to the 
functioning of BCL2A1, contains growth factors and receptors involved the RAS/MAP kinase 
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pathways, which stimulate cell proliferation.  Similarly, cluster 2 (with a coefficient of 5) and 
cluster 3 (with a coefficient of 3.167) contains genes associated with cell proliferation through 
the RAS/MAP kinase pathway, but also include genes involved in the PI3K/AKT and the extra-
cellular apoptotic pathways including FAS/FADD.  The network analysis has also shown the 
cross-talk between apoptotic pathways and RTK pathways which regulates the expression of 
BCL2A1 through activation of SK6 ribosomal protein.   
Overall, the networks and pathways generated show that growth factors that trigger signal 
transduction through TKRs (e.g. FGFR, EGFR and VEGFR) play important role in tumour genesis 
by regulating the expression of apoptosis-related genes like BCL2A1 and XIAP.  Mutation of 
these TRKs, in addition to RAS and downstream genes, can affect the balance between 
apoptosis and proliferation.  Such proteins are therefore potential therapeutic targets as their 
modulation can affect the biological processes related to tumour development and 
proliferation. 
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 Trans Membrane BAX Inhibitor Motif Containing 6 (TMBIM6) 

6.1 Introduction 
Trans Membrane BAX Inhibitor Motif containing 6 (TMBIM6) is a gene also known by the names 
Testis-Enhanced Gene Transcript (TEGT), and BI1.  It codes for the protein BAX inhibitor 1 (BI-
1).  BI-1 was initially identified in yeast through functional screening of mammalian cDNA (Xu 
and Reed, 1998). This gene is known for its function as an anti-apoptotic 
(http://www.uniprot.org/uniprot/P55061).  It was characterised as an inhibitor of cell death by 
blocking the activation of BAX and its translocation into mitochondria from the cytoplasm (Xu, 
1998; Chae et al., 2003).  BI-1 is a transmembrane protein that resides on endoplasmic 
reticulum.  
The endoplasmic reticulum (ER) is a membrane-bound organelle consisting of a network of 
sheets and tubules that can extend from the nucleus throughout much of the cell.  The rough 
endoplasmic reticulum contains many ribosomes, where the majority of translation of nuclear-
encoded mRNA takes place to synthesise proteins; smooth ER is where lipid and carbohydrate 
biosynthesis takes place.  Endoplasmic reticulum is the major storage organelle for the 
accumulation of calcium ions.  The concentration gradient of calcium ions across the ER 
membrane is maintained energetically via ATPases. 
BI-1 is widely conserved in a variety of multicellular life forms including fungi, plants and 
animals.  It has a wide range of cellular functions:  
Anti-apoptotic role:  BI-1 provides protection against apoptosis induced by several types of 
cellular stimuli.  BI-1-lacking mice exhibit hypersensitivity to induced ER stress (Xu  & Reed,  
2008).  Accordingly, BI-1 inhibits apoptosis induced by growth factor withdrawal; the close 
binding with BCL2 through the BH4 domain is proposed as a mechanism for this.  BAX functions 
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downstream of BI-1 may be regulated through the involvement of Reactive Oxygen Species 
(ROS).  Examples of ROS include hydrogen peroxide (H2O2), oxygen ions, hydroxyl radicals (HO-

) and superoxide anion (O2-).  Excessive accumulation of ROS in the cytosol activates a change 
in BAX conformation and localisation:  It migrates to the mitochondrial membrane where it 
releases cytochrome c, thus initiating apoptosis.  
Calcium channel protein:  BI-1 plays a role in controlling the Ca2+ concentration across the 
endoplasmic reticulum.  The cellular function of BI-1 in releasing Ca2+ ions to regulate apoptosis 
was earlier reported by Xu and Reed (1998).  Recently, a number of studies have shown a wide 
range of physiological functions for this protein:  BI-1 regulates calcium ion dynamics in a pH-
dependent manner.  Kim et al. (2009) identified that the C-terminus of BI-1 contains the lysine-
rich pH sensor motif 'EKDKKKEKK' in the sixth transmembrane helix. They claim that this motif 
is essential for the tetramerisation and channel-forming properties of BI-1.  Under acidic 
conditions (pH=5), BI-1 oligomerises and increases the release of Ca2+ into the cytoplasm from 
the endoplasmic reticulum.  This increased Ca2+ accumulation in the mitochondria enhances 
cell death by promoting BAX oligomerisation and translocation to mitochondria (Kim et al., 
2008; Henke et al., 2011).  This is one example of ER-mediated apoptosis.  
Bultynck et al. (2012) confirmed that the Ca2+ channel properties of BI-1 reside on the C- 
terminus.  Using a substitution mutation experiment with arginine, they identified that aspartic 
acid residues at positions 209 and 213 are critical for pore formation. They have further 
indicated that D209 is lacking in non-mammalian species, which shows that the BI-1 Ca2+ 
channel forming property is limited to mammals.   
Actin-binding and enhanced tumour metastasis:  BI-1 is involved in promoting metastasis by 
modulating actin dynamics.  The experimental work of Lee et al. (2010) through mutagenesis 
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of the protein, showed that L221 (Leucine at position 221) and L225 (Leucine at position 225) 
are involved in actin-binding.   L221 to D231 (Aspartic acid) is an essential motif for actin 
polymerisation, which increases the cell adhesion important for cell mobility and cancer cell 
metastasis.    
Regulation of Unfolded Protein Response (UPR):   UPR is an intracellular signalling pathway 
that is initiated as a result of endoplasmic reticulum stress due to the accumulation of unfolded 
or mis-folded proteins (Lisbona et al., 2009).  Low concentrations of calcium ions in the 
endoplasmic reticulum lumen also cause ER stress and hence activate Unfolded Protein 
Response (UPR) (Chae et al., 2004).  If UPR is not resolved, cells undergo apoptotic-mediated 
death in response to the ER stress (Watanabe & Lam, 2009).  Protein degradation is the 
mechanism of controlling protein turnover after proteins have carried out their major function.  
Misfolded proteins also undergo degradation by ubiquitination unless a chaperone helps to 
correct any misfolds.  Unfolded proteins can also cause protein aggregation which can result in 
many diseases such as Alzheimer’s, Parkinson’s and Huntington’s (Lesk, 2010).  
Cebulski et al. (2011) identified that, in addition to regulating calcium levels, BI-1 regulates the 
response to unfolded proteins in ER.  BI-1 forms a protein complex with the stress-sensor 
protein IRE1α (Inositol-requiring Kinase 1 α) through the C-terminus, inhibiting its ability to 
detect unfolded protein and endoribonuclease activity (Lisbona et al., 2009).  IRE1 activates the 
transcription factor XBP1 (X-box-binding protein 1) which regulates genes related to protein 
quality control and stimulates the unfolded protein response (Lisbona et al., 2009).  XBP1 acts 
during ER stress by activating UPR target genes and it is upregulated by ATF6 (activating 
transcription factor 6).  Therefore, BI-1 inhibits the UPR and directly controls the function of 
XBP1 in primary B-cell development and immunoglobulin secretion (Lisbona et al., 2009).  
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Regulation of Reactive Oxygen Species (ROS):  Under stress conditions, excess ROS damage 
DNA, proteins and lipids, and contribute to the development of carcinogenesis.  ROS can 
activate or deactivate enzymes by the oxidation of enzyme co-factors.  ROS also play an 
important role in the induction of apoptosis by activating the FAS receptors (cell surface 
receptors of the TNF superfamily) of the extrinsic pathway and counteracting anti-apoptotic 
protein BCL2 (intrinsic pathway).  High levels of ROS lead to both apoptosis and necrosis.  They 
are also involved in the induction of auto-immunity (Montero et al., 2013).  ROS contribute as 
a trigger for growth factor stimulation by MAPK (mitogen-activated protein kinase pathways) 
and ERK (extracellular regulator kinase), for cell migration through FAK 2 (Focal adhesion 
kinase) (http://www.uniprot.org/uniprot/Q14289), cancer cell invasion and angiogenesis 
through VEGF (Vascular endothelial growth factor A) 
(http://www.uniprot.org/uniprot/P15692), and metastasis through AKT1.  AKT protein kinases 
are also referred to as RAC-alpha serine/threonine-protein kinase or Protein kinase B (PKB).  
AKT1 is one of three related threonine protein kinases (AKT1, 2 and 3) which are involved in 
metabolism, cell proliferation, cell survival growth and angiogenesis 
(http://www.uniprot.org/uniprot/P31749).   
Cytochrome P450 is a haem-containing protein that occurs on mitochondrial and ER 
membranes.  It metabolises thousands of endogenous and exogenous chemicals including 
hormones and steroids, toxic compounds, pre-carcinogens and drugs (Lee & Kim, 2012).  There 
is a correlation between P450 2E1 expression and ER-related ROS production.  P450 2E1 is one 
of the main sources of ROS accumulation inside the ER; BI-1 reduces ROS (Kim et al., 2009).  In 
over-expressed BI-1 cells, P450 2E1 undergoes post-translational modification that lowers its 
activity:  BI-1 binds with NADPH-P450 reductase (NPR) at the C- terminus to inhibit electron 
transport to P450 2E1 by an oxidation-reduction process, the production of ROS is thus reduced 
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(Kim et al., 2009).  Consequently, BI-1 inhibits cell death under stress conditions by inhibiting 
pathway that produces excess ROS.    
Autophagy regulation: Autophagy (self-eating) is a lysosomal degradation pathway that 
catalyses macromolecules for the production of energy under stress conditions (Sano et al., 
2012).  It is a key mechanism for maintaining tissue homeostasis, recycling nutrients under 
stress conditions, and removing harmful organelles, aggregated proteins and pathogens.  ER 
stress as result of unfolded protein accumulation is one stimulus for autophagy.  BI-1 controls 
autophagy by controlling IRE1α which itself controls JNK (Jun N-terminal Kinase) which encodes 
a stress-activated protein kinase (Castillo et al., 2011).  Lysosome activity is higher in BI-1 
overexpressed cells (Chae et al., 2012).  BI-1 contributes to cell resilience under metabolic stress 
conditions, for example low supply of oxygen and nutrients.  However, under these conditions, 
autophagy also contributes to cancer progression, enabling cancer cells to grow and survive 
(Castillo et al., 2011; Sano et al., 2012).  
Transmembrane proteins like BI-1 are involved in a wide range of physiological processes, 
including channel formation for the transport of ions, and intracellular communication.  Usually 
transmembrane proteins act as hub proteins connecting different signalling pathways.  Their 
mutation or dysregulation are the drivers for most cancers so they are key targets for drug 
discovery.  BI-1 is known for its anti-apoptotic properties by inhibiting BAX through, as yet 
unknown, mechanisms.  Moreover, the structure of BI-1 has not yet been experimentally 
determined. Manipulation of BI-1 has the potential for significant therapeutic benefit for a wide 
range of human diseases.  In this chapter a new variant of BI-1 is discussed, and its structure 
and function are predicted in order to identify its role in tumour development.  
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6.2 Material and Methods 

6.2.1 Data sources 
Protein sequences: Seven BI-1 protein sequences were provided by Morvus Technology. Other 
additional protein sequences for the BI-1 family were retrieved from UniprotKB (Accession 
number: P55061, Q9HC24, Q7Z229, Q9BWQ8, Q9H3K2 and Q969X1) and ENSEMBL Genome 
Browser.    

6.2.2 Data analysis 
Multiple sequence alignment 
Multiple sequence alignment was carried out using ClustalW (Thompson et al., 1994) and Mafft 
(Katoh et al., 2005).  Annotation of the multiple sequence alignment was done using JalView v. 
2.8.0b1 editor (Waterhouse et al., 2009).   
Phyletic tree Analysis 
Phylogenetic and molecular evolutionary analyses were conducted using Mega 6 (Tamura et 
al., 2013).  Graphical annotation of the phylogenetic tree was carried out with FigTree V1.4 
(http://tree.bio.ed.ac.uk/software/figtree/) which was developed by Andrew Rambaut in 2012.  
This tool is good for adding colour and visualising trees of different format.  The phylogenetic 
tree annotation was added using Mega 6.  
 
Hydrophobicity plot was generated using Discovery Studio. 
Protein disorders were predicted at http://iupred.enzim.hu/. Protein disorder scores were 
generated at http://biomine-ws.ece.ualberta.ca/MFDp.html.   
Secondary structure and topology  
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Rhythm server (Rose et al., 2009) was used to predict transmembrane helices.  PSIPRED 
(McGuffin et al., 2000) was used to predict secondary structure.  MEMSAT-SVM (McGuffin et 
al., 2000) and TMHHM (Krogh et al., 2001) were used for transmembrane topology prediction.  
PRED-TMR and TMRpres2D were used for drawing fold-topology and localisation predictions.  
Three dimensional structural predictions and visualisation  
De novo BI-1 protein structure was predicted using Robetta server at (Kim et al., 2004) at  
http://www.robetta.org/submit.jsp and I-Tasser at http://zhanglab.ccmb.med.umich.edu/I-
TASSER/).  Protein fold (threading) was also predicted using Phyre2 (Kelley & Sternberg, 2009). 
Network interactions  
TMBIM6 interaction networks were generated using Agilent Literature search and Genemania 
plugins into Cytoscape version 2.8 and 3.0.1.  Additional interaction networks were obtained 
from String DB.  
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6.3 Results and Discussion 

6.3.1 TMBIM6 Gene Structural Information 
TMBIM6 is located on human chromosome 12 at locus: 12:49,939,497 to 12:50,355,523.  The 
TMBIM6 gene locus and its neighbouring genes are shown in Figure 6.1A.  The large red box 
represents the coding region, the small red bars show the ten exons and the interconnecting 
line shows the introns.  This genome locus visualisation was generated using genome browser 
at http://www.biodalliance.org/, a genome viewer that can be zoomed into to see details of 
the coding region of the gene.   
Data for TMBIM6 in other species were generated using the ECR (Evolutionary Conserved 
Region) browser (http://ecrbrowser.dcode.org/) in order to analyse evolutionary conservation 
in the genome of sequenced species.  Figure 6.1B shows the sequence similarity for the 
nucleotide profile (x-axis) at this gene locus.  The y-axis shows the percentage conservation 
across the species (50-100% conservation only is shown).  Primates are shown to have high 
sequence similarity while conservation is very low in fish.  
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Figure 6-1: TMBIM6 location and transcripts. A: TMBIM6 gene locus, showing the exons in red.  
B: TMBIM6 in other species showing evolutionary conservation.  The x-axis shows the 
nucleotide sequence, the 50 to 100% percentage identity profile is shown on the y-axis.   The 
colour coding is as follows:  Coding Exons (blue), intergenic region (red), transposable and 
simple repeats (green), Untranslated Region UTR (yellow) and ECR (pink).    
 
The gene coding region contains 10 exons.  There are potentially about 28 different splice 
variants for this gene.  Details of these, obtained from Vega genome browser 
(http://vega.sanger.ac.uk/Homo_sapiens/Gene/Summary?db=core;g=OTTHUMG0000016965
2;r=12:49707725-49764933) are shown in Figure 6.2.  

 A 

A 

B 
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Figure 6-2: 28 splice variants of TMBIM6 in Vega Genome Browser.  Exons are shown by 
filled boxes; the lines joining them show the intron regions. 
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A comparison of the 28 transcripts is indicated in Figure 6.3.  It shows that there are 21 protein-
coding transcripts. The variations in the transcripts are mainly due to the retention of introns, 
alternative usage of exons, and truncation of the gene.  

 
Figure 6-3:  28 Splice Variants of the TMBIM6 gene, retrieved from ENSEMBL Genome Browsers.  
The genomic variation is related to retained introns and alternative usage of exons.  21 protein 
coding transcripts are shown. 
 
The TMBIM6 gene codes for the BAX inhibitor 1 (BI-1) protein which is 237 amino acids long. 
The splice variants were introduced both as result of alternative usage of exons and intron 
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retention.  The canonical representative of BI-1, retrieved from NCBI, consists of 714 bases and 
237 amino acids as shown in Figure 6.4.  

 
Figure 6-4:  TMIBIM6 nucleotide and protein sequences.  Description of the cDNA was obtained 
from NCBI; blue coloration indicates alternating exon sequences. Colour: red showing 
alternative exon transition. 
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6.3.2 BAX Inhibitor protein 1 (BI-1)  

6.3.2.1 Multiple sequence Alignment of BI-1 
Multiple sequence alignments of BI-1 and BI-1 functional domain annotation are shown in 
Figure 6.5.  The functional motifs indicated are for Ca2+ pore formation, actin polymerisation 
and the pH sensor on the C-terminus.  The sequence named /ID used in this discussion is based 
on the code identifier provided by Morvus Technology.   

 
Figure 6-5: BI-1 protein multiple sequence alignment for different variants compared with the 
original sequence.  Three functional motifs are highlighted (A: Ca2+ pore formation, B: actin 
polymerisation, and C: pH sensor domain).  
 

In this section, the protein variation of BI-1 will be discussed based on the BI-1 protein multiple 
sequence alignment.  The ‘New’ label shows that the specified sequence variation is not 
represented in public databases.  

1. SM-74:  Codes for 234 amino acids.  Three amino acids, methionine, valine and 
threonine are missing at positions 49, 50 and 51.  There is an Arginine to Histidine 
substitution at position 137.  New  

 
A

 

B            C       
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2. SM- 64: Codes for 208 amino acids. The protein is truncated from 209-237 in the C-
terminus resulting in the loss of 29 amino acids. New  

3. SM -142:  Codes for 200 amino acids. 37 amino acids were truncated between positions 
201 and 237. New 

4. BI-195: Codes for 195 amino acids. The DNA was truncated from nucleotide 812 
downstream. 

5. BI-204:  Codes for 205 amino acids. There were insertions of T nucleotide at 673 that 
causes frame-shift mutations that change TTG (L) to TTT (F).  

6. BI-192: Codes for 192 amino acids.  C insertion at 682 causes a frame shift mutation CTG 
(L) to CCT (P).  

New variants of BI-1 
Based on multiple sequence alignment comparisons using public databases, both UniprotKB 
and ENSEMB entry (Figure 6.6) the BI-1 protein sequence entries SM74 (234 aa), SM64 (208 
aa), SM142 (200 aa), BI-195 (195 aa), BI-192 (192aa) and BI-142 (204aa) are new variants of the 
BI-1 protein in the human genome.   
 



147  

 

 
Figure 6-6:  Multiple Sequence alignment of unique UniprotKb entry for BI-1 protein in human.  
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6.3.2.2 Hydrophobicity Composition of BI-1 Protein  
As discussed in chapter 5, hydrophobicity plays an important role in both protein interactions 
and protein folding.  The hydrophobic profile for BI-1 was generated to show the 
transmembrane (TM) regions.  Figure 6.7 shows that there are seven hydrophobic peaks; these 
correspond to alpha helices so may be transmembrane regions.   

 
Figure 6-7:   Hydrophobicity plot of BI-1 generated using Discovery studio 3.1.  The y-axis shows 
the hydrophobic score index, the x-axis shows the amino acid sequence.  The seven peaks 
correspond to alpha helices in the protein.   
 
Rhythm server (Rose et al., 2009) can be used to predict the potential orientation of 
transmembrane helices in channel and transmembrane proteins using HMMTOP topology 
prediction software (http://proteinformatics.charite.de/rhythm/index.php?site=helix).  Figure 
6.8 shows that six transmembrane helices have been predicted: 30-47, 56-73, 86-103, 112-135, 

1 2 3 4
5 6 7 
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146-170, and 210-227.  It also provides information about secondary structure, topology and 
contact type of each residue. The N and C-termini are also located inside the cytosol.  

 
Figure 6-8:  BI-1 secondary structure and topology orientation prediction using HMMTOP at 
Rhythm server.  Red colouration indicates contact within the helix and blue indicates 
membrane contact.  6 TM helices are predicted:  30-47, 56-73, 86-103, 112-135, 146-170 and 
210-227.  
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6.3.2.3   Protein disorder regions 
Not all proteins are structured throughout their length:  Intrinsically disordered proteins (IDP) 
do not form rigid three-dimensional structures in the physiological setting either along their 
entire length or in localised sections (Uversky & Dunker, 2010).   IDPs are characterised at 
different levels based on sequence, structure and function.  The main characteristics of IDPs 
are summarised by Forman-Kay & Mittag (2013) as follows:   
 The sequence has low complexity, is highly enriched in charged and polar residues (as well 

as glycine and proline) and has fewer hydrophobic residues. 
 Structures have high conformational entropy which is significantly reduced on binding.  The 

large proportion of charged residues mean that electrostatic charges play a prominent role 
in binding. 

 Structural features include a lack of persistent secondary and tertiary structure, leading to 
a highly flexible chain which enables motifs for PTM and binding to be accessible. 

 Functional diversity includes allosteric regulation due to their binding properties and 
energetics, hub interactions in networks due to the presence of multiple motifs, and 
multiple specificity due to the structural flexibility of the chain. 

A disorder graph for BI-1 was generated at http://iupred.enzim.hu/ (Fig. 6.9A).  This shows the 
C-terminus to have a high disorder tendency.  This matches the literature, as IDPs are known to 
have important biological functions (Forman-Kay & Mittag, 2013) and the C-terminus is known 
to be the region where most functions of BI-1 are based (Kim et al., 2009; Lisbona et al., 2009). 
MFDp (Multilayered Fusion-based Disorder predictor) http://biomine-
ws.ece.ualberta.ca/MFDp.html was used to predict the score function of the disordered region 
of BI-1.  MFDp is specialised for the prediction of short, long and generic disordered regions as 
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it fuses four disorder predictors (IUPREDL, IUPREDS, DISOPRED and DISOclust) in combination 
with sequence profiles and prediction of backbone angles to build score function for fold-
recognition (Mizianty et al., 2010).  The disorder predictions fused by MFDp are based on 
different criteria.  IDPs adopt no stable structure because their amino acid composition does 
not allow sufficient favourable interactions to form (http://iupred.enzim.hu).  IUPRED uses 
position-specific pairwise energy function of amino acids to determine the propensity of amino 
acids to be in an ordered or disordered region (Dosztányi et al., 2005).  IUPREDL specialises in 
the prediction of long disordered regions, while IUPREDS specialises in short disordered 
regions.  By contrast, DISOPRED (which uses machine-learning classifiers) is based on amino 
acid position and PSSM (Position Specific Scoring Matrix) profile while DISOclust is based on the 
analysis of 3D structural models and the conservation of per-residue errors across all models 
(Mizianty et al., 2010).  In all models, a higher score shows that the residue is more likely to be 
disordered.    
Fig. 6.9B shows the results of this analysis for the N and C termini; in the middle region of the 
protein all amino acids were given a low score so predicted to be ordered.  The query sequence 
is displayed at the top, followed by the MFDp prediction.  For each residue, the prediction score 
is given, with an indication of order (O) or disorder (D).  Results from DISOPRED, DISOclust, 
IUPREDL and IUPREDS are shown for comparison.  This analysis confirms the increasing disorder 
along the C-terminus. 
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Figure 6-9: The intrinsic disorder region of BI-1 proteins. A: Disorder graph generated at 
http://iupred.enzim.hu/. B: Protein disorder prediction (generated at http://biomine-
ws.ece.ualberta.ca/MFDp.html) for amino acid sequences in the N and C termini, followed by 
prediction of order (O) or disorder (D) for each amino acid and the score value on which the 
prediction is based.  The order/disorder prediction from MFDp is compared with results from 
four different prediction methods.   
 
Regions with a high degree of intrinsic disorder give advantages where a protein has a lot of 
flexibility to carry out a wide range of functions.  This corresponds to the functional diversity of 
BI-1 that occurs through the C-terminus.  In their review of the significance and functional 
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importance of disorder and flexibility in proteins, Uversky & Dunker (2010) showed that 
reduced specificity results in the ability of a protein to bind to many other proteins.  
Furthermore, disorder increases the speed of interaction as less time is required for orientation 
and there is an increased surface area for interaction. 
 
6.3.2.4 Secondary structure and topology of BI-1 
Secondary structure describes the localised folding of proteins, mainly due to hydrogen bonds, 
into either alpha helices (α helix) with 4 amino acids per turn,  beta-sheets (β sheet) involving 
five to ten residues, or random coils (C) which refers to any structure not of alpha or beta 
conformation.  Most amino acids have a preferential conformation, causing them to take up a 
specific position in local folds such as helices.  This tendency is called helix propensity (Pace & 
Scholtz, 1998).  Most software uses the helix propensity of amino acids to predict the 
probability of each conformation occurring.  For example, alanine has the highest, and proline 
and valine the lowest helix propensity.  According to the experimental work of Pace & Scholtz 
(1998) commonly occurring natural 20 amino acids have the following helix-forms propensity 
scores:   
Ala = 0,  Leu = 0.21,  Arg = 0.21,  Met = 0.24,  Lys = 0.26,  Gln = 0.39,   
Glu = 0.40,  Ile = 0.41, Trp = 0.49,  Ser = 0.50,  Tyr = 0. 53,  Phe = 0.54,  
Val = 0.61,  His = 0.61,  Asn = 0.65,  Thr = 0.66,  Cys = 0.68,  Asp = 0.69,  
Gly = 1.0. 
The secondary structure of BI-1 was predicted using PSIPRED and JPred.  According to McGuffin 
et al. (2000), PSPRED is the top-rated secondary structure prediction tool, being capable of 
achieving a Q3 score of 76.5%.  Q3 represents the number of correctly identified residues/total 
residues.  It has been rated best for secondary prediction methods at CASP3 (Critical 
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Assessment of Protein Structural Prediction) (Bryson et al., 2005). CASP is an independent, 
international community that provides quality assessment on structural prediction methods.  
The secondary structure of BI-1 is shown in Figure 6.10. 
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Figure 6-10:  Secondary structure prediction for BI-1 using PSIPRED. It shows made up of helices 
and coil . Conf represents a confidence profile of 9 to 0, where 9 is high and 0 low (H: helices, 
E: beta-strand, C: random coil).  
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The PSIPRED server provides three prediction tools: PSIPRED (secondary structure), 
genThREADER (protein folding) and MEMSAT (structural topology of transmembrane (TM) 
proteins) to predict protein structure from sequences alone (McGuffin et al., 2000; Bryson et 
al., 2005). 
Membrane proteins are typically helical, with transmembrane alpha helices averaging 17 to 25 
residues (Xiong, 2006) and hydrophilic loops of 10 to 15 residues in length (Lesk, 2010).  
According to both PSPRED and Jnet predictions (Cole et al., 2008), the local folding of BI-1 is 
composed mainly of alpha helices.  Predictions using MEMSAT-SVM (7TM) and MEMSAT3 
(6TM), and TMHMM (6TM) suggest that BI-1 has multiple transmembrane domains.  These are 
shown in Figure 6.11 along with a Kyte-Doolittle hydrophobic distribution, where a maximum 
score indicates the presence of a transmembrane helix, a medium plateau indicates a luminal 
location positioning, and a minimum value indicates a cytoplasmic location. Based on these 
predictions BI-1 is likely to have six transmembrane domains and a seventh alpha helix in the 
C-terminus, which is located in the cytosol.   
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Figure 6-11:  BI-1 Transmembrane Topology.  A: TMHMM prediction for BI-1 showing 6 TM 
helices. The probability for the prediction for each residue is scored between 0 and 1.  ‘Inside’ 
represents cytoplasmic, ‘outside’ represents luminal.  B: TM helix predictions by MEMSAT-SVM 
and MEMSAT3 (showing 7 and 6 TM helices respectively) and comparison with the Kyte-
Doolittle hydrophobic distribution, where a maximum score indicates the presence of a TM 
helix, a medium plateau indicates an extracellular (non-cytosolic) positioning, and a minimum 
value indicates an intracellular (cytosolic) location.   
 
The TMHHM output below shows that the alpha helices have residue lengths as follows:   TM1 
= 17, TM2 =22, TM3 =22, TM4 = 22, TM5 = 22 and TM6 = 19.  The coils between the 
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transmembrane helices have between 3 and 10 residues.  They are located on either side of the 
membrane, outside referring to the lumen and inside to the cytoplasm.  Each of these shorter 
residues is exposed to hydrophilic solvents and, being positively charged, can provide 
anchorage to the membrane.   The ‘positive-inside’ rule, which states that residues near the 
hydrophobic anchor on the cytoplasmic side are more positively charged than on the lumen 
side, is used as a basis for the prediction of protein orientation (Xiong, 2006).  

BI-1Original_ TMHMM2.0 inside   1    29 
BI-1Original_ TMHMM2.0 TMhelix  30    47 
BI-1Original_ TMHMM2.0 outside  48    50 
BI-1Original_ TMHMM2.0 TMhelix  51    73 
BI-1Original_ TMHMM2.0 inside    74    84 
BI-1Original_ TMHMM2.0 TMhelix  85   107 
BI-1Original_ TMHMM2.0 outside  108   111 
BI-1Original_ TMHMM2.0 TMhelix  112   134 
BI-1Original_ TMHMM2.0 inside      135   140 
BI-1Original_ TMHMM2.0 TMhelix  141   163 
BI-1Original_ TMHMM2.0 outside  164   166 
BI-1Original_ TMHMM2.0 TMhelix  167   186 
BI-1Original_ TMHMM2.0 inside   187   237 

The topology of other BI-1 protein sequences were predicted using TMPRED, the folds being 
drawn using PRED-TMR and TMRpres2D (see Figure 6.12).  Structural topology predictions have 
shown that BI-1 has 6 Transmembrane (TM) helices.  In comparison, truncated sequences, as 
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in SM195, SM192 and SM204, have five TM helices changing the orientation of C-terminus from 
the cytoplasm to the endoplasmic reticulum lumen.  
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Figure 6-12:  BI-1 Topological structures using PRED-TMR prediction followed by TMRpres2D 
for visualisation.  The truncated proteins SM195, SM192 and SM204 are shown to have five TM 
helices and a change in the orientation of the C-terminus.  
 
Previous reports predicting BI-1 topology have shown the C-terminus to be localised in the 
cytosol (Watanabe & Lam, 2009; Henke et al., 2011).  The current analysis suggests that both 
the N and C termini are located in the cytosol.  However, it is important to be aware that 
different predictions of terminus localisation and number of TM helices may be due to software 
bias.  For example, predictions based on the presence of alpha-helices rich in hydrophobic 
residues tend to confuse hydrophobic signal peptides with alpha-helices (Xiong, 2006).  

6.3.2.5 Tertiary structure of BI-1 
Information about the structure of a protein is important as it aids drug design and is used as 
guide for experimental design through mutagenesis to study biological function.  Membrane 
proteins play a central role in cellular recognition, binding, signal transduction and transport 
across the cell compartments. However, despite their diverse cellular functions, few 
homologous structures are available as experimental structural determination is limited due to 
the difficulty of obtaining the required quantities and of crystallisation itself.  
As discussed in chapter three, there are three main computational methods for studying and 
predicting structure from the sequence of an unknown protein.  The first, comparative 
homology modelling, is used if there is a known structure related to the protein with forty 
percent or more sequence similarity.  The second method, fold recognition (threading), uses a 
combination of secondary structure information and the known structural-fold library to 
predict three-dimensional structural folds in the absence of close similarity.  The third, ab initio 
(de novo), method of prediction uses information in the sequence alone based on the chemical-
physical properties of atoms and free energy calculations. This has a low success rate and is 



161  

 

computationally intensive. Comparative homology modelling is the most reliable of the three 
methods for sequences of high similarity as most proteins with similar sequences fold similarly, 
and structure tends to be more conserved than the sequence itself.   
There is no known experimentally-determined tertiary structure for BI-1.  Thus, the three-
dimensional structure of BI-1 has been predicted using Robetta server (Kim et al., 2004) which 
uses both comparative homology and de novo structural prediction.  It starts by identifying 
potential templates and domains in the sequences.  It does this by breaking the protein 
sequence into putative domains using the Ginzu protocol (Kim et al., 2005; Tai et al., 2005):  
Protein sequences are searched using blast and PSi-blast to detect any regions in the query 
sequences that are homologous to known structures.  Putative domains are then determined 
using multiple sequence alignment between the query sequence and PDB template (Kim et al., 
2005).  For regions lacking homology in PDB, fragment libraries of experimentally-known 
structures are used by Rosetta to predict structures for the ab initio prediction (Tai et al., 2005).  
Once all domain structures have been predicted, the complete protein structure models are 
generated by assembling the domain fragments (Lesk, 2008).  For the regions where Robetta 
predicts more than one putative domain by ab initio methodology, different structures will be 
generated separately by inserting different domain fragments (Kim et al., 2004).   
For BI-1 prediction, two main Ginzu domains were identified:  Domain 1 (amino acids 1-78) had 
a confidence score of 2.563994, while domain 2 (amino acids 79-237) had a confidence score 
of 20.5796.  Figure 6.13 shows the final domain predictions by Robetta server following multiple 
sequence alignment.  TMHMM (which is designed specifically to identify TM domains) 
predicted six clean transmembrane domains (also shown in Figure 6.13).  PSIPRED secondary 
prediction shows a putative alpha-segment between positions 10 and 14, and an additional 
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helix at the C-terminus.  Furthermore, it fails to distinguish between domains 1 and 2, and 5 
and 6 as predicted by TMHMM, returning these as two domains rather than four.  Sam and Jufo 
(which predicts secondary structure directly from primary sequence) also show variation in 
domain prediction, some domains predicted by TMHMM being split to include short putative 
segments, others being combined.  Problems in domain prediction often occur due to the 
presence of regions of low complexity which show an unusual composition of amino acids 
(Coletta et al., 2010).  Within the BI-1 sequence there are four (24%) low complexity regions 
(between 65-70, 85-100, 142-160 and 230+).   Robetta also predicts a region of disorder (7%) 
at the C-terminus which coincides with a low complexity region.  This adds further complexity 
to the structural prediction. 

 

 
Figure 6-13.  BI-1 features and secondary structure detection by Robetta server. Lower for Bi-
204.  
Five potential models (M1-M5) of BI-1 are shown in Figure 6.14.  Models 1 and 4 are homology 
models while 2, 3 and 5 are ab initio.  The RMSD (root minimum square distance) values, 
measured from the average of the models, are:  M1=10.088Å, M2=11.6938Å, M3=10.25Å, 
M4=12.00Å and M5=9.33Å.  These values are very low compared to structures determined by 
x-ray crystallography.  However, in the absence of experimentally determined structures for 
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this family of proteins, the values show that the predicted structures are suitable for 
hypothesising/investigating the biological relevance of the protein.  It should also  be noted 
that because RMSD is an average distance of all reside pairs in two structures, a local error (e.g. 
a misorientation of the tail) will result in a large RMSD value even though the global topology 
is correct  (Roy et al., 2010). 
Model 1 is the most likely to represent the true structure as it contains six transmembrane 
helices of approximately equal length as predicted by TMHMM and a seventh helix on the C-
terminus (shown in orange/red) as predicted by PSIPRED, Sam and Jufo.  It also contains the 
small putative domains on the N- and C- termini (shown in blue and red respectively) which 
have biological significance to the role of BI-1.   
Model 2 contains two short domain helices which are shorter than the usual 20-25 amino acids 
required to cross a membrane (Lesk, 2010).   This reduces the probability of the structure 
occurring. 
Model 3 is the second most likely to occur because it contains six long, potentially 
transmembrane, domains, even though it lacks the putative helix on the C-terminus. 
Models 4 and 5 introduce short helices between the expected transmembrane regions which 
are too short to cross a membrane so are unlikely to occur in nature. 
Although models 1 and 4 are homology models, so expected to be more biologically relevant, 
the ab initio model 3 contains structures that fit the biological function more fully than model 
4.  For this reason, models 1 then 3 are considered to be the more reliable predictions from 
Robetta. Furthermore, the hydrophobicity surface representation in Figure 6.14 shows that the 
middle section is rich in hydrophobic residues, which corresponds to the presence of 
transmembrane alpha helices. 
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Figure 6-14:  Five models of BI-1 three-dimensional structure predicted using Robetta server.  
Structural visualisation was carried out using USCS Chimera and CCP4mg.  Rainbow colouration 
shows blue at N and red at C-terminus.  The hydrophobicity distribution of BI-1 model 1 was 
predicted using Discovery studio client.  The middle section which is rich in hydrophobic 
residues is associated with the TM helices. Blue shows the hydrophilic regions, located outside 
the core membrane, that have an access to the solvent environment.    
 
 

Model 1 Model 2 

Model 3 
Model 4 Model 5 

Hydrophobicity 
distribution of Model 1 
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For comparison purposes, models have also been generated using the I-TASSER server which 
was rated top in CASP 7, 8 and 9 (Zhang, 2008; Roy et al., 2011).  I-TASSER uses multiple 
sequence alignment based on threading to predict folding, and uses iterative simulation of the 
protein fragments to predict protein structure (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/). For each target, I-TASSER simulations generate a large ensemble of structural 
conformations, called decoys. To select the final models, I-TASSER uses the SPICKER program 
to cluster all the decoys based on the pair-wise structure similarity, and reports up to five 
models which corresponds to the five largest structure clusters.  The five models predicted by 
I-TASSER for BI-1 are shown in Figure 6.15.   
C-score is a confidence score which provides a means of estimating the quality of predicted 
models by I-TASSER.  The calculation is based on the significance of threading template 
alignments and the convergence parameters of the structure.  C-score is typically in the range 
of [-5, 2], where a higher value signifies a model with a high confidence and vice-versa.  The C-
score for models 1, 2, 3, 4 and 5 are = -2.95, -3.08, -3.45, -4.28 and -4.35 respectively.  TM-score 
and RMSD are estimated based on C-score and protein length following the correlation 
observed between these qualities.  For model 1, the RMSD value is 12.6 +- 4.3.  However, as 
stated earlier, the RMSD value may be skewed by a single local error.  For this reason, I-TASSER 
also quotes the TM score in which the small distance has a stronger weighting than the big 
distance.  This makes the overall score less sensitive to a local modelling error (Roy et al., 2010).  
According to the TM score, a value >0.5 shows high accuracy and <0.17 shows random 
similarity.  The TM score is quoted only for model 1, which it gives an estimated accuracy of 
0.38±0.13.   
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Comparison between the structures predicted by Robetta and I-TASSER is difficult as each has 
its own measure for quality control.  However, the models with the highest confidence scores 
from Robetta (models 1 and 3) and I-TASSER (model 1) all predict six transmembrane helices 
with an extended C-terminus.  Small putative domains are predicted at the N-terminus (blue) 
and C-terminus (red) in all three models.  

 
Figure 6-15:  BI-1 structure predictions using I-TASSER for models 1 to 5.  

Model 2 
Model 1 

Model 3 

Model 4 
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Figure 6.16 A shows the structures of the truncated BI-1 proteins predicted using PHYRE2, a 
software which generates predicted structures relatively quickly using fold recognition.  As 
discussed earlier, fold recognition (threading) uses fold libraries of known structures to 
generate predicted structures for sequences of unknown structure that have low sequence 
similarity (<40%).  In this method, secondary protein structure is used as an input to predict 
possible folding (Lesk, 2008).  

 
 
 
 
 
 
Figure 6.16  A. Phyre2 structural models for the truncated proteins SM64, SM204, SM195 and 
SM142.  B.  Phyre2 structural model for SM204 superimposed with I-TASSER structural model 
SM204 (shown in dark green Phyre2 and rainbow for I-TASSER).  In rainbow colouring, blue 
represents the N-terminus while red represents the C-terminus.  
 
The structures for all four truncated proteins show five potential transmembrane helices.  The 
sixth domain predicted for BI-1 and the C-terminus are absent.  This is unexpected when 
compared to the results from TMHMM and the full structures predicted by Robetta and I-

SM142 
  

SM204 SM64 SM195 
 A. 

B. 
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TASSER, as the sixth domain occurs from amino acids 167 to 186 so should be present in the 
truncated versions.  Further investigation was carried out by generating a structural model for 
SM204 using I-TASSER.  When this was superimposed on the PHYRE2 model there was very 
good agreement, as shown in figure 6.16 B.  Furthermore, when the predicted domains from 
PHYRE2 are compared to those from Robetta it can be seen that there is a good match with the 
PSIPRED domains (Fig. 6.17).  However, the domain between 138 and 192 has been split as 
predicted by Sam and TMHMM (Figure 6.17).  While this serves to highlight the similarities and 
differences between the software, it has little effect upon the conclusions regarding biological 
function.  All of the truncated proteins are missing the C-terminus, so while the transmembrane 
domains are present, the domain vital to many of the biological functions of BI-1 is absent. 

 
Figure 6-17  A comparison of the domains predicted by PHYRE2 for the truncated protein 
SM195 and predictions with TMHMM and PSIPRED (from Robetta) for BI-1. 
 
Both protein topology and de novo prediction suggest that BI-1 has six transmembrane helices.  
From the secondary structure topology analysis it is possible to conclude that both the N and C 
termini of BI-1 are in the cytoplasm.  Protein disorder structural analysis has shown that C-
terminus of BI-1 is rich in residues that may contribute to a high degree of disorder. This 
provides the protein with the structural flexibility to carry out a diversity of functions at the C-
terminus.  However, it also contributes to the problem for software of predicting exact 
localisation.  
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6.3.2.6 Phylogeny and functional diversity in the BI-1 protein family  
Protein evolution diversity is mainly due to gene duplication, divergence or both (Vogel & 
Chothia, 2006).  Homology of proteins due to common ancestry can be either orthologous or 
paralogous.  Orthologues, proteins that occur in different species, can diverge further by 
speciation events.  By contrast, paralogues are proteins that evolve within the same species 
due to gene duplication.  Paralogous duplication tends to result in the evolution of new 
functions, thereby providing adaptation, while orthologues maintains protein function partly 
or fully.  Mutation (insertion, deletion or substitution) can result in an alteration of function in 
orthologous species.  Such changes and variation in gene products can result in increased 
functional diversity, evolutionary adaptations to stress, and differences in productivity.  
Complex proteins are often made of many modular components that contain their own 
domains as result of gene fusion.  From an evolutionary point of view, as amino acid sequences 
diverge so protein structures also diverge.  However, structure tends to change more 
conservatively than sequence (Lesk, 2010).  From comparative studies of protein sequences, 
insight can be gained into how functional diversity can evolve.  Moreover, the function of new, 
putative genes can be identified using sequence similarity against related protein sequences of 
known function in other species.  
The BI1 protein family consists of six related proteins that share evolutionary conserved 
residues (Figure 6.18).  These are TMBIM1 (RECS1/Response to centrifugal force and shear 
stress gene 1 protein or LFG3/protein life guard 3), TMBIM2 (FAIM2/FAS apoptotic inhibitory 
molecule 2 or LFG2 NMP35), TMBIM3 (GRINA/ Glutamate [NMDA] receptor-associated protein 
1, LFG1/Protein Life Guard 1, NMDARA1), TMBIM4 (GAAP/Golgi anti-apoptotic associated 
protein), TMBIM5 (GHITM/Growth Hormone induced transmembrane protein, DERP2, MICS1) 



170  

 

and TMBIM6 (BI1 TEGT).  These are multi-transmembrane membrane proteins that have 
diverse cellular localisations including mitochondria, lysosomes, Golgi apparatus and 
endoplasmic reticulum (see Figure 6.18).  The wide range of functional diversity of the BI1 
protein family includes anti-apoptosis, nervous system development, vascular remodelling.  
They may also play an integral role in lysosome and mitochondrial organisation. 

 
Figure 6-18:  BI1 family protein functions based on UniprotKB.  
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The Bax inhibitor 1 family signature obtained from the Prosite pattern database 
(http://prosite.expasy.org/PS01243) is: G-x(2)-[LIVM]-[GC]-P-x-[LI]-x(4)-[SAGDT]-x(4,6)-
[LIVM](2)-x(2)-A-x(2)-[MG]-T-x-[LIVM]-x-F 
From the multiple sequence alignment and phylogenetic analysis shown in Figure 6.19 it 
possible to hypothesise that GHITM is the most likely root of evolution for the different 
functional groups.  LFG2 and LFG3 belong to the same cluster, while LFG1 and LFG4 belong to 
a different, but related group.   GHITM is important in maintaining the morphology of 
mitochondria that helps to regulate the release of cytochrome c (Reimers et al., 2007; Oka et 
al., 2008).  LFG1 (TMBIM3/GRINA) regulates calcium ion homeostasis and controls apoptosis 
related to ER stress in similar mechanism to BI-1 (Martínez et al., 2012). 
While the functional regions of some TM helices have been conserved across genetic evolution, 
the diversity and localisation of related proteins are attributable to introduced variation in gene 
sequences.  In BI-1, most sequence similarity and conservation are observed towards the 
middle of the C-terminus. For example, residue 209 and its neighbouring region are well-
conserved in the whole family.  In BI-1, D at 209 has been identified as crucial for proper 
channel-formation; the neighbouring region is essential for interaction with IRE1α.  By contrast, 
there is variation and big divergence at the N-terminal and the variable region at end of C-
terminal.  Though the C-terminus motif ‘EKDKKKEKK’ is unique in BI-1, there is a lot of proline 
(P) conservation at the N-terminus and Leucine (L) at C-terminus in other groups of BI1 family 
proteins; these are not conserved in BI-1.  The function of the conserved motif in non-BI-1 needs 
further experimental investigation, for example by mutagenesis experiments.  
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Figure 6-19:  BI1 protein family.  A: Multiple sequence alignment.  The blue highlighting shows 
sequences conserved across the entire family.  More similarity is shown towards the middle of 
the C-terminus while there is big divergence at the N-terminus and the variable end of the C-

A 

B 
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terminus.  B: Phylogenetic tree based on average distance tree using BLUSUM62.  This shows 
GHTM to be the root while others may be evolved from it.  
BI-1 shows wide conservation across many species compared to its counter partner BCL2 
protein family showing the significance role of this protein.  The BI-1 family also shows wide 
evolutionary relationships; regardless of variation in their localization, they maintain their role 
as Ca2+ channel. 
  

6.3.2.7 BI-1 in other species 
The BI-1 protein family plays a crucial role in the survival of organisms under stress conditions.  
They have been identified in a wider range of organisms than the BCL2 protein family in 
protecting cells from apoptotic-mediated death.  Some species (particularly plants and yeasts) 
do not have BCL2 orthologues, but BI-1 is ubiquitous across eukaryotic clades.  
Comparative analysis of BI-1 protein in other species shows that it has wide evolutionary 
residue conservation that could have importance in inhibiting cell death under stress 
conditions. The BI-1 homologue multiple sequence alignment from other species is indicated in 
Figure 6.20.   
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Figure 6-20:  Multiple sequence alignment for BI-1 protein in other species (orthologues).  There 
is wide residual conservation of D at 209 in mammals and T in the Plant kingdom.  
 
The phylogenic tree derived from selected species (Figure 6.21) shows that there are three 
clusters; mammals, plants and insects are well defined in terms of BI-1 protein evolution.  
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Figure 6-21:  Phylogenetic tree of BI-1 showing three clusters: Insects (purple), plants (blue) and 
mammals (red).  
 
Comparative genomics helps to identify changes in genetic variation introduced across 
different species.  Orthologous gene and protein evolution is an important process for evolution 
and speciation (Yosef et al., 2009; Kaçar & Gaucher, 2013). 
Figure 6.22 shows that BI-1 is distributed across all life forms.  The dataset, comprising 3474 
species including viruses, bacteria and higher organisms, is based on information retrieved 
using Pfam database (http://pfam.xfam.org/family/PF01027#tabview=tab7).  This signifies the 
importance of BI-1 as anti-apoptotic due to its early evolution and conservation throughout all 
domains of life.  
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Figure 6-22:  The presence of BI-1 in 3474 species including viruses and eukaryotic organisms, 
showing wide evolutionary conservation.   
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6.3.2.8 Network and Genetic Interactions of BI-1 
Biological network interactions represent assemblies of proteins/genes and small molecules 
that are involved in particular pathways.  As discussed in chapter 2, networks provide the 
abstraction of the overall representation while pathways show directional interactions as a sub-
network with specific biological processes.  Furthermore, the systems level of biological 
networks show structural components, such as functional localisation, and context-based 
interactions with different partners.  Knowledge about the whole network is essential as it can 
provide information for a variety of purposes:  Predicting function for a wide range of 
proteins/genes, identifying targets, studying the potential effects of new drugs, and 
understanding the controlling mechanisms of the cellular system.    
TMBIM6/BI-1 interacts with BAD (BCL2-associated agonist of cell death, BCL2L8), BCL2, STAT6 
(signal transducer and activator of transcription 6), TRAF6 (TNF receptor-associated factor 6) 
and TECR.  A BI-1 interaction network was generated, using Genemania, that contained 200 
nodes and 1280 edges; physical, genetic, predicted and pathway interactions are shown (Figure 
6.23).  Functional analyses of interactions were enriched to include mainly apoptosis-related 
pathways and protein-trafficking.    
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Figure 6-23: BI-1 interaction network consisting of 200 nodes and 1280 edges based on 
biological processes.  The interactions include genetic, pathway and physical interactions (see 
appendix 7). 
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A further network was generated from public databases using the PSIQUIC web service client 
(Fig 6.24).  Three large, densely connected sub-networks were retrieved separately following 
visual inspection.  

 
 
 
 
Some of the major pathways identified from these networks are shown in Figure 6.25 which 
illustrates the diverse roles of BI-1.  These are discussed in more detail below.  

Figure 6-24: Over 1000 interactions associated with BI-1 and three densely connected sub-
networks have been identified for TMBIM6/BI-1.  2051 records were identified using 
PSIQUIC. 
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Figure 6-25:  Major BI-1 pathways, including apoptosis through calcium leakage, UPR, ROS and 
autophagy regulation. 
 
Regulation of calcium dynamics and apoptosis 
Acidic conditions favour the oligomerisation of BI-1 protein to form channels that facility the 
release of calcium ions from endoplasmic reticulum lumen.  A high concentration of Ca2+ in the 
cytosol leads to BAX localization on mitochondria.  This results in the release of cytochrome c 
which, in turn, leads to apoptosis (Bultynck et al., 2012; Eichmann et al., 2010).   

Regulating unfolded protein response 
About one third of eukaryotic proteins have to pass through the endoplasmic reticulum for 
proper folding before maturation and transportation (Christianson et al., 2012).  There are 
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three possible outcomes for unfolded proteins on ER:  They may be refolded with the help of 
chaperones, undergo ubiquitination or, if the problem is serious, may lead to cell death.  
IRE1α is a single transmembrane ER protein (the C-terminus being cytosolic and the N-terminus 
located in the ER) which forms a heterodimer with BiP (Binding Immunoglobin Protein).  Under 
stress conditions, due to a high concentration of unfolded protein, BiP (HSP70 class heat shock 
protein) interacts with the unfolded protein, releasing IRE1α.  IRE1α then homodimerises at the 
N-terminus, resulting in endonuclease activity which splices mRNA to form active XBP1.  XBP1 
upregulates the expression of ATF6 (Cyclic AMP-dependent transcription factor ATF-6 alpha).  
This transcription factor acts during endoplasmic reticulum stress by activating UPR target 
genes thereby upregulating the expression of chaperones which assist in protein-folding 
activity.  Such chaperones include HSPA5 (78KDa glucose regulated protein) which facilitates 
the assembly of multimeric protein complexes, HP70 and HP60 which, under heat shock 
response, assist protein folding, and Heat Shock 70 kDa protein 9 (HSPA9) which is implicated 
in the control of cell proliferation and cellular aging as well as acting as a chaperone 
(http://www.uniprot.org/uniprot/P38646).  BI-1 regulates this pathway by inhibiting the 
activation of XBP1 by binding to IRE1α (Lisbona et al., 2009). 

Another important protein that regulates the response to UPR is PERK (Pancreatic eIF alpha 
kinase, eIF2αk3).   PERK is a single TM protein located in the ER (the N terminus being located 
in the lumen and the C-terminus in the cytosol).  In the absence of unfolded proteins PERK 
interacts with BiP (an ER chaperone).  When there is a high protein-fold load, BiP releases PERK 
and binds to the unfolded protein (Gutiérrez & Simmen, 2014).  PERK undergoes homo-
dimerisation and phosphorylates eIF2α (eukaryotic initiation factor 2 α subunit) (Scheuner & 
Kaufman, 2008), resulting in the regulation of the translation rate of, for example, cyclin D1.   
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The resulting low concentration of cyclin D1 causes the arrest of the cell cycle in the G1 phase.  
PTPN1 (tyrosine-protein phosphatase non-receptor type 1) regulates the UPR by mediating the 
dephosphorylation of elF2αK3/PERK.  BI-1 plays a role in this process through its regulation of 
ROS concentration; an excess of ROS activates PERK-mediated UPR.   

Unfolded proteins follow ER-associated degradation (ERAD) pathways resulting in their 
degradation by proteasomes in the cytoplasm (Malhotra & Kaufman, 2009a).  Misfolded 
proteins have signals, such as extended exposed hydrophobic signal markers, for ubiquitination 
(the addition of ubiquitin).  Ubiquitin is a protein, 76 amino acids in length, found in all 
eukaryotic organisms.  It attaches itself to the misfolded protein target through the C-terminus.  
Ubiquitin contains seven lysine residues to which another ubiquitin molecule can be ligated.  
This process is catalysed by a series of ubiquitination reactions catalysed by ubiquitin-activating 
enzyme E1, followed by ubiquitin-conjugating enzyme E2, and ubiquitin ligases E3.  The 
polyubiquitinated protein is recognised by the proteasome cap which opens.  The polyubiquitin 
chain is detached and recycled, and the target protein enters the proteasome system and 
where it is broken into small peptides by proteases before being broken further into amino 
acids for reuse.  

In addition to the facilitation of protein folding, the regulation of translation and the 
degradation of misfolded proteins, the UPR response can also result in cell death. This can occur 
through PERK/eIF2α-dependent transcriptional induction of genes such as CHOP which in turn 
activate the transcription of several genes (e.g. GADD34, ERO1, DR5 (death receptor 5), TRB3, 
carbonic anhydrase VI and BIM,) that promote apoptosis (Malhotra & Kaufman, 2009b).  For 
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example, activation of BIM inhibits the expression of anti-apoptotic BCL2 thus promoting 
apoptosis (Scheuner & Kaufman, 2008; Malhotra & Kaufman, 2009a).  
If proteins are produced in excess in a cell, the ER is unable to manage the folding effectively.  
Thus, mutations resulting in excess protein production can initiate UPR and lead to cell death.  
Some diseases (such as Type two diabetes, where cells produce excess insulin) can result in an 
UPR that causes useful cells to be killed.  Similar effects occur in neurodegenerative diseases, 
such as Parkinson’s disease, in which a severe form of UPR-mediated apoptosis kills neurones 
in the brain (Malhotra & Kaufman 2009a).   This shows that the regulation of protein-folding 
through BI-1 is a very important target for a wide range of diseases.  

ROS production regulation 
BI-1 physically interacts with NADPH and reduces the production of oxygen species by inhibiting 
the electron transport chain between NADPH and P450 (Lee et al., 2007; Chae et al., 2012).  
Excess ROS can affect many pathways that cause cancer. For example, it can cause DNA damage 
which contributes to genomic instability, and can result in changes in VEGF expression, which 
promotes angiogenesis and tumour progression (Gavalas et al., 2013).    However, excess ROS 
also contributes to neurodegenerative diseases by the uncontrolled killing of normal cells.  For 
example, ROS activate apoptosis through FASL which triggers the extrinsic apoptotic pathway.  
ROS also triggers necrosis factor-α (TNF-α) to form a complex with TRAF2 and ASK1 to activate 
JNKs.  These phosphorylate BIM, resulting in the activation of intrinsic apoptosis pathways 
(Schlatter et al., 2011).   Furthermore, ROS can directly activate ASK1 by disrupting an ASK1 
thioredoxin (TDX) complex through oxidation of TDX, and thereby lead to activation of JNK, p38 
MAP kinase, and cell death (Malhotra & Kaufman, 2009b). 
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ROS are also involved in the activation of signalling pathways PI3K-AKT, JAK-STAT and 
MAPK/JNK that affect the expression of many genes including P53 (Barbieri & Sestili, 2012; 
Montero et al., 2013).   
Autophagy 
Autophagy is the lysosome-mediated, selective degradation of proteins and waste and old 
organelles (Schmukler et al., 2014) which maintains homeostasis via the quality control of these 
proteins and organelles (Ávalos et al., 2014).  Autophagy plays a tumour-suppressor role by 
eliminating ROS, so protects DNA integrity under stress conditions by leading to apoptosis.  By 
contrast, it also plays a survival role in cancer through the degradation of organelles as this can 
provide resources for cancer growth (Rosenfeldt & Ryan, 2011; Abounit et al., 2012).   
BI-1 regulates autophagy through its binding to IRE1α which activates JNKs. These regulate  
autophagy by controlling the expression of ATG genes (Castillo et al., 2011).  JNKs are groups of 
stress-associated kinases that can be activated by nutrient deficiency, cytokines, UV, oxidative 
stress (ROS), apoptosis and growth inhibition.  There are three classes of JNKs, MAPK8 (JNK1), 
MAPK9 (JNK2) and MAPK10 (JNK3), all of which regulate transcription factors.  For example, 
JNK3 regulates transcription factor AP1, which consists of jun and fos.  Jun regulates the 
expression of multiple ATG genes such as ATG8 which is involved in autophagosome formation, 
an essential component of early stage autophagy (Shpilka et al., 2011).  mTOR is another 
pathway that senses the cell nutrient load.  In the presence of excess resources, it inhibits 
autophagy by phosphorylating UKL1 (Liu et al., 2010).   

 
Agilent literature search  
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An Agilent literature search was used to identify gene associations for BI-1 in the literature 
(Figure 6.26) by text mining.  This is a powerful way of identifying well characterised protein 
interactions not yet represented in protein-protein interaction databases.  The network 
shows some genes that are strongly associated with BI-1 interactions.   

 

 
Figure 6-26:  BI-1 Agilent Literature search showing a network of genes that have been 
identified to be strongly associated by literature mining, using a 100-publication cut off.   
 
The genes are involved in a variety of functions including: 

 Apoptosis (BAX, BBC3, BCL2).   For example, BI-1 channel formation regulates Ca2+  flux 
to the cytosol which affects the translocation of BAX to promote apoptosis  (Xu et al., 
2008;  Kim et al., 2008; Bultynck et al., 2012).  BI-1 and BCL2 also interact on ER , 
playing an anti-apoptotic role (Xu et al., 2008). 
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 Protein quality control (HSPa9, UPR (XBP1)).  For example, BI-1 and IRE1 interact with 
chaperone HSPa9 to regulate UPR (Lisbona et al., 2009). 

 Regulation of ROS.  BI-1 regulates the electron transport chain between  CyP26 and 
NADPH for the production of ROS (Chae et al., 2012). 

 Translation rate regulation (MAPK3, elF4).  BI-1 interacts with STAT6. The cytokine-
induced STAT pathway (IL4/JAK/STAT6/elf4) plays a major role in the inflammatory 
response and regulates protein translation (Walford & Doherty, 2013). 

 Cell adhesion (actin).  BI-1 plays a cytoskeletal role by interacting with actin to facilitate 
cell adhesion and tumour progression (Lee et al., 2010). 

This shows the functional diversity of BI-1 and confirms that its mutation can have a big impact 
on cellular functions, both in the development of cancer and cell survival under stress 
conditions.  
 

6.4 Conclusion   
TMBIM6/BI-1 protein is a well-conserved anti-apoptotic protein.  It achieves this function by 
regulating mitochondrial-mediated apoptosis through calcium ion homeostasis.  It also binds 
to BCL2 protein to strengthen its anti-apoptotic properties.  Under acidic conditions and in cells 
in which it is over-expressed, BI-1 promotes cell death through the release of Ca2+ from the ER 
to the cytosol.  This leads to BAX recruitment to the mitochondria, facilitating the release of 
cytochrome c which activates Caspases to kill the cell (Watanabe & Lam, 2009).   
BI-1 also regulates ROS by binding with NADPH-P450 reductase (NPR) at the C-terminus to 
inhibit electron transport to P4502E1 by an oxidation-reduction process (Lee et al. 2007; Chae 
et al., 2012). ROS concentration regulates the activation of many pathways including the 
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triggering of apoptosis through FASL activation, MAP Kinase activation /JNK/ translation and 
cell arrest (Malhotra & Kaufman 2009b).   
Furthermore, BI-1 regulates the rate of autophagy which contributes to cancer cell survival by 
the recycling and supply of nutrients.  It also regulates the unfolded protein response through 
interaction with IRE1α, and regulates the expression of protein quality control genes such as 
XBP1 and chaperones.  
In this project five new variants of BI-1 in the human genome were identified:  SM74 (234aa), 
SM64 (208aa), SM142 (200aa), BI-195 (195aa), BI-192 (192aa) and BI-204 (205).   Based on the 
literature review, the BI-1 sequences identified as SM74 and SM64 can be fully anti-apoptotic 
as they contain the full domains required for BI-1 function, including the C-terminus.  The 
truncated sequences, SM142 (200), BI-195 (195aa), BI-192 (192aa) and BI-204 (205) are missing 
the C-terminus so are restricted in function.  For example, the missing residues D209 and D213 
are vital for Ca2+ ion channel formation (Bultynck et al., 2012), the pH detection domain 
('EKDKKKEKK') is needed for homo-oligomerisation and pore formation (Hsu et al., 2011) and 
Leucine at positions 221 and 225 are binding sites for actin (Lee et al., 2010).  The C-terminus 
is also involved in binding with IRE1α to regulate UPR (Lisbona et al., 2009) and autophagy 
(Castillo et al., 2011).  In addition to these known functional domains, the C-terminus might 
have additional functions affecting protein degradation and localisation.   
Phylogenetic tree analysis of BI-1 shows that there are three major clusters showing 
evolutionary divergence: Insects, plants and mammals. Though BI-1 is distributed across all life 
forms, from multiple sequences alignment for BI-1 protein in other species (orthologues) there 
is wide residual conservation of Aspartic acid (D) at 209 in mammals and T in the plant kingdom 
showing some functional variation and gain of function (as is the case for calcium-channel 
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formation in mammals). The distribution of BI-1 signifies the importance of BI-1 as anti-
apoptotic from early evolution. 
The comparative analysis of the BI1 protein family has shown a big divergence of sequence at 
the N-terminus and the variable region at end of the C-terminus. While the functional regions 
of some TM helices have been conserved across evolution, the diversity and localisation of 
related proteins are attributable to introduced variation in gene sequences.  Though the C-
terminus motif ‘EKDKKKEKK’ is unique in BI-1, there is a lot of proline (P) conservation at the N-
terminus and Leucine (L) at the C-terminus in other groups of BI1 family proteins; these are not 
conserved in BI-1.   
Hydrophobic plot analysis identified seven hydrophobic peaks that correspond to helices as 
predicted by Discovery studio 3.  Six of the helices correspond to transmembrane helices 
(predicted using HMMTOP).  These occur between residues 30-47, 56-73, 86-103, 112-135, 146-
170, and 210-227). The Intrinsically Disordered Protein (IDP) analysis shows that the C-terminus 
(where most functions of BI-1 are based) has a high degree of dis-order, hence a high disorder 
score.  This can be advantageous as the protein has the flexibility to carry out a wide range of 
functions.  This corresponds to the functional diversity of BI-1 that occurs through the C-
terminus.  
There is no known experimentally-determined tertiary structure for BI-1. The three-
dimensional structure for BI-1 has been predicted using Robetta server (Kim et al., 2004).  In 
contrast to the early claims from BI-1 membrane topology prediction using SOSUI software that 
the N-terminus  is located in the lumen and the C-terminus in the cytosol (Watanabe & Lam, 
2009), results from both HMMTOP at Rhythm server (Figure. 6.8) and TMHMM (Figure. 6.11) 
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suggest that both termini are located in the cytosol.  This concurs with the more recent 
predictions made by Bultynck et al. (2012) and Carrara et al. (2012).  
BI-1 interaction networks were generated that contained 200 nodes and 1280 edges; physical, 
genetic, predicted and pathway interactions are shown (Figure 6.20).   BI-1 interacts directly 
with a large number of genes/proteins, so is able to carry out a variety of functions.  These 
include apoptosis (via BAX, BBC3, BCL2), protein quality control (via HSPa9, UPR (XBP1)), 
regulation of ROS.  (CyP26), translation rate regulation (MAPK3, elF4), cell adhesion (actin), and 
transcription factor (P53).  Understanding the molecular mechanisms underlying BI-1 
regulation and signalling through its cellular networks is important to gain insight about its 
function.  Such information can improve understanding about different disease conditions and 
provide insight for intervention and drug discovery.  
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 Bioinformatics pipeline review 

7.1 Introduction 
The current trend in the development of bioinformatics tools involves integrating many existing 
tools, written in different programming languages, to obtain the best visualisation and data 
analysis for understanding and solving biological problems.  A knowledge of basic programming 
is indispensable, not only to develop new tools but also for using existing packages in different 
applications as this needs understanding of how to access methods and change parameters.  In 
particular, R/Bioconductor, Galaxy and Bio-Linux have a rich collection of resources developed 
by scientists from computing and statistical backgrounds.  The use of existing resources can 
save researchers time and energy, allowing them to focus on achievable goals needed to solve 
the biological problem at hand.  
Different programming languages have their own advantages and cross-platform usability and 
portability.  Bioinformatics Open Source Foundation (BOSF) provides biological resources 
including: Bioperl, Biojava, Biopython, BioRuby and BioDAS.  A DAS-enabled website or 
application can aggregate complex and high-volume data from external providers in an efficient 
manner (http://www.open-bio.org/wiki/Main_Page).  

7.2 Reusable Bioinformatics resources 
In this section, widely used bioinformatics open access programming languages and resources 
are reviewed.  
Perl:  This is a scripting language that can be downloaded and installed from Active State at 
http://www.activestate.com/activeperl/downloads.  
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Bioperl is a collection of Perl packages used for manipulating genomic data (Stajich et al., 2002).  
It can be downloaded from http://bioperl.org/DIST/.  Padre is the developmental environment 
editor for Perl and Bioperl, and can be used to facilitate script by biologists 
(http://code.google.com/p/dwimperl/).  The current version, BioPerl-1.6.1.tar.gz, was installed 
to Padre IDE from a local machine (Bioperl tar.gz). 
The example below uses Bioperl library and existing methods to blast search the gene for 
fibrinogen: 
use Bio::Perl;   # it import Bioperl library 
$seq_object = get_sequence('genbank',"P02671");  #retrieve sequence from gene 
bank NCBI 
$blast_result = blast_sequence($seq_object);   # blast search 
 write_blast(">Blast_Result.txt",$blast_result);  # write the blast output to file  
Blast_Result 
 
Biolinux:  This open access collection of different bioinformatics software was 
developed at the Sanger Institute.  It provides both Linux operating environment and 
access to a large number of prebuilt software libraries 
(http://nebc.nerc.ac.uk/tools/bio-linux/bio-linux-7-info). 

7.3 Work flow Design and Online Resources 
A wide range of free software packages are available for bioinformatics analysis online.  Galaxy, 
Taverna and myExperiment are some of the most popular open access resources contributed 
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and shared by a wide range of scientists.  These repositories contain systematically organised 
bioinformatics tools for automated data analysis.   
The core principle is to make reproducible software that is widely usable through the sharing 
of scientific knowledge.  This saves time, allowing scientists to focus on their own research 
rather than programming.  Furthermore, users with low programming skills can design a local 
workflow by specifying data input and selecting the appropriate analytical tools from existing 
resources.  Some popular open-source scientific workflows available for biologists are discussed 
below.  
Taverna:  This provides a graphical environment in which a researcher can design a specific 
workflow using drag and drop tools (Wolstencroft et al., 2013).  It contains components for 
accessing data and web services (see Fig 7.1 A).  Taverna also allows workflow from 
myExperiment to be accessed and downloaded for desktop-use on a local machine.  
Alternatively, it can be submitted to a remote server to execute automated iterative 
bioinformatics work.  It is available at http://www.taverna.org.uk/.  Accessible resources 
include: Biomart for a wide range of genomic data integration, Emboss tool for sequence 
analysis, and R and Bioconductor for statistical analysis of genomic data.  
myExperiment:  This is designed in such a way that scientific workflow can be used, stored, 
shared and maintained by the scientific community (Goble et al., 2010).  It is led by Carole Goble 
and David D. Roure, and maintained by collaborative researchers from the Universities of 
Southampton, Manchester and Oxford.  Currently, as accessed on 01/04/2014, it contains 2500 
workflows and is the largest workflow available online.  It can be accessed directly at 
http://www.myexperiment.org/ and used in a Taverna workbench environment.  
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Figure 7-1 Workflow design. A: Taverna workbench user interface consisting of dragable web 
service resource, workflow design environment and work flow explorer.  B: myExperment  
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Galaxy:  This is a web-based platform for the analysis of large-scale biomedical data 
(Goecks et al., 2010).  In particular, there are many resources available to analyse next 
generation sequencing data.  A large quantity of documentation and tutorials are 
available, and sample data from different projects can also be accessed 
(https://usegalaxy.org/).  Figure 7.2 shows the interface for Galaxy, including data 
input, tool selection and execution.  The top right pane contains session history 
(Goecks et al., 2010).  

 
 
 
In general, cloud computing (Stein, 2010) and high-performance computing (HPC) are 
the most feasible technologies for handling large datasets generated by advanced 
generation sequencing, both to share storage resources and memory for high speed 

History/active jobs 

Lists of analytical tool  

Workspace for data input 

Figure 7-2:  Galaxy user web interface consisting of bioinformatics tool lists on the left, input 
parameter pane in the middle and an active history section in the right pane. 
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performance.  Code maintenance throughout the software developmental life-cycle is 
also more convenient within a centralised system. 

7.4 Differential Gene Expression Analysis 

7.4.1 Introduction 
The genomic content of all the different cells of an organism is identical.  However, genome 
expression varies based on cell status, cell type, developmental stage and environmental 
stimuli.  Although genes contain the blueprint of genetic information, proteins are the driving 
force of cellular processes.  The most convenient mechanism for understanding what is going 
on inside a cell at any given time is to use gene expression (the transcriptome) as an indirect 
indicator of protein dynamics.  However, it is important to note that there is no direct 
relationship between the mRNA content of a cell and its protein content as most mRNA 
undergoes diverse modifications.  Furthermore, once proteins have been synthesised, they can 
undergo various forms of post-translational modification (PTM) which can turn on or off the 
protein’s activities.   
The expression of the different genes in a cell is highly regulated through the independent 
control of transcription and translation.  The local rate of transcription is controlled by a special 
group of proteins (transcription factors) which bind to in the 5’ untranslated region (UTR) of 
the gene.  Only housekeeping genes are active in almost all cells.  Many genes are tissue specific, 
while others are specific to a developmental-stage.  Therefore, each cell type expresses only a 
unique subset of the total number of available genes.  For example, epithelial cells mainly 
produce keratin, and erythrocytes mainly produce haemoglobin. Differential gene expression, 
which influences the phenotype of a cell, is determined by specific cellular stimuli and needs. 
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In order to determine the expression pattern of all the genes in a cell, it is necessary to measure 
the relative amount of mRNA under given cellular conditions.  The use of high throughput 
technologies such as microarrays and next generation sequencing (e.g. RNA sequencing, RNA-
Seq) are the most popular mechanisms of detecting the expression value of genomic content 
across different experimental conditions (Brown, 2013).  Large data-point interrogation, using 
human exon arrays and deep sequencing (e.g. RNA-seq) helps us to capture whole genomic 
information profiles, measure single nucleotide polymorphisms (SNPs), analyse mutations, and 
detect isoforms and differential expression across different tissues and cell types.  In the 
following section, the two most popular high throughput technologies, microarrays and 
RNAseq, are discussed. 

7.4.2 Microarray technology  
Microarrays involve the hybridisation of cDNA or RNA to a specific probe.  This provides a 
sensitive way of detecting whether a particular sequence is present.  Hybridisation intensity is 
used as a means of quantifying the amount of transcript expressed at a given time.  Microarrays 
are available only for model organisms that have a known genome.  Key commercial vendors 
include Affymetrix, Illumina and Agilent.   
The major applications of cDNA/RNA microarrays are described by Lesk (2010) as:  
 Identification of disease-causing genes, especially the identification of the differential 

expression of signature genes in complex diseases caused by the interaction of many genes. 
 Identification of the mechanism of drug-resistant genes:  Some mutations are resistant to 

existing drugs.  Studying the pattern of expression can provide clues for target selection.   
 Profiling the cellular state and the patterns of expression that change as a result of that 

cellular state and growth conditions. 
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7.4.2.1 Microarray data analysis  
Some of the most commonly used open-access and commercial Software for microarray 
analysis include:  
R:  A statistical suite used as an analysis environment.  It is freely available from (http://cran.r-
project.org/). 
Bioconductor:  A repository for a large collection of R-packages that can be used to analyse a 
wide range of genomic data (Gentleman et al., 2004).  Bioconductor version 2.13 contains over 
750 software packages (as accessed on 27/03/14) (http://www.bioconductor.org/).   
TM4 Microarray Software Suite: This consists of four software packages:  Microarray Data 
Manager (MADAM), TIGR Spotfinder, Microarray Data Analysis System (MIDAS) and 
Multiexperiment Viewer (MeV).  MeV is used for the analysis of microarray data including the 
identification of differentially expressed genes and clustering to identify gene expression 
patterns.  MeV is freely available at http://www.tm4.org/.  
Some commercial vendors include: Significant Analysis of Microarrays (SAM), which is free for 
academic use at http://statweb.stanford.edu/~tibs/SAM/, and GeneSpring GX at 
http://www.genomics.agilent.com/.  
The workflow for microarray data analysis includes: Quality control, identification of 
differentially expressed genes, clustering and downstream pathway analysis.  The major steps 
are summarised in Figure 7.3.  Clustering is a machine-learning algorithm in which 
genes/samples are grouped together based on similarities in their expression values.  
Differentially expressed genes are either upregulated or down-regulated between 
experimental conditions.  During enrichment analysis, the relationships between genes are 
identified based on existing knowledge.  
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Figure 7-3:  Workflow of microarray data analysis in R, involving data import, statistical analysis 
to identify differentially expressed genes, and gene enrichment analysis.  
 

7.4.3 RNA Sequencing (RNASeq) 
Next generation genome sequencing is currently the most powerful mechanism for detecting 
genetic variants with high sensitivity.  Some of the core applications include whole genome de 
novo sequencing, gene fusion, and rare transcript, meta-genomic and mutation detection.  
Most RNASeq projects produce millions of short reads of 30 to 100 nucleotides (nt) of 
transcript.  Historically, sequencing technology showed dramatic change in both cost (decrease) 
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and quality (better) of sequence output.  Sanger methods (1977) early generation, second 
generation Applied biosystem AB 370 (1987), Roche 454 (2005), AB SOLiD (2006), Helicos 
(2011), Ion Torrent (2010 ) (Liu et al., 2012) and third generation Nanopore (2014) are some 
technologies  currently in the market.   
RNASeq captures the true content of whole transcripts at a genome level.  It is currently the 
most popular means for profiling and quantifying RNA transcripts.  The unique importance of 
RNASeq is its ability to measure transcripts even for non-model species.  By contrast, microarray 
design is dependent on prior knowledge of the genome.  Furthermore, even though the Human 
Exon Array has been designed to predict alternative splicing, RNASeq is a more powerful tool 
for measuring non-coding RNA, single nucleotide polymorphisms, alternative splicing and 
mutation as there is no requirement for species-specific probes and hypothesis-free 
experimental design (Oshlack et al., 2010; Straute Brown, 2013).  Alternative splicing occurs in 
90% of human genes, producing different transcripts (Au et al., 2010).  This is a major source of 
protein diversity from single genes, and is of great importance as splice variants are associated 
with many diseases.  
RNASeq data analysis workflow 
Major steps in the workflow of an RNASeq data analysis project include:  Data generation, 
sequencing (NGS technology), quality control, differential expression analysis, enrichment 
analysis and biological interpretation.  These are shown in Figure 7.4.  
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Figure 7-4:  Workflow of major steps in RNASeq project and data analysis. Key steps include 
data generation (reads) using sequencing technology, quality control and identification of 
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differentially expressed gene lists, and identification of relationships between differentially 
expressed genes through enrichment analysis.  Key software is also included for each step.  
In the following section, some key steps and statistical tools available for RNASeq analysis are 
reviewed.    

1. Quality control: This is the process of checking read-quality for sequence bias.  During 
this process low quality reads can be removed, trimmed and filtered.  FastQC is a tool 
available for this analysis. 

2. Mapping against a reference genome: Alignment of reads to exons and exon-exon 
junctions in the genome aids the discovery of new variants and the quantification of 
distinct reads (short sequences) of expression.  Alignment tools include:  
 TopHat: developed to map exon-exon junctions (as splice junction mapper is used 

for de novo junction discovery).  
 BWA (Burrows-Wheeler Aligner) Bowtie2: aligns sequence reads against a large 

reference genome.   
3. Counts: This involves the quantification of transcripts.  Seqmonk and Cufflinks can be 

used to assemble transcripts and count their abundance.   
4. Visualisation:  Next generation sequence data are voluminous and their abstraction is 

a difficult task. Visualisation is a powerful tool for detecting variation in a large dataset.  
Many genome browsers have been developed to integrate expression data with a 
reference genome.  These facilitate visualisation of the gene region of interest.  
Examples include:  

 SeqMonk: A tool (developed at Babraham Bioinformatics Institute) to visualise and 
analyse high throughput mapped data.  For RNAseq, it has the functionality to quantify 
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and display reads mapped to the reference genome. 
http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/   

 UCSC Bioinformatics Suite (http://genome.ucsc.edu/) 
o Genome browsers allow the detail of a particular genome locus to be viewed, and 

expression data to be integrated. 
o 1000 genome browser is used for the visual comparison of the genotypes of a 

population sample of 1000 people representing different parts of the world 
(http://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/).  

 ENSEMBL Genome Browser:  This can be used to display coding regions and to integrate 
expression data (http://www.ensembl.org/index.html). 

 Genome View:  A next generation standalone genome browser with functionality to 
visualise multiple sequence alignment, short reads and sequence annotation. 
(http://genomeview.org/).   

 Argo:  Developed at Broad Institute to visualise and annotate the whole genome.  It 
displays sequence annotation with interactive zooming and manual annotation 
(http://www.broadinstitute.org/annotation/argo/). 

 GenomeMap:  A web-based genome browser that displays interactively karyotypes and 
NGS data features (http://www.genomemaps.org/). 

 Integrated Genome Browser (IGB):  This can be used to integrate RNAseq and ChipSeq 
datasets in order to reveal genomic data-patterns. (http://bioviz.org/igb/). 

 Integrative Genomic Viewer: A high performance visualisation tool for next generation 
sequencing data (http://www.broadinstitute.org/igv/). 
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5. Differential gene expression analysis:  This is the stage in which differentially expressed 
gene variants will be discovered.  Data-mining methods, such as clustering, provide a 
way of grouping together sets of genes that share similar gene expression patterns 
across datasets.  Thus, patterns of genes in the same cluster are more similar than the 
patterns of a different cluster.  DESeq is an R-bioconductor package for differential gene 
expression analysis based on binomial distribution. 

6. Gene Enrichment analysis:  Once differential gene lists have been identified, it is 
necessary to determine their relationships to diseases.  This is done using over-
representation analysis, based mainly on Gene Ontology terms.  Cytoscape plugins, such 
as BINGO, can be used to find the biological function and representation of gene lists.   

7.4.4 Expression data repositories 
The three most popular public functional genomic data repositories are: 
 Gene Expression Omnibus (GEO):  Found at NCBI (http://www.ncbi.nlm.nih.gov/geo/), this 

provides free data download and searches for specific gene expression profiles.  On 
27/03/2014, it contained 3413 datasets, 46270 series and 1,105,578 samples.  GEO2R 
(http://www.ncbi.nlm.nih.gov/geo/geo2r/) is also useful for data analysis as users can 
select the samples and analyse them using a web interface.  Differentially expressed genes 
can be identified by using an experiment accession number and specifying experimental 
groups to compare before running the analysis.  The differentially expressed gene lists and 
R-script can be used for further visualisation and enrichment analysis.  

 ArrayExpress and Expression Atlas:  This site, maintained by the European Bioinformatics 
institute (EBI) at http://www.ebi.ac.uk/arrayexpress/, contains data for both microarray 
and high throughput sequence data.  On 27/03/2014, it contained 47761 experiments and 
1360024 assays of 20TB archival data; 6000 of these are high throughput sequencing 
experiments.  Users can directly submit their experiments. 
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  Expression Atlas contains value-added expression data from ArrayExpress at EBI 
(http://www.ebi.ac.uk/services/teams/expression-atlas).  It allows users to identify up-
regulated and down-regulated genes across different experiments.  Experimental Factor 
Ontology (EFO) has been developed based on systematic descriptions of experimental 
variables in the EBI database, body part anatomy, disease type and chemical compounds.  
More detail is available at http://www.ebi.ac.uk/efo/.  Using specific EFO terms helps to 
filter data, allowing faster searching.  From Expression Atlas, users can only download 
processed data; it is not suitable for the submission of raw experimental data.  This is in 
contrast to GEO and ArrayExpress in which users can submit data for all experiments that 
fulfil the Minimum Information about a Microarray Experiment (MIAME) 
(http://www.mged.org/Workgroups/MIAME/miame.html).  

Six essential criteria for MIAME are:  
 The raw data for each hybridisation (CEL file),  
 The final processed (normalised) data for the set of hybridisations,  
 The essential sample annotation, including experimental factors and their values,  
 The experimental design, including sample data relationships,  
 Sufficient annotation of the array (Gene identifiers, genomic coordinates, probe 

oligonucleotide sequences or reference to a commercial array catalogue number). 
 The essential laboratory and data processing protocols (e.g. the normalisation method used 

to obtain the final processed data). 
R statistical software is commonly used to analyse expression datasets.  A large number of 
Bioconductor packages are used in R, including GEOquery for data retrieval (Sean & Meltzer, 
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2007) and Affy: methods for affymetrix oligonucleotide analysis.  Common R-commands 
include: 

 Loading necessary packages  #library(GEOquery)   
 Using methods to download dataset into R environment # dataset <-

getGEO(“GDS3101”)  
 Importing data from local file # dataset <-read.table(“file name.txt”))  
 Understanding data structure and data analysis # str(dataset)   
 Data exploration  # boxplot(dataset, col= “blue”) 

7.4.5 Conclusion 
The study of gene expression involves a key bioinformatics analysis pipeline.  It provides the 
power to discover new variants of gene expression and identifies differentially expressed gene 
lists.  This is of significance in drug discovery as it can identify target genes for further research.  
Grouping similar genes or samples together by clustering (both by hierarchical and k-means) 
and network analysis helps researchers to examine large data points and gain biological insight 
from gene lists.  Next generation sequencing, such as RNASeq, is a promising technology for 
measuring the true RNA population in a cell.  Regardless of the volume of data and analytical 
challenge, next generation sequencing has the potential to identify novel transcripts, 
characterise new species profiles, and diagnose disease for novel variants and mutations.  
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 General discussion and Further Work 

The impact of cancer on the human population is clear:  The annual global death rate due to 
cancer has been estimated at 8 million, with about 12.7 million new cases being diagnosed 
every year (Ferlay et al. 2010).  However, despite much progress in being made in cancer 
research, there is still considerable work to be done in the area of therapeutics.  For example, 
although there are some useful therapeutic targets, such as VEGFR and EGFR (Tang et al., 2013), 
and platinum-based drugs are commonly used (Chien et al., 2013), due to the molecular 
heterogeneity of cancers no single therapy is fully effective (Zeineldin et al., 2010). 
Targeted cancer therapies are designed to block selected molecules or pathways that result in 
tumour cell survival  (Schatz & Wendel, 2011).  Due to their frequent mutation in cancers, genes 
that are involved in the regulation of cell cycle (e.g. E2F1, RB1 and CDK), apoptosis (e.g. the 
BCL2 protein family) and cell proliferation (e.g. RTKs in the MAP kinase pathways) are the most 
common therapeutic targets (Signore et al., 2013).  A detailed understanding of the workings 
of these genes at a biochemical and cellular level can shed light on the underlying causes of 
cancer and facilitate the identification of new drug targets. 
The overarching aim of this project was to use modern bioinformatics tools to analyse the major 
genetic and metabolic pathways involved in non-small cell lung cancer and ovarian cancer with 
the purpose of facilitating future efforts at designing novel anti-cancer drugs.  The study focuses 
on two genes and their products, BCL2-L5/BCL2A1 and TIMBIM6/BI-1, sequences for which 
were provided by Morvus Technology Ltd.   
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Comparing Gene sequences and predicting protein structure 
BCL2A1 
 
Multiple sequence alignment was used to detect functional motifs and identify sequence 
variation.  Nine new variants of the gene for BCL2A1 were identified; five point mutations, three 
truncated sequences and one extended sequence.   
The secondary structure of BCL2A1 was elucidated by analysing the hydrophobicity of the 
residues in the primary sequence.  The hydrophobicity plot (Fig. 5.8) shows BCL2A1 to consist 
of 8 alpha helices, four of which correspond to the known BH functional domains: BH1 (77-97), 
BH2 (132-147), BH3 (52-58) and BH4 (11-27).  The BH1, BH2 and BH3 domains’ surface area are 
known to influence the homo and hetero-dimerization of the protein (Petros et al., 2004). They 
also form a hydrophobic cleft binding-pocket for BH3-only proteins.  The BH4 domain in the N-
terminus has an essential pro-survival function. 
As the tertiary structure of BCL2A1 is well-characterised experimentally, the structures of the 
new variants could be predicted by homology modelling using Modeller (Sali, 1995).  It is 
accepted that if a protein has homologues of known structure with 40% sequence identity, 
homology modelling can produce a near-complete model (Lesk, 2010).  Multiple sequence 
alignment for the BCL2A1 variants, showed greater than 99% similarity with the template (Table 
5.2) giving confidence in the predicted structures. 
The information obtained by multiple sequence alignment, hydrophobicity plots and structural 
prediction was used to predict the possible changes to structure and function for the BCL2A1 
mutants.  This in turn gives insight into possible drug resistance: 
Of the variants studied, SM12, SM15, SM17 and SM19 contain mutations that may affect the 
hydrophobic pocket where interaction with BAK/BAX occurs. Similarly, SM26 contains a 
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mutation that may affect the interaction with BIM and BAK.  It is therefore possible that these 
mutations impair the normal action of BCL2A1 by preferentially binding to either BAK/BAX 
rather than BIM, thus preventing apoptosis.   Such mutations can also reduce the affinity of 
BCL2A1 to mimetic drugs, accounting for the drug resistant properties of some tumours.   
Extended protein (SM68) has an additional segment (DQKGHIL) in the C-terminus, which has 
been identified to be involved in ubiquitination and protein degradation (Vogler, 2012).  The 
addition of these seven residues might affect its function and localisation and, as it is rich in 
charge, the protein folding might be impaired.  However, while these effects can be 
hypothesised from the bioinformatics information, the detail would need to be confirmed 
experimentally.  
Truncation of sequence appears to have the greatest effect upon protein function and can 
result in drug resistance as the change in structure results in the complete or partial absence of 
domains essential for existing inhibitor binding.  It might also lead to unusual interactions that 
can cause an over-activation of protein function resulting in anti-cancer drug resistance.   
In the SM94 mutant form, only a segment of the BH1 domain is retained, weakening 
interactions with both BAK and BIM.  Truncation means that there are no sulphate-binding 
domains, so the Lys 147 interaction with BIM cannot occur.  The weakened interaction means 
that BIM may no longer be an effective natural trigger for promoting cell death.  Furthermore, 
it may be hypothesised that SM94 will preferentially bind to BAK, which does not require a 
sulphate ligand, thus maintaining the pro-survival role of the BCL2A1 variant.  In addition, in 
SM94 the C-terminus is missing, so the residues that are needed for proper protein folding to 
form stable interactions with the BH3 domain are absent (Petros et al., 2004).  This means that 
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SM94 will be resistant to existing BH3-binding mediated drugs as it is missing the essential 
binding domain.  This can result in a weak degree of response to drug treatment.   
In SM66, although the region of interaction with BIM is partially retained (i.e. BH1), both BH3, 
which is essential in creating interaction grooves for pro-apoptotic proteins, and BH4, which is 
important in anti-apoptotic proteins, are missing.  In SM81 the entire C-terminus and BH1, BH2 
domains are missing.   These missing domains are vital for the anti-apoptotic properties of 
BCL2A1 and for the binding of BH3-mimetics.   
The above analysis shows that the action of BH3-mimetic drugs is compromised, to a greater 
or lesser extent, in the majority of the BCL2A1 variants analysed.  This shows the value of 
‘personalised medicine’ in that patients whose tumour analysis shows overexpression of these 
variants should be treated with alternative drugs to BH3 mimetics.  It also highlights the need 
to develop a wide variety of drugs targeting different proteins and pathways in order to set up 
effective treatment regimes. 
BI-1 
 
Multiple sequence analysis identified five new variants of BI-1 in the human genome.  For BI-1 
and its variants, the presence of the functional motifs for Ca2+ pore formation, actin 
polymerisation and the pH sensor on the C-terminus was also identified by this method (figure 
6.5). 
The hydrophobicity plot (Figure 6.7) shows that BI-1 has seven hydrophobic peaks; these 
correspond to alpha helices so may be transmembrane regions.  HMMTOP predicted six 
transmembrane helices at 30-47, 56-73, 86-103, 112-135, 146-170, and 210-227 (Figure 6.8).   
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A disorder graph for BI-1 was generated at http://iupred.enzim.hu/ (Fig. 6.9A).  This shows the 
C-terminus to have a high disorder tendency, giving it the structural diversity to carry out a 
range of different functions.  This matches the literature, as IDPs are known to have important 
biological functions (Forman-Kay & Mittag, 2013) and the C-terminus is known to be the region 
where most functions of BI-1 are based (Kim et al., 2009; Lisbona et al. 2009).  However, while 
the role of the C-terminus is well-documented, the role of the more variable N-terminus is 
poorly understood.  This, along with information regarding protein turnover and half-life 
requires further study. 
Unlike BCL2A1, but in common with most membrane proteins (Bakheet & Doig, 2009), there is 
no known experimentally-determined tertiary structure for BI-1.  This means that homology 
modelling using Modeller is not possible as a method for predicting structure.  Robetta Server 
(Kim et al., 2004) was used to predict de novo three-dimensional protein structure for BI-1, 
which lacks known structures of close homologues.  In contrast to the early claims from BI-1 
membrane topology prediction using SOSUI software that the N-terminus is located in the 
lumen and the C-terminus in the cytosol (Watanabe & Lam, 2009), results from both HMMTOP 
at Rhythm server (Figure. 6.8) and TMHMM (Figure. 6.11) suggest that both termini are located 
in the cytosol.  This concurs with the more recent predictions made by Bultynck et al. (2012) 
and Carrara et al. (2012).   
Bearing in mind the possible biases of the different software, a number of different methods 
were employed to predict the structure of the BI-1 variants.  Comparison of the structures 
predicted by the different software (e.g. Robetta and I-TASSER) is difficult as each has its own 
measure for quality control.  Further investigation was carried out by generating a structural 
model for SM204 using both I-TASSER and PHYRE2.  When these models were superimposed, 
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there was very good agreement (Figure 6.16 B), increasing confidence in the predictions.  
Furthermore, when the predicted domains from PHYRE2 were compared to those from Robetta 
there was a good match with the PSIPRED domains (Fig. 6.17).   
Based on the literature review and bioinformatics structural predictions, the BI-1 variant 
sequences identified as SM74 and SM64 can be fully anti-apoptotic as they contain the full 
domains required for BI-1 function, including the C-terminus.   However, all of the truncated 
sequences, SM142, BI-195, BI-192 and BI-204 are missing the C-terminus so are restricted in 
function.  For example, the missing residues D209 and D213 are vital for Ca2+ ion channel 
formation (Bultynck et al., 2012), the pH detection domain ('EKDKKKEKK') is needed for homo-
oligomerisation and pore formation (Hsu et al., 2011) and Leucine at positions 221 and 225 are 
binding sites for actin (Lee et al., 2010).  The C-terminus is also involved in binding with IRE1α 
to regulate UPR (Lisbona et al., 2009) and autophagy (Castillo et al., 2011).  In addition to these 
known functional domains, the C-terminus might have additional functions affecting protein 
degradation and localisation.   
Structural prediction using computational methods is a cost effective approach to provide 
biological insight regarding protein function.  However, it is important to be aware of the 
difficulties that may arise, such as the occurrence of different predictions of terminus 
localisation and number of TM helices due to software bias.  For example, predictions based on 
the presence of alpha-helices rich in hydrophobic residues tend to confuse hydrophobic signal 
peptides with alpha-helices (Xiong, 2006).  Furthermore, regions of disorder, such as at the C-
terminus of BI-1, add further complexity to structural predictions.  These problems highlight 
the need for more experimental determination of protein structure which, despite the vital 
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roles of proteins in cells, has not kept pace with the rate of genomic sequencing (Liu & Hsu, 
2005; Blundell et al., 2006; Gu & Bourne, 2009).  
 
Developing interaction and cellular networks 
In order to understand how a cancer cell is functionally different from a normal cell it is 
necessary to assess the complex network of pathways involving gene regulation, signalling, and 
cell metabolism, and the alterations in its dynamics caused by the several different types of 
mutations leading to malignancy (Laubenbacher et al., 2010). Visualisation of these network 
pathways is a key tool for understanding the complex relationships of proteins and genes 
involved in disease (Doncheva et al., 2012; Millán, 2013; Agapito et al., 2013). 
BCL2A1 
In section 5.3.7, a network was generated using BCL2A1 as the search term.  This displayed 
twelve proteins that interact directly with BCL2A1 (Fig 5.1).  One of these proteins (GRB2) 
promotes transcription of the gene for BCL2A1, the remainder represent direct protein-protein 
interactions.  Three proteins, BAX, BAK1 and BOK normally bind with BCL2A1.  However, when 
released from this interaction, they promote apoptosis.  The other proteins, which belong to 
the BH3-only group, act under different cellular conditions to bind preferentially to BCL2A1, 
thus releasing BAX, BAK or BOK to their apoptotic function. 
When the network was expanded to reveal upstream and downstream interacting genes, seven 
clusters were identified.  Several of these clusters contained genes associated with cell 
proliferation through the RAS/MAP kinase pathway, but some also included genes involved in 
the PI3K/AKT and the extra-cellular apoptotic pathways including FAS/FADD.  Thus the network 
analysis has shown the cross-talk between apoptotic pathways and RTK pathways which 
regulates the expression of BCL2A1 through activation of SK6 ribosomal protein.  
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BI-1 
A BI-1 interaction network was generated that contained 200 nodes and 1280 edges (Figure 
6.20).  This shows that BI-1 interacts directly with a large number of genes/proteins, so is able 
to carry out a variety of functions.  These include apoptosis (via BAX, BBC3 and BCL2), protein 
quality control (via HSPa9, UPR (XBP1)), regulation of ROS (CyP26), translation rate regulation 
(MAPK3, elF4), cell adhesion (actin), and transcription factor (P53).     
The network model approach is widely used to identify disease signature genes, thus potential 
drug targets (Wu & Stein, 2012; Yeh et al., 2012).  For example, apoptotic pathways are 
therapeutic targets for many cancers (Arlt et al., 2013).  However, a layer of complexity is added 
to the determination of the role of BI-1 in cancer as its functions vary based on cellular 
conditions; while changes in pH may trigger apoptosis, under stress conditions it may favour 
cell survival.  Furthermore, the very large number of interactions of BI-1 and their diversity of 
function make it less promising as a direct drug target.  Nevertheless, understanding the 
interactions of a protein involved in a wide range of pathways based on cellular context is 
essential for identifying therapeutic targets as it can resolve the complex relationships that 
arise from crosstalk between pathways.  This allows us to take into account the genetic 
redundancy that results in the same biological process being controlled by different pathways. 
Future work   
1. Protein Structure and localisation. 
 While bioinformatics software can generate theoretical models that save researchers 

time and money, experimental verification is needed before conclusions regarding 
structure can be confirmed and drug targets can be selected.  The structures for BCL2A1 
were predicted by homology modelling using sequences that were shown by multiple 
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sequence alignment to have greater than 99%.  These predictions give a strong indication 
of how the mutants may differ in their structure and protein-protein interactions.  
However, for BI-1 the structural predictions had to be carried out ab initio which, while 
being sufficient to gain insight about biological function, cannot be used with confidence 
to suggest further work for drug design.  Experimental work is required to improve the 
resolution of such structures, X-ray crystallography being the preferred method for such 
analysis.  However, the hydrophobicity of membrane proteins such as BI-1 makes it 
difficult to purify and obtain crystal structures.  In such cases, experimental work 
regarding the localisation of the proteins can be used to promote a greater understanding 
of their function (Carrara et al., 2012). 

2. Protein-Protein interactions. 
The results of the hydrophobicity analysis and structural predictions have led to 
suggestions regarding the effects of different mutations on protein-protein interactions.  
In many cases, the variants were shown to have significant differences in structure which 
would impair or change their function.  These hypotheses are important for informing the 
next stage of research. For example, experiments are needed to test whether the BCL2A1 
mutations in SM12, SM15, SM17 and SM19 affect structure the hydrophobic pocket 
sufficiently to affect binding to BAK and/or BAX.  Also, do the mutations have a significant 
effect on the affinity of the protein to BH3 mimetic drugs?  Furthermore, the extended 
protein SM68 needs further work to determine its function and localisation.  The 
strongest hypotheses regarding changes to function have been made for the truncated 
variants (SM94 and SM66) which are missing the entire C-terminus.  The hypothesis that 
these proteins would bind preferentially to BAK rather than BIM, thus promoting survival 
rather than apoptosis could be tested using a combination of assays for apoptosis 
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comparing the rate of cell death in cells with wild BCL2A1 rather than the variants. Knock 
out experiments can be used to investigate the cellular response further.   

3. Signalling networks. 
Computationally generated sub-networks (clustering) produce testable hypotheses for 
identifying potential therapeutic targets.  However, these need experimental verification 
for biological relevance as static networks can sometimes lead to wrong conclusions 
(Sebastian-Leon et al., 2014) as the true cellular functions of a gene/protein are dynamic 
and may change based on cellular conditions. 
Microarrays and NGS can be used to confirm the disruption or promotion of predicted 
pathways by identifying differentially co-expressed genes.  For example, section 5.3.2.8 
indicates that BI-1 interacts with IRE1α, preventing the activation of XBP1, so inhibiting the 
transcription of ATF-6α.  NGS technology can be used in conjunction with cell line 
experiments to compare the action of wild and mutant BI-1 under different environmental 
conditions.  If a mutation prevents or reduces the interaction between BI-1 and IRE1α, ATF-
6α will be found to be overexpressed.  Such confirmation of genetic interactions can used 
to generate more robust signalling pathway models that can aid drug discovery by 
confirming the action of hub proteins and identifying the effects of variant proteins on key 
pathways. 
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Appendices 

Appendix 1. Cell cycle check point gene and protein lists. 
Gene 
name 

Gene Function 

E2F1 E2F transcription factor 1; Transcription activator that binds DNA cooperatively 
with dp proteins through the E2 recognition site, 5'-TTTC[CG]CGC- 3' found in 
the promoter region of a number of genes whose products are involved in cell 
cycle regulation or in DNA replication. The DRTF1/E2F complex functions in the 
control of cell-cycle progression from G1 to S phase. E2F-1 binds preferentially 
RB1 protein, in a cell-cycle dependent manner. It can mediate both cell 
proliferation and p53-dependent apoptosis (437 aa) 

E2F3 E2F transcription factor 3; Transcription activator that binds DNA cooperatively 
with DP proteins through the E2 recognition site, 5'-TTTC[CG]CGC- 3' found in 
the promoter region of a number of genes whose products are involved in cell 
cycle regulation or in DNA replication. The DRTF1/E2F complex functions in the 
control of cell-cycle progression from G1 to S phase. E2F-3 binds specifically to 
RB1 protein, in a cell-cycle dependent manner 

SAP30 Sin3A-associated protein, 30kDa; Involved in the functional recruitment of the 
Sin3- histone deacetylase complex (HDAC) to a specific subset of N-CoR 
corepressor complexes. Capable of transcription repression by N- CoR. Active 
in deacetylating core histone octamers (when in a complex) but inactive in 
deacetylating nucleosomal histones 
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NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 
alpha; Inhibits the activity of dimeric NF-kappa-B/REL complexes by trapping 
REL dimers in the cytoplasm through masking of their nuclear localization 
signals. On cellular stimulation by immune and proinflammatory responses, 
becomes phosphorylated promoting ubiquitination and degradation, enabling 
the dimeric RELA to tranlocate to the nucleus and activate transcription 

KDM1A Lysine (K)-specific demethylase 1A; Histone demethylase that demethylates 
'Lys-4' of histone H3, a specific tag for epigenetic transcriptional activation, 
thereby acting as a corepressor. Acts by oxidizing the substrate by FAD to 
generate the corresponding imine that is subsequently hydrolyzed. 
Demethylates both mono- and di-methylated 'Lys-4' of histone H3. May play a 
role in the repression of neuronal genes. Alone, it is unable to demethylate H3 
'Lys-4' on nucleosomes and requires the presence of RCOR1/CoREST to achieve 
such activity. May also demethylate 'Lys-9' of histone H3, a spe [...]  

TFDP1 Transcription factor Dp-1; Can stimulate E2F-dependent transcription. Binds 
DNA cooperatively with E2F family members through the E2 recognition site, 
5'-TTTC[CG]CGC-3', found in the promoter region of a number of genes whose 
products are involved in cell cycle regulation or in DNA replication. The 
DP2/E2F complex functions in the control of cell-cycle progression from G1 to 
S phase. The E2F-1/DP complex appears to mediate both cell proliferation and 
apoptosis 
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CCNA2 Cyclin A2; Essential for the control of the cell cycle at the G1/S (start) and the 
G2/M (mitosis) transitions 

MTA2 Metastasis associated 1 family, member 2; May be involved in the regulation 
of gene expression as repressor and activator. The repression might be related 
to covalent modification of histone proteins 

CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1); May be the important 
intermediate by which p53 mediates its role as an inhibitor of cellular 
proliferation in response to DNA damage. Binds to and inhibits cyclin-
dependent kinase activity, preventing phosphorylation of critical cyclin-
dependent kinase substrates and blocking cell cycle progression 

STAM Signal transducing adaptor molecule (SH3 domain and ITAM motif) 1; Involved 
in intracellular signal transduction mediated by cytokines and growth factors. 
Upon IL-2 and GM-CSL stimulation, it plays a role in signalling leading to DNA 
synthesis and c-myc induction. May also play a role in T-cell development. 
Involved in down-regulation of receptor tyrosine kinase via multivesicular body 
(MVBs) when complexed with HGS (ESCRT-0 complex). The ESCRT-0 complex 
binds ubiquitin and acts as sorting machinery that recognizes ubiquitinated 
receptors and transfers them to further sequential lysosome [...]  

CCND1 Cyclin D1; Essential for the control of the cell cycle at the G1/S (start) transition 
MDM2 Mdm2 p53 binding protein homolog (mouse); Inhibits TP53/p53- and 

TP73/p73-mediated cell cycle arrest and apoptosis by binding its 
transcriptional activation domain. Functions as a ubiquitin ligase E3, in the 
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presence of E1 and E2, toward p53 and itself. Permits the nuclear export of p53 
and targets it for proteasome-mediated proteolysis. Functions as an ubiquitin 
ligase E3 toward ARRB1 (By similarity) 

RBBP7 Retinoblastoma binding protein 7; Core histone-binding subunit that may 
target chromatin remodelling factors, histone acetyltransferases and histone 
deacetylases to their histone substrates in a manner that is regulated by 
nucleosomal DNA. Component of several complexes which regulate chromatin 
metabolism. These include the type B histone acetyltransferase (HAT) complex, 
which is required for chromatin assembly following DNA replication; the core 
histone deacetylase (HDAC) complex, which promotes histone deacetylation 
and consequent transcriptional repression; the nucleosome remodelling  [...]  

CDK1 Cyclin-dependent kinase 1; Plays a key role in the control of the eukaryotic cell 
cycle. It is required in higher cells for entry into S-phase and mitosis. p34 is a 
component of the kinase complex that phosphorylates the repetitive C-
terminus of RNA polymerase II 

RCOR1 REST corepressor 1; Essential component of the BHC complex, a corepressor 
complex that represses transcription of neuron-specific genes in non-neuronal 
cells. The BHC complex is recruited at RE1/NRSE sites by REST and acts by 
deacetylating and demethylating specific sites on histones, thereby acting as a 
chromatin modifier. In the BHC complex, it serves as a molecular beacon for 
the recruitment of molecular machinery, including MeCP2 and SUV39H1, that 
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imposes silencing across a chromosomal interval. Plays a central role in 
demethylation of Lys-4 of histone H3 by promoting demethylase a [...]  

CDK2 Cyclin-dependent kinase 2; Involved in the control of the cell cycle. Interacts 
with cyclins A, B1, B3, D, or E. Activity of CDK2 is maximal during S phase and 
G2 

DNMT1 DNA (cytosine-5-)-methyltransferase 1; Methylates CpG residues. 
Preferentially methylates hemimethylated DNA. Associates with DNA 
replication sites in S phase maintaining the methylation pattern in the newly 
synthesized strand, that is essential for epigenetic inheritance. Associates with 
chromatin during G2 and M phases to maintain DNA methylation 
independently of replication. It is responsible for maintaining methylation 
patterns established in development. DNA methylation is coordinated with 
methylation of histones. Mediates transcriptional repression by direct binding 
to HDAC2. In  [...]  

NDN Necdin homolog (mouse); Growth suppressor that facilitates the entry of the 
cell into cell cycle arrest. Functionally similar to the retinoblastoma protein it 
binds to and represses the activity of cell-cycle- promoting proteins such as 
SV40 large T antigen, adenovirus E1A, and the transcription factor E2F. Necdin 
also interacts with p53 and works in an additive manner to inhibit cell growth. 
Functions also as transcription factor and binds directly to specific guanosine-
rich DNA sequences (By similarity) 
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TRAF6 TNF receptor-associated factor 6; Adapter protein and signal transducer that 
links members of the tumor necrosis factor receptor family to different 
signaling pathways by association with the receptor cytoplasmic domain and 
kinases. Also involved in the IL-1 signaling pathway via MYD88 and IRAK 
kinases. Seems to be involved in IL-17 signaling (By similarity). Mediates 
activation of NF-kappa-B and JUN. May function as an E3 ubiquitin ligase 

TAB2 Mitogen-activated protein kinase kinase kinase 7 interacting protein 2; Adapter 
linking MAP3K7/TAK1 and TRAF6 and mediator of MAP3K7 activation in the IL1 
signalling pathway 

TP53 Tumour protein p53; Acts as a tumour suppressor in many tumour types; 
induces growth arrest or apoptosis depending on the physiological 
circumstances and cell type. Involved in cell cycle regulation as a trans-activator 
that acts to negatively regulate cell division by controlling a set of genes 
required for this process. One of the activated genes is an inhibitor of cyclin-
dependent kinases. Apoptosis induction seems to be mediated either by 
stimulation of BAX and FAS antigen expression, or by repression of Bcl-2 
expression. Implicated in Notch signalling cross-over 

CDK7 Cyclin-dependent kinase 7; Cyclin-dependent kinases (CDKs) are activated by 
the binding to a cyclin and mediate the progression through the cell cycle. Each 
different complex controls a specific transition between two subsequent 
phases in the cell cycle. CDK7 is the catalytic subunit of the CDK-activating 
kinase (CAK) complex, a serine-threonine kinase. CAK activates the cyclin-
associated kinases CDC2/CDK1, CDK2, CDK4 and CDK6 by threonine 
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phosphorylation. CAK complexed to the core-TFIIH basal transcription factor 
activates RNA polymerase II by serine phosphorylation of the repetitive  [...]  

UBC Ubiquitin C 
SIN3A SIN3 homolog A, transcription regulator (yeast); Acts as a transcriptional 

repressor. Interacts with MXI1 to repress MYC responsive genes and 
antagonize MYC oncogenic activities. Also interacts with MAD-MAX 
heterodimers by binding to MAD. The heterodimer then represses 
transcription by tethering SIN3A to DNA. Acts as a corepressor for REST (By 
similarity) 

E2F1 E2F transcription factor 1; Transcription activator that binds DNA cooperatively 
with dp proteins through the E2 recognition site, 5'-TTTC[CG]CGC- 3' found in 
the promoter region of a number of genes whose products are involved in cell 
cycle regulation or in DNA replication. The DRTF1/E2F complex functions in the 
control of cell-cycle progression from G1 to S phase. E2F-1 binds preferentially 
RB1 protein, in a cell-cycle dependent manner. It can mediate both cell 
proliferation and p53-dependent apoptosis 

MBD3 Methyl-CpG binding domain protein 3; Does not bind DNA by itself. Recruits 
histone deacetylases and DNA methyltransferases. Acts as transcriptional 
repressor and plays a role in gene silencing 

CHD4 Chromodomain helicase DNA binding protein 4; Probable transcription 
regulator 
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CDK4 Cyclin-dependent kinase 4; Probably involved in the control of the cell cycle 
TFDP2 Transcription factor Dp-2 (E2F dimerization partner 2); Can stimulate E2F-

dependent transcription. Binds DNA cooperatively with E2F family members 
through the E2 recognition site, 5'-TTTC[CG]CGC-3', found in the promoter 
region of a number of genes whose products are involved in cell cycle 
regulation or in DNA replication. The DP2/E2F complex functions in the control 
of cell-cycle progression from G1 to S phase. The E2F-1/DP complex appears to 
mediate both cell proliferation and apoptosis 

CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1); Important regulator of cell 
cycle progression. Involved in G1 arrest. Potent inhibitor of cyclin E- and cyclin 
A-CDK2 complexes. Positive regulator of cyclin D-dependent kinases such as 
CDK4. Regulated by phosphorylation and degradation events 

AKT1 v-akt murine thymoma viral oncogene homolog 1; General protein kinase 
capable of phosphorylating several known proteins. Phosphorylates TBC1D4. 
Signals downstream of phosphatidylinositol 3-kinase (PI(3)K) to mediate the 
effects of various growth factors such as platelet-derived growth factor (PDGF), 
epidermal growth factor (EGF), insulin and insulin-like growth factor I (IGF-I). 
Plays a role in glucose transport by mediating insulin-induced translocation of 
the GLUT4 glucose transporter to the cell surface. Mediates the antiapoptotic 
effects of IGF-I. Mediates insulin-stimulated protei [...]  
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RBBP4 Retinoblastoma binding protein 4; Core histone-binding subunit that may 
target chromatin assembly factors, chromatin remodelling factors and histone 
deacetylases to their histone substrates in a manner that is regulated by 
nucleosomal DNA. Component of several complexes which regulate chromatin 
metabolism. These include the chromatin assembly factor 1 (CAF-1) complex, 
which is required for chromatin assembly following DNA replication and DNA 
repair; the core histone deacetylase (HDAC) complex, which promotes histone 
deacetylation and consequent transcriptional repression; the nucleosome [...]  

TOPBP1 Topoisomerase (DNA) II binding protein 1; Required for DNA replication. Plays 
a role in the rescue of stalled replication forks and checkpoint control. Binds 
double- stranded DNA breaks and nicks as well as single-stranded DNA. 
Recruits the SWI/SNF chromatin remodelling complex to E2F1- responsive 
promoters. Down-regulates E2F1 activity and inhibits E2F1-dependent 
apoptosis during G1/S transition and after DNA damage. Induces a large 
increase in the kinase activity of ATR 

SP1 Sp1 transcription factor; Transcription factor that can activate or repress 
transcription in response to physiological and pathological stimuli. Binds with 
high affinity to GC-rich motifs and regulates the expression of a large number 
of genes involved in a variety of processes such as cell growth, apoptosis, 
differentiation and immune responses. Highly regulated by post-translational 
modifications (phosphorylations, sumoylation, proteolytic cleavage, 
glycosylation and acetylation). Binds also the PDGFR- alpha G-box promoter. 
May have a role in modulating the cellular response to DNA d [...]  
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SQSTM1 Sequestosome 1; Adapter protein which binds ubiquitin and may regulate the 
activation of NFKB1 by TNF-alpha, nerve growth factor (NGF) and interleukin-
1. May play a role in titin/TTN downstream signalling in muscle cells. May 
regulate signalling cascades through ubiquitination. May be involved in cell 
differentiation, apoptosis, immune response and regulation of K(+) channels 

MTA1 Metastasis associated 1; May be involved in the regulation of gene expression 
by covalent modification of histone proteins. Isoform Long is a corepressor of 
estrogen receptor (ER). Isoform Short binds to ER and sequesters it in the 
cytoplasm and enhances non-genomic responses of ER 

HDAC1 Histone deacetylase 1; Responsible for the deacetylation of lysine residues on 
the N-terminal part of the core histones (H2A, H2B, H3 and H4). Histone 
deacetylation gives a tag for epigenetic repression and plays an important role 
in transcriptional regulation, cell cycle progression and developmental events. 
Histone deacetylases act via the formation of large multiprotein complexes. 
Deacetylates SP proteins, SP1 and SP3, and regulates their function 

CBL Cas-Br-M (murine) ecotropic retroviral transforming sequence; Participates in 
signal transduction in hematopoietic cells. Adapter protein that functions as a 
negative regulator of many signalling pathways that start from receptors at the 
cell surface. Acts as an E3 ubiquitin-protein ligase, which accepts ubiquitin from 
specific E2 ubiquitin-conjugating enzymes, and then transfers it to substrates 
promoting their degradation by the proteasome. Recognizes activated 
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receptor tyrosine kinases, including PDGFA, EGF and CSF1, and terminates 
signaling 

EP300 MicroRNA 1281; Functions as histone acetyltransferase and regulates 
transcription via chromatin remodeling. Acetylates all four core histones in 
nucleosomes. Histone acetylation gives an epigenetic tag for transcriptional 
activation. Binds to and may be involved in the transforming capacity of the 
adenovirus E1A protein. Mediates cAMP-gene regulation by binding specifically 
to phosphorylated CREB protein. In case of HIV-1 infection, it is recruited by 
the viral protein Tat. Regulates Tat's transactivating activity and may help 
inducing chromatin remodelling of proviral genes 

HGS Hepatocyte growth factor-regulated tyrosine kinase substrate; Involved in 
intracellular signal transduction mediated by cytokines and growth factors. 
When associated with STAM, it suppresses DNA signalling upon stimulation by 
IL-2 and GM-CSF. Could be a direct effector of PI3-kinase in vesicular pathway 
via early endosomes and may regulate trafficking to early and late endosomes 
by recruiting clathrin. May concentrate ubiquitinated receptors within clathrin-
coated regions. Involved in down- regulation of receptor tyrosine kinase via 
multivesicular body (MVBs) when complexed with STAM (E [...]  

RB1 Retinoblastoma 1; Key regulator of entry into cell division that acts as a tumor 
suppressor. Acts as a transcription repressor of E2F1 target genes. The 
underphosphorylated, active form of RB1 interacts with E2F1 and represses its 
transcription activity, leading to cell cycle arrest. Directly involved in 
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heterochromatin formation by maintaining overall chromatin structure and, in 
particular, that of constitutive heterochromatin by stabilizing histone 
methylation. Recruits and targets histone methyltransferases SUV39H1, 
SUV420H1 and SUV420H2, leading to epigenetic transcriptional repres [...]  

CCNH Cyclin H; Regulates CDK7, the catalytic subunit of the CDK- activating kinase 
(CAK) enzymatic complex. CAK activates the cyclin-associated kinases 
CDC2/CDK1, CDK2, CDK4 and CDK6 by threonine phosphorylation. CAK 
complexed to the core-TFIIH basal transcription factor activates RNA 
polymerase II by serine phosphorylation of the repetitive C-terminus domain 
(CTD) of its large subunit (POLR2A), allowing its escape from the promoter and 
elongation of the transcripts. Involved in cell cycle control and in RNA 
transcription by RNA polymerase II. Its expression and activity are constant 
throug [...]  
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Appendix 2 Human BCL2 protein family 

 

Uniprot entry Entry 
 name 

Protein names Gene names Length 

Q07817 B2CL1_HUMAN Bcl-2-like protein 1 (Bcl2-L-1) (Apoptosis regulator Bcl-X) BCL2L1 BCL2L BCLX 233 

Q92843 B2CL2_HUMAN Bcl-2-like protein 2 (Bcl2-L-2) (Apoptosis regulator Bcl-W) BCL2L2 BCLW KIAA0271 193 

Q9HD36 B2L10_HUMAN Bcl-2-like protein 10 (Bcl2-L-10) (Anti-apoptotic protein NrH) (Apoptosis regulator Bcl-B) 
BCL2L10 BCLB 194 

O43521 B2L11_HUMAN Bcl-2-like protein 11 (Bcl2-L-11) (Bcl2-interacting mediator of cell death) BCL2L11 BIM 198 

Q9HB09 B2L12_HUMAN Bcl-2-like protein 12 (Bcl2-L-12) (Bcl-2-related proline-rich protein) BCL2L12 BPR 334 

Q9BXK5 B2L13_HUMAN Bcl-2-like protein 13 (Bcl2-L-13) (Bcl-rambo) (Protein Mil1) BCL2L13 MIL1 CD003 485 

Q9BZR8 B2L14_HUMAN Apoptosis facilitator Bcl-2-like protein 14 (Bcl2-L-14) (Apoptosis regulator Bcl-G) BCL2L14 BCLG 327 

Q16548 B2LA1_HUMAN Bcl-2-related protein A1 (Bcl-2-like protein 5) (Bcl2-L-5) (Hemopoietic-specific early response protein) (Protein BFL-1) (Protein GRS) 

BCL2A1 BCL2L5 BFL1 GRS HBPA1 
175 

Q92934 BAD_HUMAN Bcl2 antagonist of cell death (BAD) (Bcl-2-binding component 6) (Bcl-2-like protein 8) (Bcl2-L-8) (Bcl-XL/Bcl-2-associated death promoter) 

BAD BBC6 BCL2L8 168 

Q16611 BAK_HUMAN Bcl-2 homologous antagonist/killer (Apoptosis regulator BAK) (Bcl-2-like protein 7) (Bcl2-L-7) 
BAK1 BAK BCL2L7 CDN1 211 

Q07812 BAX_HUMAN Apoptosis regulator BAX (Bcl-2-like protein 4) (Bcl2-L-4) BAX BCL2L4 192 

Q9BXH1 BBC3_HUMAN Bcl-2-binding component 3 (JFY-1) (p53 up-regulated modulator of apoptosis) BBC3 PUMA 193 

P10415 BCL2_HUMAN Apoptosis regulator Bcl-2 BCL2 239 

Q96LC9 BMF_HUMAN Bcl-2-modifying factor BMF 184 

Q9UMX3 BOK_HUMAN Bcl-2-related ovarian killer protein (hBOK) (Bcl-2-like protein 9) (Bcl2-L-9) BOK BCL2L9 212 

Q07820 MCL1_HUMAN Induced myeloid leukemia cell differentiation protein Mcl-1 (Bcl-2-like protein 3) (Bcl2-L-3) (Bcl-2-related protein EAT/mcl1) (mcl1/EAT) 

MCL1 BCL2L3 350 
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Appendix 3 Gene list in apoptotic pathway 
Symbol Description 
APAF1  apoptotic peptidase activating factor 1 [Source:HGNC Symbol;Acc:576] 
BCL2  B-cell CLL/lymphoma 2 [Source:HGNC Symbol;Acc:990] 
BAX  BCL2-associated X protein [Source:HGNC Symbol;Acc:959] 
FADD  Fas (TNFRSF6)-associated via death domain [Source:HGNC Symbol;Acc:3573] 
FAS  Fas (TNF receptor superfamily, member 6) [Source:HGNC Symbol;Acc:11920] 
CASP3  caspase 3, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1504] 
CYC1  cytochrome c-1 [Source:HGNC Symbol;Acc:2579] 
CASP9  caspase 9, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1511] 
CASP8  caspase 8, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1509] 
CYCS  cytochrome c, somatic [Source:HGNC Symbol;Acc:19986] 
BIK  BCL2-interacting killer (apoptosis-inducing) [Source:HGNC Symbol;Acc:1051] 
DIABLO  diablo, IAP-binding mitochondrial protein [Source:HGNC Symbol;Acc:21528] 
BID  BH3 interacting domain death agonist [Source:HGNC Symbol;Acc:1050] 
BCL2L11  BCL2-like 11 (apoptosis facilitator) [Source:HGNC Symbol;Acc:994] 
FKBP8  FK506 binding protein 8, 38kDa [Source:HGNC Symbol;Acc:3724] 
UQCRFS1  ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 [Source:HGNC Symbol;Acc:12587] 
APPL1  adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper containing 1 [Source:HGNC Symbol;Acc:24035] 
BOK  BCL2-related ovarian killer [Source:HGNC Symbol;Acc:1087] 
MT-CYB  mitochondrially encoded cytochrome b [Source:HGNC Symbol;Acc:7427] 
CFLAR  CASP8 and FADD-like apoptosis regulator [Source:HGNC Symbol;Acc:1876] 
BAK1  BCL2-antagonist/killer 1 [Source:HGNC Symbol;Acc:949] 
FASLG  Fas ligand (TNF superfamily, member 6) [Source:HGNC Symbol;Acc:11936] 
BCL2L1  BCL2-like 1 [Source:HGNC Symbol;Acc:992] 
NOL3  nucleolar protein 3 (apoptosis repressor with CARD domain) [Source:HGNC Symbol;Acc:7869] 
CASP10  caspase 10, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1500] 
UQCRB  ubiquinol-cytochrome c reductase binding protein [Source:HGNC Symbol;Acc:12582] 
AIFM1  apoptosis-inducing factor, mitochondrion-associated, 1 [Source:HGNC Symbol;Acc:8768] 
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CASP2  caspase 2, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1503] 
FAIM2  Fas apoptotic inhibitory molecule 2 [Source:HGNC Symbol;Acc:17067] 
UQCR11  ubiquinol-cytochrome c reductase, complex III subunit XI [Source:HGNC Symbol;Acc:30862] 
UQCRQ  ubiquinol-cytochrome c reductase, complex III subunit VII, 9.5kDa [Source:HGNC Symbol;Acc:29594] 
UQCRH  ubiquinol-cytochrome c reductase hinge protein [Source:HGNC Symbol;Acc:12590] 
BCL2L10  BCL2-like 10 (apoptosis facilitator) [Source:HGNC Symbol;Acc:993] 
VDAC1  voltage-dependent anion channel 1 [Source:HGNC Symbol;Acc:12669] 
UQCR10  ubiquinol-cytochrome c reductase, complex III subunit X [Source:HGNC Symbol;Acc:30863] 
BBC3  BCL2 binding component 3 [Source:HGNC Symbol;Acc:17868] 
ANP32A  acidic (leucine-rich) nuclear phosphoprotein 32 family, member A [Source:HGNC Symbol;Acc:13233] 
BIRC3  baculoviral IAP repeat containing 3 [Source:HGNC Symbol;Acc:591] 
UQCRC1  ubiquinol-cytochrome c reductase core protein I [Source:HGNC Symbol;Acc:12585] 
UQCRC2  ubiquinol-cytochrome c reductase core protein II [Source:HGNC Symbol;Acc:12586] 
BCL2L2  BCL2-like 2 [Source:HGNC Symbol;Acc:995] 
CASP6  caspase 6, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1507] 
GAS2  growth arrest-specific 2 [Source:HGNC Symbol;Acc:4167] 
RIPK1  receptor (TNFRSF)-interacting serine-threonine kinase 1 [Source:HGNC Symbol;Acc:10019] 
BAD  BCL2-associated agonist of cell death [Source:HGNC Symbol;Acc:936] 
FAIM3  Fas apoptotic inhibitory molecule 3 [Source:HGNC Symbol;Acc:14315] 
PMAIP1  phorbol-12-myristate-13-acetate-induced protein 1 [Source:HGNC Symbol;Acc:9108] 
CASP7  caspase 7, apoptosis-related cysteine peptidase [Source:HGNC Symbol;Acc:1508] 
COX5B  cytochrome c oxidase subunit Vb [Source:HGNC Symbol;Acc:2269] 
TRADD  TNFRSF1A-associated via death domain [Source:HGNC Symbol;Acc:12030] 
GSN  gelsolin [Source:HGNC Symbol;Acc:4620] 
TNFRSF10A  tumor necrosis factor receptor superfamily, member 10a [Source:HGNC Symbol;Acc:11904] 
MST4  Serine/threonine-protein kinase MST4 [Source:UniProtKB/Swiss-Prot;Acc:Q9P289] 
CAPG  capping protein (actin filament), gelsolin-like [Source:HGNC Symbol;Acc:1474] 
SLK  STE20-like kinase [Source:HGNC Symbol;Acc:11088] 
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STK3  serine/threonine kinase 3 [Source:HGNC Symbol;Acc:11406] 
GZMB  granzyme B (granzyme 2, cytotoxic T-lymphocyte-associated serine esterase 1) [Source:HGNC Symbol;Acc:4709] 
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Appendix 4. P53 function in Biological Process. 
Feature FDR Genes 

in 
network 

Genes 
in 
genome 

mitotic G1 DNA damage checkpoint 4.35E-04 6 74 
mitotic DNA integrity checkpoint 4.35E-04 6 81 
mitotic DNA damage checkpoint 4.35E-04 6 78 
DNA damage response, signal transduction by p53 
class mediator 

1.72E-03 6 107 

signal transduction in response to DNA damage 2.34E-03 6 117 
DNA integrity checkpoint 2.38E-03 6 132 
DNA damage checkpoint 2.38E-03 6 126 
cellular response to UV 2.38E-03 4 29 
mitotic cell cycle checkpoint 2.38E-03 6 132 
signal transduction by p53 class mediator 2.38E-03 6 128 
cellular response to light stimulus 3.24E-03 4 34 
cell cycle checkpoint 3.56E-03 7 230 
response to X-ray 6.22E-03 3 13 
DNA damage response, signal transduction by p53 
class mediator resulting in transcription of p21 class 
mediator 

6.22E-03 3 13 

p53 binding 6.22E-03 4 43 
DNA damage response, signal transduction resulting 
in transcription 

6.93E-03 3 14 

response to gamma radiation 6.93E-03 3 14 
cell cycle arrest 8.75E-03 6 183 
cellular response to radiation 1.33E-02 4 55 
cellular response to decreased oxygen levels 1.88E-02 4 63 
cellular response to hypoxia 1.88E-02 4 63 
intrinsic apoptotic signaling pathway in response to 
DNA damage by p53 class mediator 

1.88E-02 3 21 
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zinc ion binding 1.88E-02 6 215 
DNA damage response, signal transduction by p53 
class mediator resulting in cell cycle arrest 

2.02E-02 4 67 

signal transduction involved in DNA integrity 
checkpoint 

2.02E-02 4 68 

signal transduction involved in mitotic G1 DNA 
damage checkpoint 

2.02E-02 4 67 

cellular response to oxygen levels 2.02E-02 4 65 
signal transduction involved in mitotic cell cycle 
checkpoint 

2.02E-02 4 67 

signal transduction involved in DNA damage 
checkpoint 

2.02E-02 4 68 

signal transduction involved in cell cycle checkpoint 2.07E-02 4 69 
response to UV 2.79E-02 4 75 
positive regulation of cell cycle process 2.83E-02 5 151 
positive regulation of cell cycle arrest 3.03E-02 4 79 
negative regulation of G1/S transition of mitotic cell 
cycle 

3.03E-02 4 79 

damaged DNA binding 3.03E-02 3 28 
intrinsic apoptotic signalling pathway by p53 class 
mediator 

3.54E-02 3 30 

regulation of cell cycle arrest 4.98E-02 4 91 
negative regulation of cell cycle 4.98E-02 6 286 
response to radiation 4.98E-02 5 180 
intrinsic apoptotic signaling pathway in response to 
DNA damage 

4.98E-02 3 35 

regulation of G1/S transition of mitotic cell cycle 4.98E-02 4 94 
transition metal ion binding 4.98E-02 6 287 
intrinsic apoptotic signalling pathway 5.27E-02 4 96 
negative regulation of cell growth 6.52E-02 4 102 
response to decreased oxygen levels 9.08E-02 4 113 
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chromatin 9.08E-02 5 210 
response to hypoxia 9.08E-02 4 113 
cellular response to abiotic stimulus 9.17E-02 4 114 
response to oxygen levels 9.28E-02 4 115 
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Appendix 5. List of genes interacting with BCL2A1 
Symbol Description Score 
BCL2A1  BCL2-related protein A1 [Source:HGNC Symbol;Acc:991] 70.35 
POU2F2  POU class 2 homeobox 2 [Source:HGNC Symbol;Acc:9213] 1.12 
BCL2L11  BCL2-like 11 (apoptosis facilitator) [Source:HGNC Symbol;Acc:994] 0.49 
BOK  BCL2-related ovarian killer [Source:HGNC Symbol;Acc:1087] 0.31 
NR4A1  nuclear receptor subfamily 4, group A, member 1 [Source:HGNC Symbol;Acc:7980] 0.27 
PMAIP1  phorbol-12-myristate-13-acetate-induced protein 1 [Source:HGNC Symbol;Acc:9108] 0.26 
BIK  BCL2-interacting killer (apoptosis-inducing) [Source:HGNC Symbol;Acc:1051] 0.18 
HRK  harakiri, BCL2 interacting protein (contains only BH3 domain) [Source:HGNC Symbol;Acc:5185] 0.16 
RELA  v-rel reticuloendotheliosis viral oncogene homolog A (avian) [Source:HGNC Symbol;Acc:9955] 0.15 
BMF  Bcl2 modifying factor [Source:HGNC Symbol;Acc:24132] 0.14 
BID  BH3 interacting domain death agonist [Source:HGNC Symbol;Acc:1050] 0.13 
NFKB1  nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 [Source:HGNC Symbol;Acc:7794] 0.13 
NAMPT  nicotinamide phosphoribosyltransferase [Source:HGNC Symbol;Acc:30092] 0.1 
IL8  interleukin 8 [Source:HGNC Symbol;Acc:6025] 0.1 
MNDA  myeloid cell nuclear differentiation antigen [Source:HGNC Symbol;Acc:7183] 0.1 
ALOX5AP  arachidonate 5-lipoxygenase-activating protein [Source:HGNC Symbol;Acc:436] 0.09 
SAMSN1  SAM domain, SH3 domain and nuclear localization signals 1 [Source:HGNC Symbol;Acc:10528] 0.09 
BAD  BCL2-associated agonist of cell death [Source:HGNC Symbol;Acc:936] 0.08 
BBC3  BCL2 binding component 3 [Source:HGNC Symbol;Acc:17868] 0.08 
HCAR3  hydroxycarboxylic acid receptor 3 [Source:HGNC Symbol;Acc:16824] 0.08 
S100A8  S100 calcium binding protein A8 [Source:HGNC Symbol;Acc:10498] 0.08 
SOD2  superoxide dismutase 2, mitochondrial [Source:HGNC Symbol;Acc:11180] 0.08 
PTX3  pentraxin 3, long [Source:HGNC Symbol;Acc:9692] 0.07 
S100A9  S100 calcium binding protein A9 [Source:HGNC Symbol;Acc:10499] 0.07 
FCGR2A  Fc fragment of IgG, low affinity IIa, receptor (CD32) [Source:HGNC Symbol;Acc:3616] 0.07 
SLC2A3  solute carrier family 2 (facilitated glucose transporter), member 3 [Source:HGNC Symbol;Acc:11007] 0.07 
CCL4  chemokine (C-C motif) ligand 4 [Source:HGNC Symbol;Acc:10630] 0.07 
CCL3  chemokine (C-C motif) ligand 3 [Source:HGNC Symbol;Acc:10627] 0.07 
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CD83  CD83 molecule [Source:HGNC Symbol;Acc:1703] 0.07 
FCN1  ficolin (collagen/fibrinogen domain containing) 1 [Source:HGNC Symbol;Acc:3623] 0.07 
PLAUR  plasminogen activator, urokinase receptor [Source:HGNC Symbol;Acc:9053] 0.07 
TREM1  triggering receptor expressed on myeloid cells 1 [Source:HGNC Symbol;Acc:17760] 0.07 
FCER1G  Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide [Source:HGNC Symbol;Acc:3611] 0.07 
NFKB2  nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100) [Source:HGNC Symbol;Acc:7795] 0.06 
HK3  hexokinase 3 (white cell) [Source:HGNC Symbol;Acc:4925] 0.06 
S100A12  S100 calcium binding protein A12 [Source:HGNC Symbol;Acc:10489] 0.06 
C19orf59  chromosome 19 open reading frame 59 [Source:HGNC Symbol;Acc:27291] 0.06 
LYZ  lysozyme [Source:HGNC Symbol;Acc:6740] 0.06 
SGK1  serum/glucocorticoid regulated kinase 1 [Source:HGNC Symbol;Acc:10810] 0.06 
LILRB2  leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), member 2 [Source:HGNC Symbol;Acc:6606] 0.06 
TLR2  toll-like receptor 2 [Source:HGNC Symbol;Acc:11848] 0.06 
REL  v-rel reticuloendotheliosis viral oncogene homolog (avian) [Source:HGNC Symbol;Acc:9954] 0.06 
MCL1  myeloid cell leukemia sequence 1 (BCL2-related) [Source:HGNC Symbol;Acc:6943] 0.06 
AQP9  aquaporin 9 [Source:HGNC Symbol;Acc:643] 0.06 
CD300A  CD300a molecule [Source:HGNC Symbol;Acc:19319] 0.06 
APOBEC3A  apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3A [Source:HGNC Symbol;Acc:17343] 0.06 
LST1  leukocyte specific transcript 1 [Source:HGNC Symbol;Acc:14189] 0.05 
ST20  suppressor of tumorigenicity 20 [Source:HGNC Symbol;Acc:33520] 0.05 
FCGR3B  Fc fragment of IgG, low affinity IIIb, receptor (CD16b) [Source:HGNC Symbol;Acc:3620] 0.05 
IL1RN  interleukin 1 receptor antagonist [Source:HGNC Symbol;Acc:6000] 0.05 
IL1B  interleukin 1, beta [Source:HGNC Symbol;Acc:5992] 0.05 
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Appendix 6 BCL2A1 network gene function annotation for 7 clusters. 

Gene name gene description gene function  node cluster score 
Cluster  

GRB2 growth factor receptor-bound protein 2 
epidermal growth factor receptor binding [GO:0005154]; insulin receptor substrate binding [GO:0043560]; SH3/SH2 adaptor activity [GO:0005070] 

7.256235828 1 

CBL Cas-Br-M (murine) ecotropic retroviral transforming sequence 

calcium ion binding [GO:0005509]; ligase activity [GO:0016874]; protein binding [GO:0005515]; signal transducer activity [GO:0004871]; transcription factor activity [GO:0003700]; ubiquitin-protein ligase activity [GO:0004842]; zinc ion binding [GO:0008270] 

7.256235828 1 

FRS2 fibroblast growth factor receptor substrate 2 

insulin receptor binding [GO:0005158]; phosphatase activator activity [GO:0019211]; protein binding [GO:0005515]; regulator of G-protein signaling activity [GO:0016299]; transmembrane receptor protein tyrosine kinase adaptor protein activity [GO:0005068]; transmembrane receptor protein tyrosine kinase docking protein activity [GO:0005069] 

7.529411765 1 

FGFR1 fibroblast growth factor receptor 1 (fms-related tyrosine kinase 2, Pfeiffer syndrome) 

ATP binding [GO:0005524]; fibroblast growth factor receptor activity [GO:0005007]; heparin binding [GO:0008201]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor activity [GO:0004872]; transferase activity [GO:0016740] 

7.006920415 1 

FGFR4 fibroblast growth factor receptor 4 
ATP binding [GO:0005524]; fibroblast growth factor receptor activity [GO:0005007]; nucleotide binding [GO:0000166]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; transferase activity [GO:0016740] 

7.456790123 1 

FRS3 fibroblast growth factor receptor substrate 3 

insulin receptor binding [GO:0005158] 7.529411765 1 

FGF2 fibroblast growth factor 2 (basic) 
growth factor activity [GO:0008083]; heparin binding [GO:0008201]; protein binding [GO:0005515] 

7.256235828 1 
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FGF1 fibroblast growth factor 1 (acidic) 
growth factor activity [GO:0008083]; heparin binding [GO:0008201]; protein binding [GO:0005515] 

7.256235828 1 

FGFR2 fibroblast growth factor receptor 2 (bacteria-expressed kinase, keratinocyte growth factor receptor, craniofacial dysostosis 1, Crouzon syndrome, Pfeiffer syndrome, Jackson-Weiss syndrome) 

ATP binding [GO:0005524]; fibroblast growth factor receptor activity [GO:0005007]; heparin binding [GO:0008201]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; transferase activity [GO:0016740] 

7.44598338 1 

FGFR3 fibroblast growth factor receptor 3 (achondroplasia, thanatophoric dwarfism) 

ATP binding [GO:0005524]; fibroblast growth factor receptor activity [GO:0005007]; identical protein binding [GO:0042802]; nucleotide binding [GO:0000166]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; transferase activity [GO:0016740] 

7.50617284 1 

FGF4 fibroblast growth factor 4 (heparin secretory transforming protein 1, Kaposi sarcoma oncogene) 

growth factor activity [GO:0008083]; heparin binding [GO:0008201] 7.256235828 1 

FGF5 fibroblast growth factor 5 growth factor activity [GO:0008083] 7.36 1 
FGF23 fibroblast growth factor 23 growth factor activity [GO:0008083] 7.256235828 1 
FGF20 fibroblast growth factor 20 growth factor activity [GO:0008083] 7.256235828 1 
FGF9 fibroblast growth factor 9 (glia-activating factor) 

growth factor activity [GO:0008083]; heparin binding [GO:0008201] 7.256235828 1 

FGF6 fibroblast growth factor 6 growth factor activity [GO:0008083] 7.256235828 1 
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FGF19 fibroblast growth factor 19 growth factor activity [GO:0008083] 7.006920415 1 
FGF8 fibroblast growth factor 8 (androgen-induced) 

growth factor activity [GO:0008083] 7.256235828 1 

FGF17 fibroblast growth factor 17 growth factor activity [GO:0008083] 7.256235828 1 
FGF18 fibroblast growth factor 18 growth factor activity [GO:0008083] 7.256235828 1 
FGF16 fibroblast growth factor 16 growth factor activity [GO:0008083] 7.36 1 
BID BH3 interacting domain death agonist 

death receptor binding [GO:0005123]; protein binding [GO:0005515] 5.538461538 2 

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 

ATP binding [GO:0005524]; diacylglycerol binding [GO:0019992]; metal ion binding [GO:0046872]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein serine/threonine kinase activity [GO:0004674]; receptor signaling protein activity [GO:0005057]; transferase activity [GO:0016740]; zinc ion binding [GO:0008270] 

4.444444444 2 

CASP8 caspase 8, apoptosis-related cysteine peptidase 

caspase activity [GO:0030693]; cysteine-type peptidase activity [GO:0008234]; identical protein binding [GO:0042802]; signal transducer activity [GO:0004871] 

5.538461538 2 

MAPK8 mitogen-activated protein kinase 8 
ATP binding [GO:0005524]; JUN kinase activity [GO:0004705]; MAP kinase activity [GO:0004707]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein serine/threonine kinase activity [GO:0004674]; transferase activity [GO:0016740] 

5.538461538 2 

IRS2 insulin receptor substrate 2 insulin receptor binding [GO:0005158]; phosphoinositide 3-kinase binding [GO:0043548]; protein domain specific binding [GO:0019904]; protein kinase binding [GO:0019901]; signal transducer activity [GO:0004871] 

4.444444444 2 

TNFRSF1A tumor necrosis factor receptor superfamily, member 1A 

protein binding [GO:0005515]; receptor activity [GO:0004872]; tumor necrosis factor receptor activity [GO:0005031] 
5.538461538 2 
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HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog 

GTP binding [GO:0005525]; nucleotide binding [GO:0000166]; protein C-terminus binding [GO:0008022] 
4.444444444 2 

FAS Fas (TNF receptor superfamily, member 6) 

identical protein binding [GO:0042802]; protein binding [GO:0005515]; transmembrane receptor activity [GO:0004888] 

5.538461538 2 

RHOA ras homolog gene family, member A 
GTP binding [GO:0005525]; GTPase activity [GO:0003924]; magnesium ion binding [GO:0000287]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; signal transducer activity [GO:0004871] 

5.538461538 2 

ARHGDIA Rho GDP dissociation inhibitor (GDI) alpha 

GTPase activator activity [GO:0005096]; identical protein binding [GO:0042802]; Rho GDP-dissociation inhibitor activity [GO:0005094] 

5.538461538 2 

EZR ezrin actin filament binding [GO:0051015]; cytoskeletal protein binding [GO:0008092]; protein self-association [GO:0043621]; structural molecule activity [GO:0005198] 

5.538461538 2 

KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

GTP binding [GO:0005525]; GTPase activity [GO:0003924]; nucleotide binding [GO:0000166]; protein binding [GO:0005515] 
4.444444444 2 

FASLG Fas ligand (TNF superfamily, member 6) 
cytokine activity [GO:0005125]; signal transducer activity [GO:0004871]; tumor necrosis factor receptor binding [GO:0005164] 

5.538461538 2 

CASP10 caspase 10, apoptosis-related cysteine peptidase 

caspase activity [GO:0030693]; cysteine-type peptidase activity [GO:0008234]; identical protein binding [GO:0042802]; protein binding [GO:0005515] 

5.538461538 2 

NRAS neuroblastoma RAS viral (v-ras) oncogene homolog 

GTP binding [GO:0005525]; GTPase activity [GO:0003924]; nucleotide binding [GO:0000166]; protein binding [GO:0005515] 
4.444444444 2 

MSN moesin cytoskeletal protein binding [GO:0008092]; receptor binding [GO:0005102]; structural constituent of cytoskeleton [GO:0005200] 
5.538461538 2 

FADD Fas (TNFRSF6)-associated via death domain 
death receptor binding [GO:0005123]; identical protein binding [GO:0042802]; signal transducer activity [GO:0004871] 

5.538461538 2 

TNFRSF10B tumor necrosis factor receptor caspase activator activity [GO:0008656]; protein binding [GO:0005515]; receptor 5.538461538 2 
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superfamily, member 10b activity [GO:0004872]; TRAIL binding [GO:0045569] 
PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 

ErbB-3 class receptor binding [GO:0043125]; insulin binding [GO:0043559]; insulin receptor binding [GO:0005158]; insulin receptor substrate binding [GO:0043560]; insulin-like growth factor receptor binding [GO:0005159]; phosphatidylinositol binding [GO:0005545]; phosphoinositide 3-kinase regulator activity [GO:0035014]; protein phosphatase binding [GO:0019903] 

3.581632653 3 

EGFR epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian) 

actin filament binding [GO:0051015]; ATP binding [GO:0005524]; double-stranded DNA binding [GO:0003690]; epidermal growth factor receptor activity [GO:0005006]; identical protein binding [GO:0042802]; MAP/ERK kinase kinase activity [GO:0004710]; nitric-oxide synthase regulator activity [GO:0030235]; nucleotide binding [GO:0000166]; protein heterodimerization activity [GO:0046982]; transferase activity [GO:0016740]; transmembrane receptor activity [GO:0004888] 

4.299319728 3 

PTPN11 protein tyrosine phosphatase, non-receptor type 11 (Noonan syndrome 1) 

hydrolase activity [GO:0016787]; non-membrane spanning protein tyrosine phosphatase activity [GO:0004726]; protein binding [GO:0005515] 

3.514177694 3 

MAPK3 mitogen-activated protein kinase 3 
ATP binding [GO:0005524]; MAP kinase activity [GO:0004707]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein kinase activity [GO:0004672]; protein serine/threonine kinase activity [GO:0004674]; transferase activity [GO:0016740] 

4.016528926 3 

PTK2 PTK2 protein tyrosine kinase 2 ATP binding [GO:0005524]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein-tyrosine kinase activity [GO:0004713]; SH2 domain binding [GO:0042169]; signal transducer activity [GO:0004871]; transferase activity [GO:0016740] 

3.672839506 3 

RASA1 RAS p21 protein activator (GTPase 
GTPase binding [GO:0051020]; potassium channel inhibitor activity [GO:0019870]; Ras 4.05 3 
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activating protein) 1 GTPase activator activity [GO:0005099]; receptor binding [GO:0005102] 
ERBB2 v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog (avian) 

ATP binding [GO:0005524]; electron carrier activity [GO:0009055]; epidermal growth factor receptor activity [GO:0005006]; ErbB-3 class receptor binding [GO:0043125]; identical protein binding [GO:0042802]; iron-sulfur cluster binding [GO:0051536]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein heterodimerization activity [GO:0046982]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; receptor signaling protein tyrosine kinase activity [GO:0004716]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 

3.65973535 3 

CRKL v-crk sarcoma virus CT10 oncogene homolog (avian)-like 

protein binding [GO:0005515]; protein-tyrosine kinase activity [GO:0004713]; SH3/SH2 adaptor activity [GO:0005070] 
3.7890625 3 

NTRK1 neurotrophic tyrosine kinase, receptor, type 1 
ATP binding [GO:0005524]; kinase activity [GO:0016301]; neurotrophin binding [GO:0043121]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 

4.016528926 3 

PTK2B PTK2B protein tyrosine kinase 2 beta 
ATP binding [GO:0005524]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; signal transducer activity [GO:0004871]; transferase activity [GO:0016740] 

3.641975309 3 

ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (avian) 

ATP binding [GO:0005524]; epidermal growth factor receptor activity [GO:0005006]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein heterodimerization activity [GO:0046982]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; transferase activity 

3.806228374 3 
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[GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 
INS insulin hormone activity [GO:0005179]; insulin receptor binding [GO:0005158]; insulin-like growth factor binding [GO:0005520]; protein binding [GO:0005515] 

3.555555556 3 

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) 

ATP binding [GO:0005524]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; SH2 domain binding [GO:0042169]; SH3/SH2 adaptor activity [GO:0005070]; transferase activity [GO:0016740] 

3.424036281 4 

ABL1 c-abl oncogene 1, receptor tyrosine kinase 
ATP binding [GO:0005524]; DNA binding [GO:0003677]; magnesium ion binding [GO:0000287]; manganese ion binding [GO:0030145]; molecular_function [GO:0003674]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein C-terminus binding [GO:0008022]; transferase activity [GO:0016740] 

3.083333333 4 

SHC1 SHC (Src homology 2 domain containing) transforming protein 1 

insulin receptor binding [GO:0005158]; insulin-like growth factor receptor binding [GO:0005159]; phospholipid binding [GO:0005543]; protein binding [GO:0005515]; transmembrane receptor protein tyrosine kinase adaptor protein activity [GO:0005068] 

3.438367347 4 

SYK spleen tyrosine kinase ATP binding [GO:0005524]; integrin binding [GO:0005178]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor signaling protein tyrosine kinase activity [GO:0004716]; transferase activity [GO:0016740] 

3.219954649 4 

SOS1 son of sevenless homolog 1 (Drosophila) 
DNA binding [GO:0003677]; guanyl-nucleotide exchange factor activity [GO:0005085]; protein binding [GO:0005515]; Rho GTPase activator activity [GO:0005100]; Rho guanyl-nucleotide exchange factor activity [GO:0005089] 

3.129251701 4 
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IRS1 insulin receptor substrate 1 insulin receptor binding [GO:0005158]; insulin-like growth factor receptor binding [GO:0005159]; phosphoinositide 3-kinase binding [GO:0043548]; protein binding [GO:0005515]; protein kinase binding [GO:0019901]; SH2 domain binding [GO:0042169]; signal transducer activity [GO:0004871]; transmembrane receptor protein tyrosine kinase docking protein activity [GO:0005069] 

3.062381853 4 

JAK2 Janus kinase 2 (a protein tyrosine kinase) 
ATP binding [GO:0005524]; Janus kinase activity [GO:0004718]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein-tyrosine kinase activity [GO:0004713]; receptor binding [GO:0005102]; SH2 domain binding [GO:0042169]; transferase activity [GO:0016740] 

2.7675 4 

JAK1 Janus kinase 1 (a protein tyrosine kinase) 
ATP binding [GO:0005524]; growth hormone receptor binding [GO:0005131]; Janus kinase activity [GO:0004718]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; transferase activity [GO:0016740] 

2.8 4 

INSR insulin receptor ATP binding [GO:0005524]; insulin binding [GO:0043559]; insulin receptor activity [GO:0005009]; insulin receptor substrate binding [GO:0043560]; nucleotide binding [GO:0000166]; phosphoinositide 3-kinase binding [GO:0043548]; PTB domain binding [GO:0051425]; receptor activity [GO:0004872]; receptor signaling protein tyrosine kinase activity [GO:0004716]; SH2 domain binding [GO:0042169]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714]; transmembrane receptor protein tyrosine kinase signaling protein activity [GO:0005066] 

3.409090909 4 

PDGFRB platelet-derived growth factor receptor, beta polypeptide 

ATP binding [GO:0005524]; nucleotide binding [GO:0000166]; platelet activating factor receptor activity [GO:0004992]; platelet-derived growth factor receptor activity [GO:0005017]; protein binding 

3.222222222 4 
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[GO:0005515]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; vascular endothelial growth factor receptor activity [GO:0005021] 
KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

ATP binding [GO:0005524]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor activity [GO:0004872]; receptor signaling protein tyrosine kinase activity [GO:0004716]; stem cell factor receptor activity [GO:0005020]; transferase activity [GO:0016740]; vascular endothelial growth factor receptor activity [GO:0005021] 

2.844444444 4 

RET ret proto-oncogene ATP binding [GO:0005524]; calcium ion binding [GO:0005509]; kinase activity [GO:0016301]; nucleotide binding [GO:0000166]; protein-tyrosine kinase activity [GO:0004713]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 

3.055555556 4 

MET met proto-oncogene (hepatocyte growth factor receptor) 

ATP binding [GO:0005524]; hepatocyte growth factor receptor activity [GO:0005008]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor activity [GO:0004872]; transferase activity [GO:0016740] 

2.94 4 

GAB2 GRB2-associated binding protein 2 null 3.305785124 4 
GAB1 GRB2-associated binding protein 1 protein binding [GO:0005515]; SH3/SH2 adaptor activity [GO:0005070] 3.1640625 4 
LCP2 lymphocyte cytosolic protein 2 (SH2 domain containing leukocyte protein of 76kDa) 

protein binding [GO:0005515] 3.173553719 4 

DOK1 docking protein 1, 62kDa (downstream of tyrosine kinase 1) 

insulin receptor binding [GO:0005158]; protein binding [GO:0005515] 2.944444444 4 

LAT linker for activation of T cells 
protein binding [GO:0005515]; SH3/SH2 adaptor activity [GO:0005070] 2.8 4 
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ERBB4 v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian) 

ATP binding [GO:0005524]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein heterodimerization activity [GO:0046982]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 

3.222222222 4 

BAD BCL2-antagonist of cell death protein binding [GO:0005515] 2.083333333 5 
MYC v-myc myelocytomatosis viral oncogene homolog (avian) 

DNA binding [GO:0003677]; protein binding [GO:0005515]; transcription factor activity [GO:0003700] 
2.571428571 5 

TP53 tumor protein p53 ATP binding [GO:0005524]; chromatin binding [GO:0003682]; copper ion binding [GO:0005507]; DNA strand annealing activity [GO:0000739]; enzyme binding [GO:0019899]; metal ion binding [GO:0046872]; nuclease activity [GO:0004518]; protein binding [GO:0005515]; protein heterodimerization activity [GO:0046982]; protein N-terminus binding [GO:0047485]; transcription factor activity [GO:0003700]; zinc ion binding [GO:0008270] 

2.083333333 5 

VAV1 vav 1 guanine nucleotide exchange factor 
diacylglycerol binding [GO:0019992]; guanyl-nucleotide exchange factor activity [GO:0005085]; metal ion binding [GO:0046872]; protein binding [GO:0005515]; Rac guanyl-nucleotide exchange factor activity [GO:0030676]; transcription factor activity [GO:0003700]; zinc ion binding [GO:0008270] 

2.49382716 5 

BCR breakpoint cluster region GTPase activator activity [GO:0005096]; guanyl-nucleotide exchange factor activity [GO:0005085]; kinase activity [GO:0016301]; protein serine/threonine kinase activity [GO:0004674]; Rho guanyl-nucleotide exchange factor activity [GO:0005089]; transferase activity [GO:0016740] 

2.155709343 5 

CRK v-crk sarcoma virus CT10 oncogene homolog (avian) 

protein binding [GO:0005515]; protein phosphorylated amino acid binding [GO:0045309]; SH2 domain binding [GO:0042169]; SH3/SH2 adaptor activity [GO:0005070] 

2.603024575 5 

PTPN6 protein tyrosine phosphatase, hydrolase activity [GO:0016787]; molecular_function [GO:0003674]; 2.578125 5 
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non-receptor type 6 phosphoric monoester hydrolase activity [GO:0016791]; phosphotyrosine binding [GO:0001784]; protein binding [GO:0005515]; protein tyrosine phosphatase activity [GO:0004725] 
PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (beta) 

1-phosphatidylinositol-3-kinase activity [GO:0016303]; phosphoinositide 3-kinase regulator activity [GO:0035014]; protein binding [GO:0005515] 

2.415512465 5 

BCAR1 breast cancer anti-estrogen resistance 1 
protein binding [GO:0005515]; protein kinase binding [GO:0019901]; protein phosphatase binding [GO:0019903]; signal transducer activity [GO:0004871] 

2.296296296 5 

PTPN1 protein tyrosine phosphatase, non-receptor type 1 

hydrolase activity [GO:0016787]; protein binding [GO:0005515]; protein tyrosine phosphatase activity [GO:0004725] 
2.296296296 5 

SOCS1 suppressor of cytokine signaling 1 
insulin-like growth factor receptor binding [GO:0005159]; protein binding [GO:0005515]; protein kinase binding [GO:0019901]; protein kinase inhibitor activity [GO:0004860] 

2.485207101 5 

VAV2 vav 2 guanine nucleotide exchange factor 
diacylglycerol binding [GO:0019992]; epidermal growth factor receptor binding [GO:0005154]; guanyl-nucleotide exchange factor activity [GO:0005085]; metal ion binding [GO:0046872]; protein binding [GO:0005515]; Rho guanyl-nucleotide exchange factor activity [GO:0005089]; zinc ion binding [GO:0008270] 

2.444444444 5 

ZAP70 zeta-chain (TCR) associated protein kinase 70kDa 

ATP binding [GO:0005524]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; protein-tyrosine kinase activity [GO:0004713]; transferase activity [GO:0016740] 

2.602076125 5 

KDR kinase insert domain receptor (a type III receptor tyrosine kinase) 

ATP binding [GO:0005524]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; vascular endothelial growth factor receptor activity [GO:0005021] 

2.181818182 5 

SOS2 son of sevenless homolog 2 (Drosophila) 
DNA binding [GO:0003677]; guanyl-nucleotide exchange factor activity [GO:0005085]; protein binding 

2.34375 5 
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[GO:0005515]; Rho guanyl-nucleotide exchange factor activity [GO:0005089] 
YWHAH tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, eta polypeptide 

glucocorticoid receptor binding [GO:0035259]; insulin-like growth factor receptor binding [GO:0005159]; protein domain specific binding [GO:0019904]; transcription activator activity [GO:0016563] 

2.083333333 5 

VAV3 vav 3 guanine nucleotide exchange factor 
diacylglycerol binding [GO:0019992]; GTPase activator activity [GO:0005096]; guanyl-nucleotide exchange factor activity [GO:0005085]; metal ion binding [GO:0046872]; protein binding [GO:0005515]; Rho guanyl-nucleotide exchange factor activity [GO:0005089]; SH3/SH2 adaptor activity [GO:0005070]; zinc ion binding [GO:0008270] 

2.34 5 

KHDRBS1 KH domain containing, RNA binding, signal transduction associated 1 

DNA binding [GO:0003677]; protein binding [GO:0005515]; RNA binding [GO:0003723]; SH3/SH2 adaptor activity [GO:0005070]; transcription repressor activity [GO:0016564] 

2.37037037 5 

INPP5D inositol polyphosphate-5-phosphatase, 145kDa 

hydrolase activity [GO:0016787]; inositol or phosphatidylinositol phosphatase activity [GO:0004437]; inositol-polyphosphate 5-phosphatase activity [GO:0004445]; protein binding [GO:0005515] 

2.125 5 

CBLB Cas-Br-M (murine) ecotropic retroviral transforming sequence b 

calcium ion binding [GO:0005509]; ligase activity [GO:0016874]; protein binding [GO:0005515]; signal transducer activity [GO:0004871]; zinc ion binding [GO:0008270] 

2.181818182 5 

IRS4 insulin receptor substrate 4 insulin receptor binding [GO:0005158]; SH3/SH2 adaptor activity [GO:0005070] 2.53125 5 
CD19 CD19 molecule protein binding [GO:0005515]; receptor signaling protein activity [GO:0005057] 2.083333333 5 
ITK IL2-inducible T-cell kinase ATP binding [GO:0005524]; kinase activity [GO:0016301]; metal ion binding [GO:0046872]; non-membrane spanning protein tyrosine kinase activity [GO:0004715]; nucleotide binding [GO:0000166]; protein binding [GO:0005515]; transferase activity [GO:0016740]; zinc ion binding [GO:0008270] 

2.296296296 5 
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SHB Src homology 2 domain containing adaptor protein B 

protein binding [GO:0005515]; SH3/SH2 adaptor activity [GO:0005070] 2.571428571 5 

EPOR erythropoietin receptor erythropoietin receptor activity [GO:0004900]; guanyl-nucleotide exchange factor activity [GO:0005085]; protein binding [GO:0005515] 

2.459833795 5 

SHC2 SHC (Src homology 2 domain containing) transforming protein 2 

protein binding [GO:0005515] 2.083333333 5 

RHOU ras homolog gene family, member U 
GTP binding [GO:0005525]; nucleotide binding [GO:0000166] 2.524444444 5 

FLT1 fms-related tyrosine kinase 1 (vascular endothelial growth factor/vascular permeability factor receptor) 

ATP binding [GO:0005524]; identical protein binding [GO:0042802]; nucleotide binding [GO:0000166]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; vascular endothelial growth factor receptor activity [GO:0005021] 

2.28 5 

MUC1 mucin 1, cell surface associated 
actin binding [GO:0003779]; hormone activity [GO:0005179] 2.28 5 

CD247 CD247 molecule protein homodimerization activity [GO:0042803]; receptor signaling protein activity [GO:0005057]; transmembrane receptor activity [GO:0004888] 

2.083333333 5 

CD22 CD22 molecule protein binding [GO:0005515]; sugar binding [GO:0005529] 2.571428571 5 
AXL AXL receptor tyrosine kinase ATP binding [GO:0005524]; nucleotide binding [GO:0000166]; receptor activity [GO:0004872]; transferase activity [GO:0016740]; transmembrane receptor protein tyrosine kinase activity [GO:0004714] 

2.53125 5 

PPP3R1 protein phosphatase 3 (formerly 2B), regulatory subunit B, alpha isoform 

calcium ion binding [GO:0005509]; calcium-dependent protein serine/threonine phosphatase activity [GO:0004723]; calmodulin inhibitor activity [GO:0005517]; protein binding [GO:0005515] 

2.083333333 5 
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PAG1 phosphoprotein associated with glycosphingolipid microdomains 1 

protein binding [GO:0005515]; SH2 domain binding [GO:0042169]; SH3/SH2 adaptor activity [GO:0005070] 
2.4375 5 

GHR growth hormone receptor growth hormone receptor activity [GO:0004903]; protein binding [GO:0005515]; receptor activity [GO:0004872] 

2.34 5 

PPP3CC protein phosphatase 3 (formerly 2B), catalytic subunit, gamma isoform 

calmodulin binding [GO:0005516]; hydrolase activity [GO:0016787]; iron ion binding [GO:0005506]; metal ion binding [GO:0046872]; phosphoprotein phosphatase activity [GO:0004721]; zinc ion binding [GO:0008270] 

2.083333333 5 

FGF7 fibroblast growth factor 7 (keratinocyte growth factor) 

growth factor activity [GO:0008083] 3.674556213 6 

FGF3 fibroblast growth factor 3 (murine mammary tumor virus integration site (v-int-2) oncogene homolog) 

growth factor activity [GO:0008083] 3.781065089 6 

FGF10 fibroblast growth factor 10 chemoattractant activity [GO:0042056]; fibroblast growth factor receptor binding [GO:0005104]; growth factor activity [GO:0008083]; heparin binding [GO:0008201]; protein binding [GO:0005515] 

3.94214876 6 

FGF22 fibroblast growth factor 22 growth factor activity [GO:0008083] 3.94214876 6 
ATP5H ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d 

hydrogen ion transporting ATP synthase activity, rotational mechanism [GO:0046933]; hydrogen ion transporting ATPase activity, rotational mechanism [GO:0046961] 

1.6 7 

SLC25A4 solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4 

adenine transmembrane transporter activity [GO:0015207]; ATP:ADP antiporter activity [GO:0005471]; binding [GO:0005488]; transporter activity [GO:0005215] 

1.6 7 
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ATP5O ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (oligomycin sensitivity conferring protein) 

hydrogen ion transporting ATP synthase activity, rotational mechanism [GO:0046933]; hydrogen ion transporting ATPase activity, rotational mechanism [GO:0046961]; hydrolase activity [GO:0016787]; metal ion binding [GO:0046872]; transporter activity [GO:0005215] 

1.6 7 

ATP5J ATP synthase, H+ transporting, mitochondrial F0 complex, subunit F6 

hydrogen ion transporting ATP synthase activity, rotational mechanism [GO:0046933]; hydrogen ion transporting ATPase activity, rotational mechanism [GO:0046961]; transporter activity [GO:0005215] 

1.6 7 
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Appendix 7.BI-1 interacting genes  
 

Gene 
Name 

Gene term 

TMBIM6 transmembrane BAX inhibitor motif containing 6; Suppressor of apoptosis 
UBC ubiquitin C 
BAD BCL2-associated agonist of cell death; Promotes cell death. Successfully 

competes for the binding to Bcl-X(L), Bcl-2 and Bcl-W, thereby affecting the 
level of heterodimerization of these proteins with BAX. Can reverse the 
death repressor activity of Bcl-X(L), but not that of Bcl-2 (By similarity). 
Appears to act as a link between growth factor receptor signaling and the 
apoptotic pathways 

NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 
alpha; Inhibits the activity of dimeric NF-kappa-B/REL complexes by 
trapping REL dimers in the cytoplasm through masking of their nuclear 
localization signals. On cellular stimulation by immune and 
proinflammatory responses, becomes phosphorylated promoting 
ubiquitination and degradation, enabling the dimeric RELA to tranlocate to 
the nucleus and activate transcription 

IRF7 interferon regulatory factor 7; Transcriptional activator. Binds to the 
interferon- stimulated response element (ISRE) in IFN promoters and in the 
Q promoter (Qp) of EBV nuclear antigen 1 (EBNA1). Functions as a 
molecular switch for antiviral activity. Activated by phosphorylation in 
response to infection. Activation leads to nuclear retention, DNA binding, 
and derepression of transactivation ability 

RELA v-rel reticuloendotheliosis viral oncogene homolog A (avian); NF-kappa-B 
is a pleiotropic transcription factor which is present in almost all cell types 
and is involved in many biological processed such as inflammation, 
immunity, differentiation, cell growth, tumorigenesis and apoptosis. NF- 
kappa-B is a homo- or heterodimeric complex formed by the Rel-like 
domain-containing proteins RELA/p65, RELB, NFKB1/p105, NFKB1/p50, 
REL and NFKB2/p52 and the heterodimeric p65-p50 complex appears to be 
most abundant one. The dimers bind at kappa-B sites in the DNA of their 
target genes and the ind [...]  
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ATP5C1 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma 
polypeptide 1; Mitochondrial membrane ATP synthase (F(1)F(0) ATP 
synthase or Complex V) produces ATP from ADP in the presence of a proton 
gradient across the membrane which is generated by electron transport 
complexes of the respiratory chain. F-type ATPases consist of two 
structural domains, F(1) - containing the extramembraneous catalytic core, 
and F(0) - containing the membrane proton channel, linked together by a 
central stalk and a peripheral stalk. During catalysis, ATP synthesis in the 
catalytic domain of F(1) is cou [...]  

HIF1A hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix 
transcription factor); Functions as a master transcriptional regulator of the 
adaptive response to hypoxia. Under hypoxic conditions activates the 
transcription of over 40 genes, including, erythropoietin, glucose 
transporters, glycolytic enzymes, vascular endothelial growth factor, and 
other genes whose protein products increase oxygen delivery or facilitate 
metabolic adaptation to hypoxia. Plays an essential role in embryonic 
vascularization, tumor angiogenesis and pathophysiology of ischemic 
disease. Binds to core DNA [...]  

ERN1 endoplasmic reticulum to nucleus signaling 1; Senses unfolded proteins in 
the lumen of the endoplasmic reticulum via its N-terminal domain which 
leads to enzyme auto- activation. The active endoribonuclease domain 
splices XBP1 mRNA to generate a new C-terminus, converting it into a 
potent unfolded-protein response transcriptional activator and triggering 
growth arrest and apoptosis 

HMOX1 heme oxygenase (decycling) 1; Heme oxygenase cleaves the heme ring at 
the alpha methene bridge to form biliverdin. Biliverdin is subsequently 
converted to bilirubin by biliverdin reductase. Under physiological 
conditions, the activity of heme oxygenase is highest in the spleen, where 
senescent erythrocytes are sequestrated and destroyed 

BCL2 B-cell CLL/lymphoma 2; Suppresses apoptosis in a variety of cell systems 
including factor-dependent lymphohematopoietic and neural cells. 
Regulates cell death by controlling the mitochondrial membrane 
permeability. Appears to function in a feedback loop system with caspases. 
Inhibits caspase activity either by preventing the release of cytochrome c 
from the mitochondria and/or by binding to the apoptosis-activating factor 
(APAF-1) 
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BCL2L11 BCL2-like 11 (apoptosis facilitator); Induces apoptosis. Isoform BimL is 
more potent than isoform BimEL. Isoform Bim-alpha1, isoform Bim-alpha2 
and isoform Bim-alpha3 induce apoptosis, although less potent than the 
isoforms BimEL, BimL and BimS. Isoform Bim-gamma induces apoptosis 

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1); May be the important 
intermediate by which p53 mediates its role as an inhibitor of cellular 
proliferation in response to DNA damage. Binds to and inhibits cyclin-
dependent kinase activity, preventing phosphorylation of critical cyclin-
dependent kinase substrates and blocking cell cycle progression 

MCL1 myeloid cell leukemia sequence 1 (BCL2-related); Involved in the 
regulation of apoptosis versus cell survival, and in the maintenance of 
viability but not of proliferation. Mediates its effects by interactions with a 
number of other regulators of apoptosis. Isoform 1 inhibits apoptosis. 
Isoform 2 promotes apoptosis 

BAX BCL2-associated X protein; Accelerates programmed cell death by binding 
to, and antagonizing the apoptosis repressor BCL2 or its adenovirus 
homolog E1B 19k protein. Induces the release of cytochrome c, activation 
of CASP3, and thereby apoptosis 

ATP5F1 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit B1; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex 
V) produces ATP from ADP in the presence of a proton gradient across the 
membrane which is generated by electron transport complexes of the 
respiratory chain. F-type ATPases consist of two structural domains, F(1) - 
containing the extramembraneous catalytic core, and F(0) - containing the 
membrane proton channel, linked together by a central stalk and a 
peripheral stalk. During catalysis, ATP synthesis in the catalytic domain of 
F(1) is coupled via  [...]  

STAM signal transducing adaptor molecule (SH3 domain and ITAM motif) 1; 
Involved in intracellular signal transduction mediated by cytokines and 
growth factors. Upon IL-2 and GM-CSL stimulation, it plays a role in 
signaling leading to DNA synthesis and c-myc induction. May also play a 
role in T-cell development. Involved in down-regulation of receptor 
tyrosine kinase via multivesicular body (MVBs) when complexed with HGS 
(ESCRT-0 complex). The ESCRT-0 complex binds ubiquitin and acts as 
sorting machinery that recognizes ubiquitinated receptors and transfers 
them to further sequential lysosom [...]  
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CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1); Important regulator of 
cell cycle progression. Involved in G1 arrest. Potent inhibitor of cyclin E- 
and cyclin A-CDK2 complexes. Positive regulator of cyclin D-dependent 
kinases such as CDK4. Regulated by phosphorylation and degradation 
events 

AKT1 v-akt murine thymoma viral oncogene homolog 1; General protein kinase 
capable of phosphorylating several known proteins. Phosphorylates 
TBC1D4. Signals downstream of phosphatidylinositol 3-kinase (PI(3)K) to 
mediate the effects of various growth factors such as platelet-derived 
growth factor (PDGF), epidermal growth factor (EGF), insulin and insulin-
like growth factor I (IGF-I). Plays a role in glucose transport by mediating 
insulin-induced translocation of the GLUT4 glucose transporter to the cell 
surface. Mediates the antiapoptotic effects of IGF-I. Mediates insulin-
stimulated protei [...]  

ATP5B ATP synthase, H+ transporting, mitochondrial F1 complex, beta 
polypeptide; Mitochondrial membrane ATP synthase (F(1)F(0) ATP 
synthase or Complex V) produces ATP from ADP in the presence of a proton 
gradient across the membrane which is generated by electron transport 
complexes of the respiratory chain. F-type ATPases consist of two 
structural domains, F(1) - containing the extramembraneous catalytic core, 
and F(0) - containing the membrane proton channel, linked together by a 
central stalk and a peripheral stalk. During catalysis, ATP synthesis in the 
catalytic domain of F(1) is couple [...]  

BCL2L1 BCL2-like 1; Potent inhibitor of cell death. Isoform Bcl-X(L) anti- apoptotic 
activity is inhibited by association with SIVA isoform 1. Inhibits activation 
of caspases (By similarity). Appears to regulate cell death by blocking the 
voltage-dependent anion channnel (VDAC) by binding to it and preventing 
the release of the caspase activator, cytochrome c, from the mitochondrial 
membrane. The Bcl-X(S) isoform promotes apoptosis 

BFAR bifunctional apoptosis regulator; Apoptosis regulator. Has anti-apoptotic 
activity, both for apoptosis triggered via death-receptors and via 
mitochondrial factors 

BBC3 BCL2 binding component 3; Essential mediator of p53-dependent and p53-
independent apoptosis 
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SQSTM1 sequestosome 1; Adapter protein which binds ubiquitin and may regulate 
the activation of NFKB1 by TNF-alpha, nerve growth factor (NGF) and 
interleukin-1. May play a role in titin/TTN downstream signaling in muscle 
cells. May regulate signaling cascades through ubiquitination. May be 
involved in cell differentiation, apoptosis, immune response and regulation 
of K(+) channels 

ATP5O ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex 
V) produces ATP from ADP in the presence of a proton gradient across the 
membrane which is generated by electron transport complexes of the 
respiratory chain. F-type ATPases consist of two structural domains, F(1) - 
containing the extramembraneous catalytic core and F(0) - containing the 
membrane proton channel, linked together by a central stalk and a 
peripheral stalk. During catalysis, ATP synthesis in the catalytic domain of 
F(1) is coupled via a  [...]  

TRAF6 TNF receptor-associated factor 6; Adapter protein and signal transducer 
that links members of the tumor necrosis factor receptor family to 
different signaling pathways by association with the receptor cytoplasmic 
domain and kinases. Also involved in the IL-1 signaling pathway via MYD88 
and IRAK kinases. Seems to be involved in IL-17 signaling (By similarity). 
Mediates activation of NF-kappa-B and JUN. May function as an E3 
ubiquitin ligase 

TAB2 mitogen-activated protein kinase kinase kinase 7 interacting protein 2; 
Adapter linking MAP3K7/TAK1 and TRAF6 and mediator of MAP3K7 
activation in the IL1 signaling pathway 

BID BH3 interacting domain death agonist; The major proteolytic product p15 
BID allows the release of cytochrome c (By similarity). Isoform 1, isoform 2 
and isoform 4 induce ICE-like proteases and apoptosis. Isoform 3 does not 
induce apoptosis. Counters the protective effect of Bcl-2 

CBL Cas-Br-M (murine) ecotropic retroviral transforming sequence; 
Participates in signal transduction in hematopoietic cells. Adapter protein 
that functions as a negative regulator of many signaling pathways that start 
from receptors at the cell surface. Acts as an E3 ubiquitin-protein ligase, 
which accepts ubiquitin from specific E2 ubiquitin-conjugating enzymes, 
and then transfers it to substrates promoting their degradation by the 
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proteasome. Recognizes activated receptor tyrosine kinases, including 
PDGFA, EGF and CSF1, and terminates signalling 

ATP5D ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex 
V) produces ATP from ADP in the presence of a proton gradient across the 
membrane which is generated by electron transport complexes of the 
respiratory chain. F-type ATPases consist of two structural domains, F(1) - 
containing the extramembraneous catalytic core, and F(0) - containing the 
membrane proton channel, linked together by a central stalk and a 
peripheral stalk. During catalysis, ATP turnover in the catalytic domain of 
F(1) is coupled vi [...]  

HGS Hepatocyte growth factor-regulated tyrosine kinase substrate; Involved in 
intracellular signal transduction mediated by cytokines and growth factors. 
When associated with STAM, it suppresses DNA signaling upon stimulation 
by IL-2 and GM-CSF. Could be a direct effector of PI3-kinase in vesicular 
pathway via early endosomes and may regulate trafficking to early and late 
endosomes by recruiting clathrin. May concentrate ubiquitinated 
receptors within clathrin-coated regions. Involved in down- regulation of 
receptor tyrosine kinase via multivesicular body (MVBs) when complexed 
with STAM (E [...]  
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Appendix 8.  Research output conferences, workshop and talks 
Events, Venue and date 
1. 19th Annual International Conference on Intelligent System for Molecular Biology & 10th 

European Conference on Computational Biology. ISMB ECCB 2011 Vienna, Austria. 
“3DSIG2011: The 7th Structural Bioinformatics and Computational Biophysics Meeting” 
July 15-16 Main Conference July 17-19.  

2. 21st Annual International Conferences on Intelligent System for Molecular Biology & 12th 
European Conference on Computational Biology. ISMB ECCB 2011 Berlin German. SIG 
satellite meeting: July 19-20 and main Conference July 21-23.  

3. Network and Pathway Bioinformatics for Biologist. European Bioinformatics Institute 
(EBI), Cambridge. 9-12 July 2013. 

4. Next Generation Sequence Data Analysis. European Bioinformatics Institute (EBI), 
Cambridge. 3-4 March 2014  

5. KESS PHD Grad School, Bangor University, February 19th to 21st 2013.   
6. High performance Computing (HPC): Introduction to HPC Wales on 4/11/2011 (3hrs) and 

on 13/12/2011 (3hrs); introduction to Merlin (2hrs) and introduction to Condor 
1/06/2011 (2hrs) organized by ARCCA at Cardiff University.  

7. I have attended lecture course on Java programming named “Introduction to Computer 
programming on Java” course code: SE1S401_2011_V1 by Dr Peter Plassmann at 
University of Glamorgan between 26/09/11 and 12/03/2012 (20 hrs).  

8. The Seven Secrets of Highly Successful Research Students by Dr Hugn Kearns, Flinder 
University held at Cardiff University (2hrs).  

9. Risk Assessment Course at university of Glamorgan, on 09/02/2012 (1 day).  
10. Developing Writing and Submitting Research Grant Proposals by Dr Richard Bromiley at 

Postgraduate Centre, University of Glamorgan on 11/11/2011 (5hrs).  
11. Creating Grant Proposal at postgraduate Centre, University of Glamorgan on 7/12/2011 

(2.30hrs).  
12. Presentation: I have presented my progress in two KESS events that were held at 

University of Glamorgan on 25 April 2012 and at Cardiff University on 21 June 2012.  
13. Good viva, bad viva 8/03/2012 by Dr Paul Gill at postgraduate centre, University 

Glamorgan (2hrs). 
14. Course on “How to be Effective Researcher” held at Cardiff University on the 2nd and 3rd 

July 2012 (2days).  
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15. Output poster:  Presented at  ISMB 2013 main conference,  Berlin 

 
 
 
 
 
 
 
 
 



274  

 

16. Output poster:  Presented at  EBI Workshop 10 July 2013, Hinxton, Cambridge  

 
  

 
 


