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Abstract 

SAMHD1 is a cellular enzyme that has deoxynucleotide triphosphate 

triphosphohydrolase activity and is vital for maintaining the homeostatic balance of 

cellular dNTPs. SAMHD1 is also an important effector of innate immunity and cell cycle 

regulation, and mutations to SAMHD1 are frequently found in relation to both the 

autoimmune disease Aicardi-Goutières syndrome and in many types of cancer. In 2011, 

it was demonstrated that SAMHD1 restricts HIV-1 replication in terminally differentiated 

myeloid-lineage cells and resting CD4+ T cells. However, competing models have been 

published regarding how SAMHD1 activity results in HIV-1 restriction. These are divided 

between dNTP triphosphohydrolase activity, which is proposed to deplete cellular dNTPs 

to levels that no longer support productive reverse transcription, and a nuclease activity, 

suggested to cleave viral nucleic acid prior to integration. In addition, SAMHD1 is 

proposed to bind to nucleic acids, although the exact nature of this activity is unclear.  

 

The first part of this thesis addresses the question of ñwhich activity of SAMHD1 is 

responsible for HIV-1 restriction?ò Cell-based virological assays demonstrate that the 

HIV-1 genome remains intact in the presence of SAMHD1, which supports the notion 

that SAMHD1 triphosphohydrolase activity rather than any nuclease activity is 

responsible for restriction. These observations are reinforced by in vitro biochemical and 

enzymological assays that demonstrate a robust SAMHD1 triphosphohydrolase activity 

but only a weak nuclease activity that can be removed with increased stringency of 

protein purification. Studies of SAMHD1 nucleic acid binding revealed that SAMHD1 is 

a nucleic acid binding protein with preference for RNA over DNA. However, binding of 

nucleic acids appears to have little impact on SAMHD1 oligomerisation and 

triphosphohydrolase activity.  

 

In the second part of this thesis, in vitro assays employing both single and multi-dNTP 

substrates as well as dNTP analogues were used to characterise SAMHD1 

oligomerisation and triphosphohydrolase activity. The analogue studies probed the 

SAMHD1 catalytic mechanism and provided a rationale for SAMHD1 stereo-selectivity 

and inhibition. Mutational studies showed how changes in SAMHD1 at residues that 

either mediate dNTP hydrolysis, direct allosteric activation or promote SAMHD1 

tetramerisation all diminish dNTP triphosphohydrolase activity. Moreover, 

complementary cell-based, dNTP quantification and HIV-1 restriction assays reveal that 

the same mutations result in increased cellular dNTP levels and abolish SAMHD1 

mediated restriction of HIV-1. 
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Impact Statement 

Sterile alpha motif and histidine-aspartate domain containing protein 1 (SAMHD1) is a 

cellular enzyme demonstrated to have vital functionality in innate immunity, maintaining 

the homeostatic balance of dNTPs, cell cycle regulation and more recently DNA repair. 

Furthermore, as a result of its dNTP triphosphohydrolase activity, SAMHD1 is able to 

restrict HIV-1 infection.  

 

Academic Impact 

The research presented within this thesis has very clearly addressed the controversy 

within the field regarding which activity of SAMHD1 is responsible for HIV-1 restriction. 

These findings have been presented at the Cold Spring Harbour Laboratory 

Retrovirology meeting and a manuscript is currently in preparation for publication. As a 

result of this research, a number of techniques have been developed that will be 

applicable to future studies. These include a multi substrate 1D proton NMR assay and 

an assay used to measure cellular dNTPs levels, which has already been applied to work 

with collaborators contributing to two published manuscripts. Furthermore, the study has 

provided future research directions through gaining a clear understanding of SAMHD1 

enzymatic activity and activation, and how mutations of SAMHD1 can lead to 

dysregulation in disease. 

 

Medical/Societal Impact 

Owing to the vital functionality of SAMHD1 in important biological processes, it is 

unsurprising that dysregulation of this enzyme results in disease, and mutations to 

SAMHD1 are frequently found in relation to both the autoimmune disease Aicardi-

Goutières syndrome and in many types of cancer. Previous studies have demonstrated 

that SAMHD1 interacts with drugs commonly used in anti-cancer or antiretroviral 

therapies. The research within this thesis aimed to provide detailed insights into 

SAMHD1 hydrolysis as well as provide more information about the geometry of substrate 

and allosteric activator binding. Information has also been gathered regarding SAMHD1 

activation and inhibition with non-natural dNTP analogues. It is hoped that this 

information and the techniques used can be applied to future drug discovery projects 

and ultimately the treatment of disease. 
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 Introduction 

 Overview 

1.1.1 HIV and AIDS 

In recent years there have been significant advances in the control of Human 

Immunodeficiency Virus (HIV) and the treatment of Acquired Immunodeficiency 

Syndrome (AIDS). An increase in the use of antiretroviral therapy (ART) has reduced 

the global number of people dying from HIV-related causes to about 1.1 million in 

2015 ï 45% fewer than in 2005. Between 2000 and 2017, new HIV infections fell by 

36%, and HIV-related deaths fell by 38% with 11.4 million lives saved due to ART 

within the same period (World Health Organisation, 2018). Nonetheless, in the 

absence of a cure, HIV infection and AIDS related deaths remain a prevalent global 

public health problem. There were approximately 36.9 million people living with HIV 

at the end of 2017 with 1.8 million people becoming newly infected in 2017. Of these, 

940,000 people died from HIV-related causes (World Health Organisation, 2018). In 

addition, it is estimated that only 75% of people infected with HIV know their status, 

which contributes towards the prevalence of new viral infections. This is even true 

within developed countries which have increased awareness and education about 

HIV and better access to medical treatment (UNAIDS, 2018). In the absence of a 

vaccine or cure for HIV infection, it is imperative that scientific research continues to 

gain detailed understanding of the virus to identify new routes for treatment. Of 

particular interest is how HIV infects its host, virus-host interactions and host immune 

responses to viral infection.  

1.1.2 The dNTP Pool 

To maintain a balanced supply of each of the four canonical dNTPs at their required 

cellular concentrations, stringent regulation of dNTP synthesis and degradation is 

essential (Reichard, 1988, Kohnken et al., 2015). Steady state dNTP levels are 

dependent on the cell type and stage of the cell cycle, and control of these levels is 

vital for maintenance of genomic integrity and ultimately cell survival (Meuth, 1989, 

Pai and Kearsey, 2017, Mathews, 2014). Two distinct anabolic pathways supplement 

the dNTP pool; dNTPs are either synthesised de novo, or cellular deoxynucleosides 
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are recycled within the salvage pathway (Mathews, 2006, Reichard, 1988). To 

degrade dNTPs, a number of enzymes are involved in catabolic pathways to 

maintain a correct homeostatic balance of dNTP levels. These enzymes include 5ô 

nucleotidase, deaminases, nucleoside phosphohydrolases and phosphorylases 

(Rampazzo et al., 2010). With such precise regulation of dNTP levels and multiple 

factors involved in dNTP pool maintenance, it is unsurprising that dysregulation can 

occur in many different ways. An imbalanced dNTP pool can arise as a result of 

mutations within regulatory enzymes, DNA damage events, and metabolic 

dysregulation which can lead to many negative consequences. Potential effects 

include; further DNA damage, altered DNA polymerase kinetics, reduced efficiency 

of DNA proofreading, increased rates of mutagenesis leading to mutator phenotypes, 

mis-incorporation of ribonucleoside monophosphates, inhibition of the DNA damage 

checkpoint pathway, restricted or accelerated cell cycle progression, global inhibition 

of DNA replication and fork stalling, loss of epigenetic inheritance and aberrant gene 

expression (Reviewed in: Pai and Kearsey, 2017). These genetic perturbations result 

in severe clinical manifestations including immunodeficiency disorders, 

mitochondrial depletion syndromes, neurodegenerative conditions, accelerated 

cellular aging and many types of cancer (Gandhi and Samuels, 2011, Maynard et 

al., 2015, Kohnken et al., 2015). Whilst many advances have been made towards a 

complete understanding of the regulatory components and mechanisms of dNTP 

pool regulation, many gaps still remain. Therefore, the importance of elucidating the 

molecular mechanisms of dNTP pool regulation is clear and further studies will 

provide a detailed understanding of dNTP pool regulation in health and disease.  

1.1.3 Overview of AGS 

Autoimmunity is the induction of the immune response of an organism against its 

own cells. Aberrant responses within the immune system can result in immune 

diseases. One such disorder is Aicardi-Goutières Syndrome (AGS) (Aicardi and 

Goutieres, 1984, Crow, 1993), a severe inflammatory, neurodevelopmental 

autoimmune disorder, with symptoms that mimic congenital viral infection (Rice et 

al., 2007, Goutieres et al., 1998). This autoimmune disorder is characterised by an 

elevated and uncontrolled production of type I interferons which are a subgroup of 

interferon proteins that help to regulate the activity of the immune system (Rice et 
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al., 2013, Crow et al., 2015). AGS mainly affects the brain, the immune system and 

the skin, manifesting with an early onset encephalopathy in new-borns, which in most 

cases leads to severe intellectual and physical disabilities, and most commonly, 

death within the first 10 years of life (Rice et al., 2007, Crow and Livingston, 2008). 

AGS can arise from mutations in any of the genes encoding six proteins; SAMHD1 

(Rice et al., 2009b), TREX1 (Crow et al., 2006a), Ribonuclease H2 (Crow et al., 

2006b), ADAR1 (Rice et al., 2012), MDA5 (also known as IFIH1) (Rice et al., 2014) 

and OCLN (O'Driscoll et al., 2010). These proteins have been shown to metabolise 

nucleic acids, and it has been demonstrated that an abnormal accumulation of 

cellular nucleic acids can induce type I interferon signalling. This evidence suggests 

that it is the non-canonical processing of nucleic acids which results in upregulation 

of the immune response and the manifestations of AGS (Stetson, 2012, Crow and 

Rehwinkel, 2009, Stetson et al., 2008). The definitive causes that lead to AGS 

require further research and understanding. Currently no approved treatment exists 

which specifically targets the underlying causes of AGS. However research into the 

potential use of immunosuppressive agents is ongoing (Crow et al., 2014, Crow and 

Rehwinkel, 2009)   

1.1.4 SAMHD1 

Sterile alpha motif and histidine-aspartate domain containing protein 1 (SAMHD1) 

has deoxynucleotide triphosphate (dNTP) triphosphohydrolase activity (Goldstone et 

al., 2011, Powell et al., 2011a), which is vital for maintaining the homeostatic balance 

of cellular dNTPs (Franzolin et al., 2013). SAMHD1 has been shown to be widely 

expressed in most human cell types, and expression levels correlate with reduced 

cellular dNTP levels (Schmidt et al., 2015). In addition, the enzymatic activity of 

SAMHD1 confers its ability to restrict HIV-1 infection in myeloid lineage cells 

(Goldstone et al., 2011). It is becoming apparent that SAMHD1 is an important 

effector of innate immunity and cell cycle regulation as mutations to SAMHD1 (Figure 

1.1) are frequently found in the autoimmune disease AGS (Rice et al., 2009b) and in 

many types of cancer (Johansson et al., 2018, Clifford et al., 2014, Rentoft et al., 

2016, Wang et al., 2014).  
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The aim of this study was to elucidate the exact mechanism by which SAMHD1 

mediates HIV-1 restriction, through pursuing biochemical and cellular analyses of its 

structure and catalytic activity. Further to this, experiments were designed to gain 

insight into the enzymatic mechanisms and regulation of SAMHD1, which confer its 

canonical cellular activities. It was hoped that through obtaining a clear 

understanding of SAMHD1 activity and regulation, further insights could be gathered 

into how mutations of SAMHD1 can lead to dysregulation in disease.  

 

 

 

 

 

Figure 1.1: SAMHD1 Mutations Result in AGS and Cancer. 

A schematic of the SAMHD1 gene showing Aicardi-Goutières Syndrome (AGS) and Chronic 

Lymphocytic Leukaemia (CLL) causing mutations. SAMHD1 is a 626 amino acid protein with a 

distinct C-terminal domain (CTD) and nuclear localisation signal (NLS). SAMHD1 consists of both 

a sterile-alpha motif (SAM) domain and a histidine-aspartate (HD) domain. Mutations marked with 

a * are found in both AGS and cancer. Mutations denoted by X indicate an amino acid deletion. 

 



Chapter 1 Introduction 

22 

 

 Human Immunodeficiency Virus 

1.2.1 Classification and Phylogeny   

Viruses are grouped according to the Baltimore classification system (Figure 1.2), 

depending on their genetic material; (single or double stranded, DNA or RNA), and 

their method of replication to produce viral mRNA (Baltimore, 1971).  

 

 

Figure 1.2: Baltimore Classification of Viruses. 

The Baltimore Classification system is based on the method of viral mRNA synthesis. Viruses are 

grouped into families according to their nucleic acid type (DNA or RNA) and strandedness (single 

or double). There are seven groups in total. Group I viruses are double stranded DNA viruses 

which must enter the host nucleus in order to replicate. The genome of Group II viruses consists 

of single, plus stranded and often circular DNA. These viruses must form a double stranded DNA 

intermediate to replicate. Group III viruses have double stranded RNA genomes. These viruses 

have a simpler mechanism of replication as each gene codes for only one protein. Group IV and 

V are single stranded positive or negative sense RNA viruses. Retroviruses are within Group VI. 

These viruses encode reverse transcriptase which converts positive sense, single stranded RNA 

into a double stranded DNA template that is then integrated into the host genome. Finally, Group 

VII have a double-stranded DNA genome with gaps that are subsequently filled in to form a 

covalently closed circle, which acts as a template for mRNA production.  
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Retroviridae are a family of the Group VI viruses and are often divided into two sub-

families; Spumaviruses and Orthoretroviruses, which are further classified into 

genera. Retro, which is Latin for retrograde, refers to the ñbackwardsò step of 

producing double stranded DNA (dsDNA) from a single stranded RNA (ssRNA) 

template prior to translation. The most widely used taxonomic classification of 

retroviruses is based primarily upon sequence similarity of the reverse transcriptase 

encoding gene and additional features such as the presence or absence of other 

genes including viral accessory proteins (Coffin, 1997).  

 

Spumaviruses (spuma, Latin for "foam") are also known as foamyviruses due to the 

characteristic foamy appearance of their cytopathic effect in cells. These viruses, 

including human foamy virus (HFV) and bovine foamy virus (BFV) are exogenous 

viruses that unlike other retroviruses, contain a double-stranded full-length DNA 

genome (Meiering and Linial, 2001). Unlike the majority of retrovirdae, which bud 

through the cytoplasmic cell membrane, the envelope membranes of most 

foamyviruses are acquired via budding through the endoplasmic reticulum, although 

some spumaviruses, including the equine foamy virus, do bud from the cytoplasmic 

membrane. Interestingly, human foamy virus is not pathogenic in humans, with most 

isolates found in simian hosts (Meiering and Linial, 2001). This property makes it 

ideal for use as a gene transfer vector and therefore has become focus of research 

within gene therapy (Liu et al., 2007, Zacharoulis et al., 2013, Trobridge, 2009). 
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Figure 1.3: Phylogenetic analysis of conserved regions of the retrovirus polymerase 

gene. 

(Courtesy of Quackenbush, S and Casey, J.). The Retroviridae family is constituted by two sub-

families, Orthoretroviruses and Spumaviruses. Spumaviruses are constituted by the foamy 

viruses and contain a DNA genome. The Orthoretroviruses contain six genera, have a single 

stranded RNA genome and replicate using virally encoded reverse transcriptase. An amino acid 

sequence alignment was constructed of residues in domains 1 to 4 and part of domain 5 of 

reverse transcriptase ((Xiong and Eickbush, 1990) EMBO J., 9, 3353-3362). An unrooted 

neighbour-joining phylogenetic tree was constructed by using the PHYLIP package (Felsenstein, 

J. 1995). ñPHYLIP [Phylogeny Inference Package] Version 3.57c.ò University of Washington, 

Seattle.) Figure from Virus taxonomy: classification and nomenclature of viruses: Ninth Report of 

the International Committee on Taxonomy of Viruses. (2012) Ed: King, A.M.Q., Adams, M.J., 

Carstens, E.B. & Lefkowitz, E.J. San Diego: Elsevier, under Creative Commons Attribution-

ShareAlike 4.0 International License with permissions.  
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Orthoretroviruses are further classified into six genera; Alpharetroviruses, 

Betaretroviruses, Deltaretroviruses, Epsilonretroviruses, Gammaretroviruses, and 

Lentiviruses (Figure 1.3). These retroviruses are enveloped, single stranded 

positive-sense RNA viruses with diploid genomes. Virally encoded reverse 

transcriptase mediates retroviral replication via a double stranded DNA intermediate 

(Baltimore, 1971). Orthoretroviruses are restricted entirely to vertebrate hosts and 

can be broadly categorised into two types; exogenous and endogenous (Coffin, 

1997). Exogenous retroviruses are pathogenic viruses which can be transmitted from 

host to host, whereas endogenous retroviruses (ERVs) are viral elements also 

known as retrotransposons (Rebollo et al., 2012) that constitute up to 5-8% of the 

human genome (Nelson et al., 2004, Belshaw et al., 2004). Whilst ERVs can be 

derived from and have a very close resemblance to retroviruses (Belshaw et al., 

2004), it is suggested that retroviruses may have arisen from mutated 

retrotransposons that do not relocate within the genome, but instead become 

exogenous with the ability to infect a new host (Belshaw et al., 2004, Katzourakis et 

al., 2005).  

 

HIV is a Lentivirus which are a group of retroviruses that are characterised by their 

long incubation period and extensive duration of illness (Lente, Latin for slow) 

(Durand and Cimarelli, 2011). Based on different genetic characteristics and viral 

antigens, HIV is classified into two distinct viruses; HIV-1 and HIV-2 (Sharp and 

Hahn, 2011). Whilst HIV-1 and HIV-2 are highly similar, these viruses have a number 

of distinct differences which are reflected in the differing pathogenicity of the two 

strains. HIV-1, which originates from the chimpanzee, is the most pathogenic strain 

and causes over 90% of HIV/AIDS infections, (Gao et al., 1999). Whereas, HIV-2, 

which originates from the sooty mangabey (Chen et al., 1997, Hirsch et al., 1989), is 

significantly less infectious and incidents of infection are largely restricted to regions 

of West Africa (de Silva et al., 2008). 

 

HIV-1 is categorised into four distinct lineages, each of which resulted from an 

independent, cross-species transmission event. These lineages include a major 

group (Group M) and the minor groups, N, O and P (Smyth et al., 2012, Sharp and 

Hahn, 2011). Group M is the pandemic form of HIV-1 and has infected people in 

virtually every country worldwide. Within group M there are at least nine genetically 
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distinct subtypes of HIV-1 (A-D, F-H, J and K). These different subtypes can combine 

genetic material to form hybrid viruses known as a circulating recombinant forms, 

and around 89 of these have been identified to date (Tamalet et al., 2018, Hemelaar, 

2012). Group O is much less prevalent and represents less than 1% of global HIV-1 

infections (Gurtler et al., 1994, De Leys et al., 1990). It is largely restricted to 

Cameroon, Gabon, and neighbouring countries (Peeters et al., 1997, Mauclere et al., 

1997). Similarly, group N has also been identified in individuals from Cameroon 

(Vallari et al., 2010). It is even less prevalent than group O and so far, only 13 cases 

of group N infections have been reported. Finally, group P was discovered most 

recently in 2009, in a Cameroonian woman living in France (Plantier et al., 2009) and 

has so far only one other case of infection has been identified (Vallari et al., 2011).  

 

In comparison, HIV-2 is constituted by eight distinct lineages (groups A-H) although 

only groups A and B have spread to humans to any significant degree. All other HIV-

2 lineages have only been identified in single individuals which suggests that they 

have very limited infectivity or no secondary spread (Sharp and Hahn, 2011). HIV-2 

viral loads are significantly lower than in HIV-1 infected individuals, which may 

account for the lower transmission rates of HIV-2 and limited mother-to-infant 

transmissions (Popper et al., 2000, Berry et al., 2002). Interestingly, most individuals 

infected with HIV-2 do not progress to AIDS, however those who do, show clinical 

symptoms indistinguishable from HIV-1 related AIDS (Rowland-Jones and Whittle, 

2007). 
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1.2.2 HIV Genome Organisation and Structure 

The HIV genome consists of two single strands of RNA encapsulated within the core 

of the virus. The genomic RNA is 9.2-9.8 kb long and has nine core genes (Figure 

1.4) which encode fifteen viral proteins (Li et al., 2015a). These proteins include viral 

structural proteins, essential regulatory elements and accessory regulatory proteins 

(Overview in Tables 1-3), which differ between HIV-1 and HIV-2. Once the HIV 

genome has been integrated into host DNA, by the viral protein integrase, it is termed 

the ñprovirusò.  

 

Figure 1.4: HIV Genome Organisation. 

The HIV Genome is 9.2-9.8 kb long, and is constituted by nine core genes which are flanked by 

two long terminal repeats (blue) (LTRs). These LTRs contain two unique regions (U3, U5) and a 

regulatory region (R). The primary structural genes (yellow) are gag, pol and env. The gag gene 

encodes a polyprotein which is processed into matrix protein (MA), capsid protein (CA), 

nucleocapsid protein (NC) and p6 protein. The pol gene encodes a precursor of the viral enzymes; 

protease (PR), reverse transcriptase (RT) and integrase (IN). The env gene encodes the surface 

glycoprotein (SU) and transmembrane proteins (TM) which constitute the membrane spike. 

Essential regulatory genes tat and rev (green) encode trans-activator and regulatory proteins. 

Accessory regulatory proteins are shown in red and HIV-1 encodes Vpx (orange) in place of Vpr. 

 

The 5ô and 3ô termini of the HIV genome encode long terminal repeats (LTRs), which 

within the provirus are roughly 640 bp in length. HIV LTRs have a number of 

functional properties, but primarily promote HIV genome transcription. The LTRs 

contain unique 5ô (U5) and unique 3ô (U3) regions and four regulatory regions which 

function in enhancing and regulating reverse transcription: the TAR element, core 

promoter, enhancer region, and modulatory region (Li et al., 2012). Once integrated, 

the 5ǋ end LTR serves as the promoter for the entire retroviral genome. The LTRs 

contain two nucleosomes which expose transcription factor binding sites that 

mediate the binding of regulatory proteins, promoting the process of HIV-1 reverse 

transcription in the 5ô region. The 3ǋ LTR provides a site for nascent viral 

RNA polyadenylation and encodes the accessory protein, Nef (Krebs F. C., 2002).  
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1.2.2.1 Gag 

The main viral proteins are encoded by the gag, pol and env genes (Table 1). The 

gag gene encodes a precursor polyprotein called Pr55Gag which is subsequently 

proteolytically cleaved to produce the capsid protein (CA, p24), the matrix protein 

(MA, p17), the nucleocapsid protein (NC, p7) and the p6 viral protein which has been 

shown to facilitate viral budding by the ESCRT pathway (Figure 1.5) (Meng and 

Lever, 2013).  

 

The capsid protein is critical for many stages in the HIV lifecycle. Once produced, 

the CA proteins spontaneously form into a hexamers and a number of pentamers 

which assemble into a conical closed structure of around 1500 CA monomers, called 

the capsid core. This capsid core contains the HIV genome, viral enzymes and 

accessory proteins within the virus particle (Figure 1.5) (Campbell and Hope, 2015). 

The viral capsid protein functions in delivering the HIV genome into the host cell 

cytoplasm, transport of the pre-integration complex towards the nucleus, reverse 

transcription and nuclear import (Arhel, 2010). It was previously thought that viral 

uncoating, where the conical capsid core dissociates, happens very soon after viral 

entry into the cell once the viral envelope has been removed, but more recent data 

has shown that it can occur hours post entry (Arhel et al., 2007, Yang et al., 2013, 

Hulme et al., 2011). Multiple investigations have shown that capsid proteins make a 

number of interactions with cellular proteins such as CPSF6 and nuclear pore 

complex proteins, that shuttle between the nucleus and the cytoplasm. This indicates 

that capsid may also facilitate and regulate HIV genome nuclear entry (Arhel et al., 

2007).  
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Figure 1.5: HIV virion structure. 

The virion structure of HIV. Capsid protein constitutes the conical capsid core which encapsulates 

the single stranded RNA viral genome and a number of proteins and enzymes required for 

retroviral infection and replication. These include integrase (p32), nucleocapsid (p7), protease 

(p10) and reverse transcriptase (p51). Matrix protein (p17) associates with the lipid membrane of 

HIV and provides a structural scaffold containing the viral envelope glycoprotein complex (p160) 

which consists of gp41 and gp120. Numbers correspond to the size of proteins (p) or 

glycoproteins (gp) in kilodaltons. 

 

 

 

 

 

 

 

 

 



Chapter 1 Introduction 

30 

 

The HIV matrix protein (MA) has crucial activity in viral infection and replication. MA 

is myristoylated, which facilitates its interaction with the inner membrane of the 

plasma membrane of HIV to form a stabilising internal layer (Gottlinger et al., 1989). 

It has been demonstrated that MA also binds to the cytoplasmic tail of the gp41 

transmembrane protein, which suggests that MA contributes towards localising and 

stabilising the HIV envelope spikes (Cosson, 1996). Furthermore, phosphorylation 

of MA regulates its binding to the integrase protein which is suggested to contribute 

towards viral cDNA nuclear import and the ability of HIV to infect non-dividing cells 

such as macrophage (Bukrinsky et al., 1993, Jayappa et al., 2012). 

 

The small zinc-finger nucleocapsid protein (NC) is important for viral particle 

assembly. NC associates with HIV RNA via an N-terminal zinc finger element which 

promotes RNA dimerisation and encapsidation (Berglund et al., 1997). NC has also 

been shown to facilitate RNA transcription, promote strand transfer during cDNA 

production, and act as a chaperone to form stable nucleic acid complexes (Lapadat-

Tapolsky et al., 1993, Allain et al., 1994).  

 

1.2.2.2 Pol 

The pol gene encodes the essential viral enzymes; protease (PR), reverse 

transcriptase (RT), RNase H and integrase (IN) which are expressed within the 

context of a Gag-Pol precursor protein. HIV Gag-Pol is produced by a frameshift read 

through event in the p6 coding region that occurs about 5% of the time, therefore the 

Gag and the Gag-Pol precursor are produced at a ratio of approximately 20:1. (Jacks 

et al., 1988). The HIV PR is an aspartic protease which functions as a dimer to cleave 

both the Gag and the Gag-Pol polyproteins. This means that two Gag-Pol precursor 

molecules must bind such that the PR domains can dimerise, to form the active 

enzyme and process the rest of the precursors molecules (Pettit et al., 2004).  

 

RT is a heterodimer constituted by two related subunits (Lightfoote et al., 1986) which 

has RNA-dependent and DNA-dependent polymerase activities. To produce dsDNA 

from the viral ssRNA RT uses host dNTPs within virion. The process of reverse 

transcription takes place in the cytoplasm and once complete, a number of proteins 
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including nuclear pore components, viral proteins and host cytoskeletal proteins must 

mediate the trafficking of HIV cDNA into the nucleus. To this end, a large multiprotein 

complex known as the pre-integration complex (PIC) forms. At this stage IN mediates 

the insertion of proviral DNA into the genomic host DNA, which is stably maintained 

and replicated along with cellular DNA through cycles of cell division. IN has three 

distinct enzymatic activities which allows its functionality. First, the exonuclease 

activity of IN removes two nucleotides from each 3ô end of the blunt ended viral cDNA. 

Next, the endonuclease activity of IN, in complex with the cDNA, cleaves the host 

DNA at the integration site. Whilst viral cDNA can be inserted into any part of the 

host genome, certain regions such as more open, transcriptionally active chromatin 

are preferred, which may facilitate proviral expression. Finally, the ligase activity of 

IN covalently links each end of the proviral DNA to complete integration (Craigie, 

2012, Bushman et al., 1990).  

 

1.2.2.3 Env 

The env gene encodes the gp160 protein, which is cleaved by the host cell protease 

furin to form the surface glycoprotein (gp120), and the transmembrane protein (gp41). 

Gp120 and gp41 remain non-covalently bound and together constitute the envelope 

glycoprotein complex exposed on the HIV lipid membrane, also known as the viral 

spike. When in close proximity to a target cell, it is able to bind to the CD4 receptor 

(and co-receptors CCR5 or CXCR4) of target cells to mediate HIV attachment and 

fusion (Labrijn et al., 2003). Once HIV is bound via gp120 to the host cell membrane, 

gp41 undergoes a conformational change whereby it folds into a six helical, coiled 

coil structure exposing previously hidden hydrophobic fusion peptides and activating 

the process of viral fusion with the target cell.  
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Table 1.1: The HIV-1 and HIV-2 Structural Proteins.  

HIV has three structural genes: gag, pol and env which encode three polyproteins. These 

polyproteins are cleaved to produce the viral structural proteins and enzymes required by HIV. 
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Table 1.2: HIV 1 and HIV-2 Essential Regulatory Proteins.  

Tat and Rev are proteins encoded by the HIV genome which are essential for viral infection and 

replication. 

  

 

Table 1.3: HIV-1 and HIV-2 Accessory Regulatory Proteins.  

HIV accessory proteins are not essential, but significantly advance viral infection and replication 

in different ways. HIV-1 encodes vif, vpr, vpu and nef. In HIV-2 vpu is replaced by Vpx.  






























































































































































































































































































































































































































