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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 “which activity of SAMHD1 is 

responsible for HIV-1 restriction?” 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 – 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 5’ 

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. 
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 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 “backwards” 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). “PHYLIP [Phylogeny Inference Package] Version 3.57c.” 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 “provirus”.  

 

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 5’ and 3’ 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 5’ (U5) and unique 3’ (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 5′ 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 5’ region. The 3′ 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. 
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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 3’ 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.  
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1.2.3 Retroviral Replication Cycle 

The HIV replication cycle (Figure 1.6) is thought to take between 24-48 hours from 

virus binding to the host cell, to the production of nascent virions (Mohammadi et al., 

2015, Mehla and Ayyavoo, 2012). In the first stage of infection, the outer envelope 

proteins of HIV recognise and bind to target cell receptors, primarily CD4 molecules 

on T helper cells, and co-receptors CCR5 or CXCR4. This leads to virus binding and 

fusion to the cell, catalysed by the viral surface glycoproteins. The viral nucleic acid 

and enzymes are subsequently released into the host cytoplasm. Once inside the 

target cell the first viral enzyme, reverse transcriptase, uses host nucleotides to 

create double stranded DNA from the nascent viral RNA through the process of 

reverse transcription. It was previously thought that viral uncoating (the capsid core 

breaking down) occurred soon after viral entry. However recent evidence 

demonstrates that the processes of uncoating and reverse transcription are linked 

(Cosnefroy et al., 2016) and that the capsid core is maintained significantly longer. 

Reverse transcription is therefore likely to take place within the viral capsid core. The 

viral DNA is subsequently transported to the nuclear envelope as part of the pre-

integration complex and integrated into the host DNA. Once integrated, the viral DNA 

becomes a provirus that is replicated alongside host nucleic acid during cellular 

division. This integration of viral DNA accounts for the continuously maintained HIV 

infection. Host cell RNA polymerase then transcribes the DNA to produce messenger 

RNA (mRNA), which is processed, transported to the cytoplasm and translated into 

the many viral proteins necessary to produce new viral particles. These viral particles 

bud from the cell surface and undergo maturation ready to infect new cells. Viral 

maturation begins alongside budding, and is driven by viral PR cleavage of the Gag 

and GagPol precursor polyproteins which ultimately produces the fully processed 

MA, CA, NC, p6, PR, RT, and IN proteins. Over the course of maturation these 

proteins rearrange to produce the mature, infectious HIV virion, with a conical capsid 

core (Figure 1.5) (Sundquist and Krausslich, 2012). 
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Figure 1.6: The HIV Replication Cycle. 

HIV binds to and fuses with the host cell. Uncoating and reverse transcription of ssRNA occur 

concomitantly prior to viral dsDNA being incorporated into the host genome. The provirus is 

transcribed and translated into the many proteins required to produce a mature, infectious virion. 

Restriction factors which will be discussed in Chapter 1.3 are shown in red.  
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1.2.4 Reverse Transcription 

Viral RT uses host nucleotides from the cellular dNTP pool during reverse 

transcription, to produce double stranded viral DNA from the ssRNA genome (Figure 

1.7). 

 

In the first stage of HIV reverse transcription, a tRNA primer binds to the primer 

binding site (PBS) downstream of the U5 region within the viral RNA. Viral RT is then 

able to associate and copies towards the 5’ end of the viral ssRNA to produce a 

fragment of minus strand cDNA known as the strong stop DNA. Only the PBS to the 

5’ end are transcribed at this stage. RT-associated RNase H then degrades the 

section of the RNA within the newly produced RNA/cDNA hybrid.  

 

The tRNA, RT and newly produced strong stop ssDNA then relocate and bind to the 

complimentary 3’ end of the viral ssRNA, in an event known as the first strand 

transfer. RT re-starts transcription at the 3’ end, to continue minus strand DNA 

synthesis until it reaches the polypurine tract (PPT) of the viral genome. Concurrently, 

RNase H degrades the RNA in the newly produced RNA/cDNA duplex. RT can 

subsequently complete transcription to complete the minus strand, whilst RNAse H 

degrades all RNA in an RNA/cDNA hybrid, minus the PPT RNA. 

 

With the PPT RNA acting as a primer, plus strand DNA synthesis begins, copying to 

the 3’ end of the genome including the beginning of the tRNA primer. This produces 

a stretch of DNA which includes the U3 region, the U5 region and the PBS (a second 

strong stop region). RNAse H again degrades the newly transcribed RNA, which now 

includes PPT and the 3’ bound tRNA primer which leaves a ssDNA sticky end.   

 

As the two ends of the cDNA are complementary, the DNA circularises in a process 

called the second strand transfer. This allows RT to complete the full plus strand of 

DNA to create viral dsDNA. Strand displacement synthesis produces a linear dsDNA 

viral genome with LTRs at both ends. 
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Figure 1.7: HIV Reverse Transcription. 

HIV reverse transcriptase uses host dNTPs to produce dsDNA from viral ssRNA. RNA is shown 

in black, minus strand DNA in red and plus strand DNA in blue. Briefly, a tRNA primer primes RT 

to transcribe viral RNA, whilst RT-associated RNase H degrades all RNA in DNA/RNA hybrids. 



Chapter 1 Introduction 

38 

 

 Restriction Factors 

The human host has evolved a number of defence mechanisms against viral 

infection and spread. The first line of defence is the intrinsic immune system which 

comprises a number of genetically encoded and usually constitutively expressed 

proteins which mediate a rapid response to viral infection. Restriction factors are anti-

viral proteins produced by the host which prevent or slow down infection by 

counteracting stages of the viral replication cycle. A recent review (Harris et al., 2012) 

suggests that there are four “hallmarks” a protein should have to be classed as an 

HIV-1 restriction factor. Firstly, the restriction factor must be the “dominant” protein 

required for significantly reducing or fully preventing HIV-1 infection, meaning no 

other cellular cofactors should be required. Secondly, it is thought that if the 

restriction factor were to be a potent threat to viral replication, then viral predecessors 

would have evolved counter-mechanisms to overcome this. This has evolved in the 

form of accessory proteins, for example Vpx counteracts SAMHD1 and Vif 

counteracts APOBEC3G to allow the cell to become permissive to infection. Thirdly, 

since restriction factors directly interact with viral accessory proteins, it is expected 

that restriction factors show signs of positive selection through rapid evolution, to 

continually evade pathogens. Finally, the expression of restriction factors is often 

very closely related to the innate immune response, meaning that a significant 

hallmark includes restriction factor gene expression being induced by interferon. To 

date, a number of restriction factors have been identified which prevent or reduce 

HIV-1 infection and transmission via different mechanisms within the retroviral 

replication cycle. However, not all of these fit the described specifications, therefore 

it may be more reasonable to suggest that restriction factors share some, but not all 

characteristics (Figure 1.8). 
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Figure 1.8: The Hallmarks of a Restriction Factor. 

Restriction factors possess many (but not necessarily all) common features. Restriction factors 

are able to restrict HIV-1 with no need for other cofactors. Most restriction factors have a close 

interaction with the innate immune response and are induced by interferon. Many viruses have 

evolved mechanisms to overcome restriction factors through the production of retroviral 

accessory proteins. Restriction factors have the potential to reduce the initial likelihood of cross 

species transmission. Restriction factors often have evidence of positive selection as they 

become highly mutated to evade viral counter-mechanisms. Finally, some restriction factors 

possess no secondary activity besides viral restriction. 
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1.3.1 TRIM5α, APOBEC3G and Tetherin 

Restriction factors which prevent HIV-1 replication include the tripartite motif-

containing protein 5 (TRIM5α), apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like 3G (APOBEC3G), Tetherin and Sterile Alpha Motif and HD domain 

containing protein-1 (SAMHD1). TRIM5α recognises and binds to HIV-1 capsid 

protein (Yap et al., 2005) promoting premature uncoating which impedes successful 

reverse transcription (Stremlau et al., 2006). TRIM5α contains RING, B-box 2, coiled-

coil and SPRY (B30.2) domains. The SPRY domain of TRIM5α has been shown to 

recognise the viral capsid core, whilst the RING domain confers E3 ubiquitin ligase 

activity. In cooperation with specific E2 enzymes, TRIM5 is able to autoubiquitinate, 

which triggers degradation of HIV-1 capsid protein via the ubiquitin-proteasome 

pathway (Xu et al., 2003). Mutations on the TRIM5α E2-interacting face which disrupt 

this autocatalytic activity also block restriction activity (Lienlaf et al., 2011).  

 

APOBEC3G causes the viral genome to become unstable through cytidine 

deamination. This results in G to A hypermutations in the plus strand viral DNA, which 

compromises viral genome integrity, can impede successful reverse transcription 

and prevent viral genome integration (Lecossier et al., 2003). APOBEC3G was 

discovered through studies investigating the function of the lentiviral accessory 

protein Vif (Sheehy et al., 2002). Vif is expressed in almost all lentiviruses and has 

been shown to be absolutely required for HIV-1 infection in non-permissive cells (von 

Schwedler et al., 1993). In addition to introducing hypermutations, APOBEC3G can 

also restrict HIV-1 infection by reducing the affinity of tRNA priming to the viral RNA 

template and therefore directly blocking reverse transcription and DNA strand 

transfer (Bishop et al., 2008, Li et al., 2007, Guo et al., 2007).  

 

Tetherin is a membrane associated protein which binds to nascent viral particles, 

tethering them to the cell surface and blocking their release, thus preventing further 

viral spread (Neil et al., 2008b).The activity of tetherin was discovered during studies 

investigating the activity of the viral accessory protein Vpu (Varthakavi et al., 2003). 

Studies demonstrate that tetherin blocks the release of Vpu defective HIV-1 virions 

which are internalised by endocytosis and likely degraded by cellular lysosomes (Neil 

et al., 2007, Neil et al., 2008a). 
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 SAMHD1 

SAMHD1 was first identified as a gene associated with the rare infantile 

encephalopathy Aicardi-Goutières syndrome (AGS) (Rice et al., 2009b). More 

recently SAMHD1 was shown to be a restriction factor that inhibits the replication of 

HIV-1 and other lentiviruses in differentiated myeloid-lineage cells including 

macrophages, dendritic cells, and resting CD4+ T cells (Baldauf et al., 2012, Berger 

et al., 2011, Descours et al., 2012, Hrecka et al., 2011, Laguette et al., 2011). In 

these cells, SAMHD1 is not phosphorylated and constitutively expressed, where it 

contributes to maintaining dNTP levels that are several 100-fold lower than in actively 

cycling CD4 + T-cells (Chen et al., 2014). SAMHD1 acts at the reverse transcription 

stage of the retroviral replication cycle (Figure 1.6) and is overcome by the HIV-2 

encoded accessory regulatory protein Vpx. Since its discovery in 2011, SAMHD1 

has been the subject of a large volume of research investigating its cellular function 

(Franzolin et al., 2013, Rampazzo et al., 2010, Ferraro et al., 2010), its structure 

(Goldstone et al., 2011, Arnold et al., 2015a, Ji et al., 2013b, Zhu et al., 2013b), 

regulation (Wang et al., 2016a, Zhu et al., 2015a, Hansen et al., 2014a, Amie et al., 

2013, Arnold et al., 2015a), mechanism of restriction (Hrecka et al., 2011, Laguette 

et al., 2011, Arnold et al., 2015a) and dysfunction in disease, including autoimmune 

disorders and cancer. (Rice et al., 2009a, Schneider et al., 2017b). 

1.4.1 The Discovery of SAMHD1 

It was originally observed that, in comparison to activated CD4+ T cells, HIV-1 

replicated poorly in monocytes, macrophages and resting CD4+ T cells (Kaushik et 

al., 2009, Sonza et al., 1996, Sharkey, 2013). Whilst the virus could still successfully 

enter non-permissive cells, there was a significant reduction in proviral levels and a 

decrease in the efficiency of reverse transcription (Munk et al., 2002). These 

observations lead to the hypothesis that either non-permissive cells possess a factor 

that could block viral infection, or permissive cells contain a factor required for 

infection. Subsequently, heterokaryon experiments revealed that non-permissive 

cells possess a dominant block to infection which was predicted to prevent HIV-1 

reverse transcription (Munk et al., 2002).Further insights regarding this block were 

gained from research probing the function of the lentiviral accessory protein Vpx. 

Experiments investigating the ability of sooty mangaby simian immunodeficiency 
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virus (SIVsm) to infect different cell types revealed Vpx to be indispensable for 

macrophage infection (Sharova et al., 2008). The introduction of Vpx appeared to 

promote viral DNA synthesis, which again indicated that the block to infection 

occurred at the reverse transcription stage of the retroviral replication cycle. 

Interestingly, the fusion of non-permissive macrophage cells with permissive cells 

gave rise to non-permissive heterokaryon cells, the infection of which could be 

rescued by the introduction of Vpx (Kaushik et al., 2009).  

 

Furthermore, co-immunoprecipitation experiments revealed that Vpx assembles via 

the DCAF1 adapter protein, with the CUL4A-DDB1 ubiquitin ligase complex, the 

primary function of which is to ubiquitinate- and target specific proteins for 

proteasomal degradation (Bergamaschi et al., 2009). Therefore it was concluded that 

Vpx overcame a yet to be characterised, dominant myeloid-specific restriction factor, 

which acts at the stage of reverse transcription most likely through CUL4A-

DDB1DCAF1 mediated proteasomal degradation (Hrecka et al., 2011, Laguette et al., 

2011, Baldauf et al., 2012).  

1.4.2 Vpx Targets SAMHD1 for Proteasomal Degradation  

In 2011 two groups identified SAMHD1 as the cellular target for Vpx. It should be 

noted that Vpx is encoded by HIV-2 and simian immunodeficiency virus (SIV), but 

not HIV-1 (Ahn et al., 2012). Hrecka et al. used a cell based approach in which 

proteins that co-purified with DCAF1, only in the presence of Vpx, were identified, 

using multi-dimensional protein identification technology and bioinformatics (Hrecka 

et al., 2011). Similarly, Laguette et al. performed immunoprecipitation assays and 

mass spectrometry which confirmed Vpx binding to SAMHD1, cullin4A-RING E3 

ubiquitin ligase (CRL4A) and DDB1 and CUL4 Associated Factor 1 (DCAF1) 

(Laguette et al., 2011). Both groups demonstrated that levels of SAMHD1 correlated 

with the permissivity to HIV-1 infection. Overexpression of SAMHD1 introduced 

restriction in otherwise permissive cells and conversely SAMHD1 knockout 

increased cellular permissivity to infection. Therefore SAMHD1 was concluded to be 

the cellular restriction factor able to inhibit HIV-1 infection and Vpx the counteracting 

accessory protein that could overcome this restriction (Ahn et al., 2012).  

 



Chapter 1 Introduction 

43 

 

It is now known that once the viral Vpx protein is released into the target cell, it 

associates with CRL4 (Bergamaschi et al., 2009, Ahn et al., 2012), a multi-subunit 

complex that consists of DNA damage binding protein 1 (DDB1), RING box protein 

1 (RBX1), cullin ubiquitin ligase 4A (Cul4A), and DDB1- and CUL4-associated factor 

1 (DCAF1) (Lee and Zhou, 2007) to mediate SAMHD1 degradation. Specifically, 

HIV-2 Vpx binds to both the carboxy-terminal domain of human SAMHD1 and to 

DCAF1 (Schwefel et al., 2014) which targets SAMHD1 for proteasomal degradation 

and allows for the cell to become permissive to infection.  

 

Interestingly, the targeting of SAMHD1 by Vpx is both host specific and virus specific. 

Vpx can either target the amino- or carboxy- termini of SAMHD1 in a species 

dependent manner. Residues in the interaction domains of Vpx show an 

accumulation of amino acid changes which are predicted to have arisen from an 

“evolutionary molecular arms race” (Schwefel et al., 2015) in which the host adapts, 

the virus mutates to counteract this, and the host protein subsequently re-adapts to 

evade degradation. This necessary adaptation has led to an array of Vpx (and Vpr 

proteins) with different SAMHD1 specificities. For example, Vpx from HIV-2, SIVsmm 

(sooty mangabey) and SIVmac (macaque) target the carboxy-terminus domain of 

SAMHD1, whereas SIVmnd-2 (mandrill) and SIVrcm (red-capped mangabey) Vpx 

bind to the first 110 residues of the SAMHD1 amino-terminal domain. Some other 

Vpx proteins even target both termini of SAMHD1 (Schwefel et al., 2015, Spragg and 

Emerman, 2013, Fregoso et al., 2013) 

 

SAMHD1 can also restrict a number of other retroviruses, including feline 

immunodeficiency virus, bovine immunodeficiency virus, equine infectious anaemia 

virus, and human T cell leukaemia virus type 1 (Sze et al., 2013, Gramberg et al., 

2013, White et al., 2013a) as well as a number of dsDNA viruses including, vaccinia, 

herpes simplex and hepatitis B (Jeong et al., 2016, Chen et al., 2014, Kim et al., 

2013, Hollenbaugh et al., 2013). 
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1.4.3 Aicardi-Goutieres Syndrome  

SAMHD1 was first identified as the human homologue of the mouse gene Mg11, 

which is induced by treatment of macrophages and dendritic cells with interferon (Li 

et al., 2000). Subsequently, prior to being identified as a restriction factor SAMHD1 

was recognised as being one of a number of genes mutated in the rare autoimmune 

disease Aicardi-Goutieres Syndrome (AGS) (Rice et al., 2009b).  

 

AGS was initially identified as an infantile autoimmune disease that progressively 

affects the central nervous system and mimics congenital viral infection (Aicardi and 

Goutieres, 1984, Bonnemann and Meinecke, 1992). Approximately ten percent of 

AGS cases present neonatally and are often fatal at very early stages. Neonatal 

symptoms include microcephaly, cerebral calcification and atrophy, and many other 

symptoms of transplacental viral infection (Rice et al., 2007). Other cases of AGS 

present in early infancy and symptoms at this stage include an accumulation of 

endogenous nucleic acids leading to triggering of the innate immune response, 

persistent inflammation, aberrant upregulation of interferon signalling and 

encephalopathy (Rice et al., 2007). However, not all individuals affected with AGS 

have a severe presentation of the disease. Many patients are more stable and have 

only minor symptoms such as chilblains or unexplained fevers (Rice et al., 2007).  

 

AGS is genetically heterogeneous meaning that mutations in multiple genes can 

result in disease, which may account for the different presentations of the disease. 

Other genes which are mutated in AGS encode; TREX1, RNaseH2, ADAR1 and 

MDA5.  

 

The 3’ repair endonuclease 1 (TREX1) is the major cellular 3’ to 5’ DNA-specific 

exonuclease in mammals which is thought function in proofreading alongside DNA 

polymerase (Crow et al., 2006a). Ribonuclease H2 (RNaseH2) is the primary source 

of ribonuclease activity in the cell (Crow et al., 2006b), and endonucleolytically 

cleaves ribonucleotides mis-inserted by DNA polymerases. RNase H2 is also 

predicted to remove RNA primers in Okazaki fragments during DNA replication and 

to excise single ribonucleotides from DNA-DNA duplexes. Adenosine deaminase 

acting on RNA protein 1 (ADAR1) is an RNA editing enzyme which has specific RNA 
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adenosine deaminase activity which converts adenosine to inosine. (Rice et al., 

2012). ADAR1 can regulate and modify the output of genes to increase gene 

diversity, as inosine is recognised as guanosine in DNA replication (Grice and 

Degnan, 2015). Melanoma Differentiation-Associated protein 5 (MDA5) is a dsRNA 

helicase enzyme and pattern recognition receptor that acts as a virus sensor through 

recognising double stranded nucleic acid and mediating the immune response (Rice 

et al., 2014).  

 

The proteins dysregulated in AGS have functionality in nucleic acid metabolism, the 

regulation of gene expression and the clearance of immunostimulatory nucleic acids 

in the cell. Dysfunction in these proteins can lead to either an inappropriate 

accumulation or aberrant sensing of nucleic acids and it has been demonstrated that 

an abnormal accumulation of cellular nucleic acids can induce type I interferon 

signalling, a common symptom of AGS. Type I interferons are a group of signalling 

proteins known as cytokines, which contribute towards the regulation of the immune 

system and activation of the immune response. It is hypothesised that it is the non-

canonical processing of nucleic acids which results in immune upregulation and the 

manifestations of AGS (Stetson, 2012, Crow and Rehwinkel, 2009, Stetson et al., 

2008). Given what was known about the nucleic acid processing activities of the 

other proteins affected in AGS, it was hypothesised that the HIV-1 restriction factor 

SAMHD1 must also function in or regulate nucleic acid production. Interestingly, in 

relation to restriction, monocytes and resting CD4+ T cells from AGS patients that 

could not express functional SAMHD1 proteins were more susceptible to HIV-1 

infection (Baldauf et al., 2012, Descours et al., 2012, Berger et al., 2011) 
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 SAMHD1 Structure and Function 

1.5.1 Domain Organisation 

SAMHD1 is a 626 amino acid protein, which is around 72.2 kilodaltons in its 

monomeric form. SAMHD1 is constituted by a SAM domain, an HD domain, an N-

terminal nuclear localisation signal (Brandariz-Nunez et al., 2012) and a C-terminal 

domain (Ctd) required for Vpx interaction (Figure 1.9A) (Schwefel et al., 2014). Whilst 

both SAM and HD domains are evolutionarily conserved, SAMHD1 is the only known 

protein that possesses both in tandem (Figure 1.9B). Whilst the functionality of the 

SAM domain in SAMHD1 remains unknown, SAM domains are typically 65-70 

residues in length and are one of the most abundant protein-protein and protein-

nucleic acid interaction motifs that have been identified (Oberstrass et al., 2006, Kim 

and Bowie, 2003, Qiao and Bowie, 2005). The HD domain is characterised by a 

doublet motif of cation coordinating Histidine and Aspartic acid residues (H…HD…D) 

and is found within a wide range of enzymes with phosphohydrolase activity (Aravind 

and Koonin, 1998). Furthermore, it has been demonstrated that nucleotides are the 

substrates of multiple HD domain-containing enzymes (Zimmerman et al., 2008). 
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Figure 1.9: Sterile-alpha-motif and HD domain containing protein 1. 

(A) SAMHD1 contains a SAM domain and an HD domain in addition to a nuclear localisation 

signal and a C-terminal domain required for Vpx binding. (B) Crystal structures of the SAM (2E8O) 

and HD (4BZC) domains of SAMHD1. (C) SAMHD1 has two allosteric sites, which can bind any 

guanine containing nucleotide and any dNTP respectively. Binding of allosteric activators is 

required to promote tetramerisation of SAMHD1, which is its stable active form. (D) Multi-angle 

laser light scattering trace showing SAMHD1 alone (blue) in a monomer-dimer equilibrium, 

SAMHD1 plus GTP (black) also in a monomer-dimer equilibrium, and SAMHD1 with both 

allosteric activators (GTP and dATP) in its tetrameric form (large red peak). MALLS data in this 

figure was collected as described in Chapter 3.3.1. 
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1.5.2 SAMHD1 is a dNTP Triphosphohydrolase 

It has been demonstrated that nucleotides are often the substrates of many HD 

domain-containing enzymes (Zimmerman et al., 2008), therefore, it was logical to 

test this activity in SAMHD1. SAMHD1 was shown to be a deoxynucleoside 

triphosphate (dNTP) triphosphohydrolase (Goldstone et al., 2011, Powell et al., 

2011a) which can cleave dNTPs into their constituent triphosphates and nucleosides 

(Figure 1.10). Using anion exchange HPLC it was demonstrated that when individual 

dNTPs were incubated with SAMHD1, only dGTP was hydrolysed, but when dNTPs 

were incubated together with SAMHD1, all were degraded (Goldstone et al., 2011). 

These experiments revealed dGTP as both an activator and a substrate of SAMHD1.  

 

SAMHD1 has been proposed to restrict lentiviral infection through this dNTP 

triphosphohydrolase activity that depletes the cellular dNTP pool to a level that 

prevents productive reverse transcription (Goldstone et al., 2011). This proposal is 

based on the observed reduction in dNTP concentration upon the increase of 

SAMHD1 expression, which also correlates with a decrease in the permissivity to 

infection within a number of primary cells and cell lines (Lahouassa et al., 2012a, 

Kim et al., 2012, St Gelais et al., 2012). Furthermore, lentiviral infection can be 

rescued by the addition of exogenous deoxynucleoside dNTP precursors 

(Lahouassa et al., 2012a, Laguette et al., 2011, Hrecka et al., 2011, Reinhard et al., 

2014). 

  

 

 

Figure 1.10: SAMHD1 has dNTP triphosphohydrolase activity. 

SAMHD1 is a deoxynucleotide triphosphate triphosphohydrolase, which cleaves dNTPs into their 

constituent triphosphate and nucleoside. 
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1.5.3 The Active Site, Allostery and Oligomerisation 

SAMHD1 is a GTP/dGTP activated deoxynucleoside triphosphate (dNTP) 

triphosphohydrolase (Goldstone et al., 2011, Powell et al., 2011c) with an active site 

highly specific for dNTPs. In addition to the active site, SAMHD1 contains two 

allosteric sites (Figure 1.9C). Apo-SAMHD1 exists in a monomer-dimer equilibrium 

and upon allosteric activation forms a tetramer (Figure 1.9D) (Yan et al., 2013b). This 

tetrameric form of SAMHD1 is the stable, catalytically active form of the enzyme 

found predominantly within non-permissive cells (Yan et al., 2013b, Hansen et al., 

2014b, Zhu et al., 2015b). 

 

Whilst the SAM and HD domains of SAMHD1 are connected by a short, flexible linker, 

a full-length protein structure has yet to be obtained. However, the SAM and HD 

domains have both been individually crystallised and their structures solved. A 

number of SAMHD1 structures visualising the  HD and C-terminal domains of 

SAMHD1 have been solved in dimeric and tetrameric oligomerisation states. 

 

Four pairs of GTP and dNTP allosteric activators bridge the monomer-monomer 

interfaces of SAMHD1 to stabilise the tetramer. Allosteric site 1 (AL1) and allosteric 

site 2 (AL2) are adjacent to one another. It has been demonstrated that magnesium 

is essential for the catalytic activity of SAMHD1 and a single magnesium ion 

coordinates the beta and gamma phosphates of nucleotides in each set of allosteric 

sites. SAMHD1 tetramer structures are often observed in an “open” or “closed” 

conformation (Figure 1.11). It is hypothesised that SAMHD1 cycles between open 

and closed tetrameric states during successive cycles of dNTP hydrolysis. However, 

this is yet to be proven.  

 

The first allosteric site (AL1) is specific for GTP or dGTP and binding of either 

allosteric activator promotes dimerisation (Goldstone et al., 2011, Zhu et al., 2015b, 

Hansen et al., 2014b). The amino acid residues which constitute AL1 are structured 

in such a way that only a guanosine triphosphate molecule is able to bind, with an 

estimated Kd of between 0.1-0.4µM (Zhu et al., 2015a, Ji et al., 2014b, Powell et al., 

2011b, Hansen et al., 2014a). Under physiological conditions, GTP is at a 

concentration of at least 1000 fold higher than dGTP and therefore it is likely that 
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GTP is the primary activator of SAMHD1 in the cell (Zhu et al., 2015a, Hansen et al., 

2014a). The second allosteric site (AL2) is specific for dNTPs, as the local 

configuration of residues that form AL2 can only accommodate a deoxyribose ring 

(Arnold et al., 2015b, Koharudin et al., 2014b, Zhu et al., 2015b, Ji et al., 2014a).  

 

Subsequent binding of an allosteric activator within AL2 leads to two dimers binding 

to form a tetramer (Figure 1.11). The binding of allosteric activators allows the active 

site to undergo a conformational change and bind its substrates. Specific interactions 

with a number of active site residues and non-specific interactions with water 

molecules stabilises the dNTP within the active site (Zhu et al., 2013c, Ji et al., 2013b, 

Zhu et al., 2015a). Ribonucleoside triphosphates (rNTP) are not accepted in the 

active site due to steric clashes with active site residues by the 2’-hydroxyl group of 

rNTPs. Importantly, a magnesium ion coordinates the triphosphates of the GTP-

dNTP binding pair in adjacent AL1 and AL2 binding sites. The His167-His206-

Asp207-Asp311 quartet within the HD domain coordinate an Mg2+ ion that interacts 

with the α-phosphate of the dNTP to orientate the chemical reaction. Residues 

His210, His233 and Asp218 are subsequently able to mediate nucleophilic attack on 

the α-phosphate to hydrolyse the dNTP (Zhu et al., 2015a).  

 

The four canonical dNTPs are able to bind in AL2 with apparent Kd values between 

1-20µM depending on the nucleobase (Ji et al., 2014b, Miazzi et al., 2014, Koharudin 

et al., 2014a, Wang et al., 2016a, Jang et al., 2016). These Kd values are in a 

physiologically relevant range and therefore dNTP binding in AL2 and 

oligomerisation can occur when intracellular dNTP levels are in activating 

concentrations (Gandhi and Samuels, 2011). Although all four dNTPs can bind in 

AL2, there is a clear preference for the purine nucleotides, dATP and dGTP (Ji et al., 

2014b, Koharudin et al., 2014a). Thus, given the asymmetric dNTP pool levels within 

the cell, and that dATP is consistently found at the highest dNTP concentration, it is 

likely that dATP is most frequently bound in AL2 (Miazzi et al., 2014). It is predicted 

that differential binding of AL2 activator may confer differential stability of SAMHD1 

tetramers and substrate specificity to the activated enzyme (Wang et al., 2016a). 
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Figure 1.11: SAMHD1 tetramerisation. 

GTP or dGTP bind in allosteric site 1, which promotes dimerisation and is required for subsequent 

dNTP binding in allosteric site 2. Two SAMHD1 dimers associate to form a homo-tetramer, which 

is the stable active form of the protein. “Open” and “closed” structures of SAMHD1 have been 

observed and these conformational differences are thought to relate to substrate hydrolysis. 
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 SAMHD1 Post-Translational Modification 

Several studies have investigated the relationship between dNTP 

triphosphohydrolase activity, tetramerisation and restriction (Arnold et al., 2015a, 

Yan et al., 2013a). SAMHD1 is phosphorylated at residue Threonine 592 (Thr592) 

and this post-translational modification correlates with the inability to form stable 

tetramers (Arnold et al., 2015a) and a loss in the ability to restrict HIV infection 

(Cribier et al., 2013).  

 

SAMHD1 has been shown to have a putative cyclin-binding motif within the HD-

domain and a bipartite cyclinA2-CDK2 complex binding domain within the CTD, 

which can both mediate SAMHD1 phosphorylation (St Gelais et al., 2016, Yan et al., 

2015). It has been demonstrated that Thr592 phosphorylation happens in a cell-cycle 

dependent manner. In cycling cells SAMHD1 is phosphorylated at Thr592 by cyclin-

dependent kinase (CDK) 2 and cyclin A2 during S-phase DNA replication, which 

coincides with an increase in dNTP pool levels (Pauls et al., 2014a, Pauls et al., 

2014b, Coiras et al., 2016, St Gelais et al., 2016, St Gelais et al., 2014, Yan et al., 

2015, Cribier et al., 2013, Wittmann et al., 2015, Schott et al., 2018). This 

phosphorylation is maintained by CDK1/cyclin A2 until mitosis. When SAMHD1 

enters G1, more specifically during mitotic exit, SAMHD1 is rapidly dephosphorylated 

by PP2A-B55α holoenzymes. Results show that dephosphorylated SAMHD1 can 

reduce or delay viral cDNA synthesis upon HIV-1 infection in the G1 stage, even in 

cycling cells (Schott et al., 2018). Similar results from Mlcochova et al. reveal that 

SAMHD1 phosphorylation probably occurs as cells exit the G0 (quiescent state) and 

transition through to G1, which is facilitated by activation of the Raf/MEK/Erk kinase 

cascade (Mlcochova et al., 2017). In contrast, many other investigations suggest that 

phosphorylated SAMHD1 is found predominantly within cells in a quiescent state, 

which coincides with low dNTP pool levels (Yan et al., 2015, Cribier et al., 2013, 

White et al., 2013b). 
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In differentiated cells, CDK1 and CDK2 both control T592 phosphorylation. 

Furthermore, PP2A-B55α holoenzymes are involved in regulating levels of overall 

SAMHD1 phosphorylation in differentiated myeloid cells. Interestingly, increased 

interferon levels lead to upregulation of PP2A B55α subunit, which provides an 

additional layer of regulation to control SAMHD1 antiviral activity (Schott et al., 2018). 

 

It was initially observed that whilst Thr592 phosphorylation negatively regulated 

restriction ability, was no effect on dNTP triphosphohydrolase activity (Welbourn et 

al., 2013, White et al., 2013b). Cell-based restriction experiments showed that 

phosphomimetic mutations (glutamic and aspartic acid) at Thr592 inhibit restriction 

by SAMHD1 in quiescent cells (Arnold et al., 2015a, Welbourn et al., 2013). However, 

inhibition of phosphorylation at Thr592 by mutation to alanine does not rescue 

restriction in cycling cells. Furthermore, phosphorylation inhibits SAMHD1 

tetramerisation (Arnold et al., 2015a). It was therefore surprising that measurements 

of triphosphohydrolase activity revealed that both phospho- and non-phospho forms 

of SAMHD1 have comparable steady-state kinetics at high (10-4 – 10-3 M) dNTP 

concentrations used in in vitro experiments (Arnold et al., 2015a, Arnold et al., 2015d, 

White et al., 2013b).   

 

To better understand how phosphorylation and tetramer disassembly regulate 

restriction, Arnold et al. developed an activator-depletion coupled to an 

“advantageous” substrate experiment, which allowed for the rate of hydrolysis of a 

non-activating substrate to be quantified (Figure 1.12). Phospho- and non-phospho 

forms of SAMHD1 were first incubated with GTP and dATP until all substrate dATP 

was depleted to allow SAMHD1 to form tetramers. Then, di-deoxyguanosine 

triphosphate (ddGTP) was added and hydrolysis monitored, (ddGTP cannot induce 

tetramer formation, but can be hydrolysed in the presence of other activators). It was 

observed that non-phosphorylated SAMHD1 readily hydrolysed ddGTP but the 

phosphorylated form is unable to (Arnold et al., 2015a) which indicates that 

phosphorylated SAMHD1 cannot readily form long-lived active tetramers.  
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Figure 1.12: Advantageous substrate experiment. 

Schematic shows reaction set up for the fluorescence-based assay used to investigate the extent 

of nucleotide allosteric activation in allosteric site 2 and to better understand tetramer stability.  

 

Based on these results it was proposed that the capacity to form a stable tetramer 

allows dNTPs to be retained in the allosteric sites, maintaining the active form of 

SAMHD1 even when dNTPs are at very low levels. Phosphorylation of SAMHD1 

appears to destabilise the tetrameric state, resulting in the loss of activating dNTPs 

from the allosteric sites and down-regulation of SAMHD1 activity in a dNTP-depleted 

environment, such as non-cycling cells (Arnold et al., 2015a). These experiments 

suggest that in non-cycling cells where the concentration of dNTPs are reduced, only 

SAMHD1 variants that are able to form stable, long-lived tetramers are catalytically 

active and able to keep dNTP levels low, resulting in restriction. Phosphorylation at 

Thr592 prevents stable tetramer formation and so the phosphorylated enzyme is only 

functional at high dNTP levels, such as in cycling cells (Arnold et al., 2015a) (Figure 

1.13). These results lead to the proposition that SAMHD1 cannot restrict HIV-1 in 

cycling cells because the dNTP levels are not limiting and ribonucleotide reductase 

is actively synthesising dNTPs at least as fast as SAMHD1 can degrade them (Arnold 

et al., 2015a).  
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Figure 1.13: Phospho-Regulation of SAMHD1. 

When SAMHD1 is not phosphorylated (left), it is able to form stable active tetramers and deplete 

the dNTP pool. When SAMHD1 is phosphorylated (right), at low dNTP concentrations, it becomes 

unstable and can no longer hydrolyse substrate, meaning that dNTP levels rise.  

 

Besides dephosphorylation and tetramerisation, recent studies have suggested that 

there may be an alternative, undefined mechanism of SAMHD1 activation in non-

cycling cells (Wang et al., 2016b, Bhattacharya et al., 2016). This is based on 

experiments showing that whilst phosphomimetic mutants of T592 cannot restrict 

infection, they are able to deplete the cellular dNTP pool (Bhattacharya et al., 2016). 

Furthermore, Wang et al. have investigated allosteric activation and oligomerisation 

of SAMHD1 and propose that the dNTP pool levels in non-cycling cells are not 

sufficient to induce tetramerisation and activate SAMHD1 (Wang et al., 2016b).  

 

In addition to phosphorylation, there is evidence demonstrating that SAMHD1 is also 

regulated post-translationally through redox signalling by reactive oxygen species 

(ROS) which are shown to inhibit tetramerisation (Mauney et al., 2017). This redox 

regulation is thought to be mediated by a triad of cysteine residues (C522, C341 and 

C350) which are situated adjacent to AL2 and observed within a number of SAMHD1 
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crystal structures (PDB: 5AO4, 4RXO, 4MZ7, and 3U1N) (Goldstone et al., 2011, 

Zhu et al., 2013a, Zhu et al., 2015a, Arnold et al., 2015a). It is predicted that a 

conformational shift in any of these cysteines would disrupt allosteric activator 

binding and prevent oligomerisation. Since this cysteine triad is observed frequently 

within SAMHD1 homologues, it is thought that they confer a highly conserved 

mechanism of SAMHD1 redox regulation (Mauney et al., 2017, Mauney and Hollis, 

2018). SAMHD1 was also shown to be post translationally modified both in cells and 

in vitro through acetylation of K405 (Lee et al., 2017). Unlike T592 phosphorylation 

and redox regulation, acetylation was demonstrated to upregulate SAMHD1 

triphosphohydrolase activity in the G1 to S-phase of the cell cycle (Lee et al., 2017). 

 SAMHD1 Nuclease Activity 

Given the known nuclease activity of TREX1 and RNaseH2, and that SAMHD1 

expression is upregulated in response to immunostimulatory nucleic acids, it was 

proposed that SAMHD1 may also be a nuclease (Beloglazova et al., 2013a, Rice et 

al., 2009b).The nuclease activity of SAMHD1 has been the subject of some 

controversy within the field and therefore the focus of a number of research 

investigations.  

 

Multiple groups investigating SAMHD1 have failed to detect any significant SAMHD1 

nuclease activity using various in vitro techniques (Goldstone et al., 2011, Powell et 

al., 2011c, Goncalves et al., 2012). However, in 2013 Beloglazova et al. presented 

data showing that SAMHD1 has metal dependent exonuclease activity and can 

cleave ssRNA, ssDNA and RNA within DNA/RNA duplexes (Beloglazova et al., 

2013b). This nuclease activity was attributed to the dNTP triphosphohydrolase active 

site, since mutations which abolished dNTP triphosphohydrolase activity also 

reduced nuclease activity, whilst the addition of the substrate dGTP inhibited 

nuclease activity altogether (Beloglazova et al., 2013b). In contradiction, Seamon et 

al. observed that active site mutants retain exonuclease activity and therefore 

concluded that RNase activity cannot be associated with the dNTP hydrolysis active 

site (Seamon et al., 2015a). Seamon et al. also demonstrated that whilst the DNase 

activity of SAMHD1 could be separated from the triphosphohydrolase activity over 

multiple protein purification steps, the RNase activity persisted, and proposed that 
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the RNase activity was most likely due to a persistent contaminant which co-purifies 

with SAMHD1 (Seamon et al., 2015a). 

 

Ryoo et al. subsequently proposed that SAMHD1 had a phosphorolytic ribonuclease 

function, which occurred independently of reverse transcription and could only 

hydrolyse ssRNA (Ryoo et al., 2016b, Choi et al., 2015a). They concluded that this 

retrovirus specific RNase activity and not the triphosphohydrolase activity of 

SAMHD1 was responsible for restriction (Ryoo et al., 2016b, Choi et al., 2015a). 

These conclusions were based upon their studies of two SAMHD1 mutants, D137N 

and Q548A. Residue D137 coordinates allosteric activator binding in AL2, whilst 

residue Q548 is an amino acid for which a deletion mutation (Q548X) is found in 

AGS patients. Ryoo et al. propose that SAMHD1(D137N) has nuclease activity, no 

triphosphohydrolase activity and can restrict HIV-1 infection, while SAMHD1(Q548A) 

does not have nuclease activity, has triphosphohydrolase activity but does not 

restrict HIV-1 (Ryoo et al., 2014b).  

 

Antonucci et al. subsequently performed experiments to test the proposals made by 

Ryoo et al.(Ryoo et al., 2014b, Antonucci et al., 2016). By infecting (HEK) 293T cells 

with a HIV-1 proviral DNA plasmid and measuring viral protein synthesis, they found 

no reduction in HIV-1 protein levels, which suggests that restriction at a step post 

reverse transcription is unlikely. In contrast to Ryoo et al., their findings indicate that 

both SAMHD1(D137N) and SAMHD1(D137N) have triphosphohydrolase activity and 

restrict HIV-1 infection to the same extent as wild type SAMHD1. Antonucci et al. 

also see a weak, but inconsistent RNase activity between SAMHD1 protein 

preparations, using an in vitro nuclease assay. These results are consistent with the 

results of Seamon et al., which leads them to agree that RNase activity is likely to be 

a contaminant that co-purifies with SAMHD1. 
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 SAMHD1 Nucleic Acid Binding 

In addition to dNTP triphosphohydrolase activity and nuclease activity, SAMHD1 is 

proposed to have nucleic acid binding activity. Beloglazova et al. demonstrated that 

SAMHD1 is a DNA and RNA binding protein, which specifically binds to nucleic acids 

with secondary structures (Beloglazova et al., 2013a). Whilst both Goncalves et al. 

and Seamon et al. present data discounting nuclease activity, they show that 

SAMHD1 does indeed bind nucleic acids, with a preference for single stranded RNA 

oligonucleotides over DNA (Goncalves et al., 2012, Seamon et al., 2015b, White et 

al., 2013a). Seamon et al. propose a model in which SAMHD1 activity leads to 

retroviral restriction through switching between a monomeric ssRNA binding protein 

and a tetrameric dNTP triphosphohydrolase depending on the presence of ssRNA 

and dNTP pool levels (Seamon et al., 2015b). Further to this, it has also been 

demonstrated that SAMHD1 binds to nucleic acids in cells, with multiple SAMHD1 

monomers shown to converge on ssRNA and ssDNA (Tungler et al., 2013) Whilst 

extensive evidence has been found for SAMHD1 binding with nucleic acid in cells 

(Beloglazova et al., 2013a, Goncalves et al., 2012, Seamon et al., 2015b), the exact 

function of this SAMHD1 nucleic acid interaction has yet to be determined. 

 SAMHD1, DNA Repair and Cell Cycle Regulation 

Very recently, SAMHD1 has also been shown to have a triphosphohydrolase 

independent activity, unrelated to HIV-1 restriction, which promotes DNA integrity 

and facilitates DNA repair (Daddacha et al., 2017). SAMHD1 was found to localise 

to DNA double-strand breaks in response to DNA damage and promote DNA end 

resection. Furthermore, SAMHD1 knock-out or Vpx-mediated degradation can 

increase the sensitivity of cells to DNA-damage inducing agents (Daddacha et al., 

2017). Interestingly, SAMHD1 has also been shown to form a complex with the CtBP 

(C-terminal binding protein) interacting protein (CtIP) (Daddacha et al., 2017) which 

is involved in sensing DNA double-strand breaks and recruiting DNA repair proteins 

to the site of DNA damage (Makharashvili and Paull, 2015). 

 

As previously described, SAMHD1 has a central activity in the maintenance of 

correct cellular dNTP pool levels which are vital for genomic integrity, DNA replication 
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and repair. Given that SAMHD1 is expressed in almost every type of cell and its 

regulation is strictly controlled in concordance with the cell cycle, it is likely that dNTP 

pool regulation is the primary intrinsic cellular function of the enzyme. Many studies 

show that SAMHD1 mediated changes to cellular dNTP levels have a direct impact 

on the cell cycle stage and progression (Franzolin et al., 2013, Rampazzo et al., 2010, 

Stillman, 2013, Bonifati et al., 2016, Kim et al., 2012, Hollenbaugh et al., 2014). For 

example, it has been demonstrated that removal of SAMHD1 activity through 

silencing or degradation results firstly in increased dNTP pool levels, but also an 

increased maintenance of cells in the G1 phase and a corresponding loss of cells in 

the S phase of the cell cycle (Franzolin et al., 2013, Bonifati et al., 2016, Kretschmer 

et al., 2015). Interestingly, it appears that the exact effect of SAMHD1 mutation or 

knock-down is dependent on cell type, (which has been extensively reviewed in 

(Mauney and Hollis, 2018)), resulting in either an enhanced proliferative capacity or 

inhibition of growth, increased or decreased dNTP levels and higher levels of 

spontaneous apoptosis.  

 

These results clearly implicate SAMHD1 in cell growth progression and kinetics. 

However, further research is required to gain a clear understanding of SAMHD1 

function in normal cellular homeostasis. 

 SAMHD1 in Cancer 

Considering SAMHD1 has such important intrinsic activity in dNTP pool regulation 

and genomic integrity, it is unsurprising that mutations in SAMHD1 result in cancer. 

Increased or imbalanced dNTP pool levels can increase the likelihood of mutations 

that disrupt normal nucleic acid replication, genomic integrity and cell division, 

whereas reduced dNTP pool levels can result in genomic instability that can lead to 

cancer (Figure 1.14) (Mathews, 2015, Bester et al., 2011, Kohnken et al., 2015). For 

example, acquired pathogenic mutations in SAMHD1 are found in up to 11% of 

patients with chronic lymphocytic leukaemia (CLL) (Clifford et al., 2014) and the 

Catalogue of Somatic Mutations in Cancer (COSMIC) has now reported 182 unique 

samples with mutations in SAMHD1 (Forbes et al., 2017) including breast cancer, 

colorectal cancer (Sjoblom et al., 2006) (Cancer Genome Atlas, 2012) and 

pancreatic cancer (Jones et al., 2008). 
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Figure 1.14: SAMHD1 and Cancer. 

SAMHD1 mutations are predicted to lead to elevated dNTP pool levels, increased DNA synthesis, 

genomic instability and higher mutation rates. These have the potential to enhance aberrant cell 

proliferation resulting in cancer. 
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 Research Objectives 

SAMHD1 restricts HIV-1 replication in differentiated myeloid-lineage cells and resting 

CD4+ T cells. SAMHD1 also has an important cellular activity in maintaining 

balanced dNTP pool levels, and evidence suggests that this activity also contributes 

to the control of cell cycle progression. Furthermore, SAMHD1 mutations have been 

implicated in the autoimmune disease AGS, and many types of cancer.  

 

Previous research has demonstrated that SAMHD1 is a dNTP triphosphohydrolase 

and more recent studies report that SAMHD1 also has nuclease and nucleic acid 

binding activity. Significant controversy exists regarding SAMHD1 nuclease activity 

and its contribution to restriction. To address the dichotomy in the field, the initial aim 

of this study was to determine and discriminate between which activity of SAMHD1 

is responsible for restriction. This was to be achieved using sensitive and quantifiable 

in vitro and cell-based assays in a combined structural, biophysical and virological 

approach. As SAMHD1 mutants D137N and Q548A were reported to separate 

nuclease and dNTP triphosphohydrolase activities (Ryoo et al., 2014a), the effects 

of these mutations, in addition to R333A and R372D, on SAMHD1 dNTP hydrolysis, 

tetramerisation, restriction and nuclease activity were investigated. 

 

An additional aim of this project was to gain a deeper understanding of the 

oligomerisation and triphosphohydrolase activities of SAMHD1 to achieve further 

insights into SAMHD1 regulation and cellular dNTP hydrolysis. To this end, an aim 

was to develop sensitive assays to measure multi-substrate hydrolysis in vitro and 

cellular dNTP levels. A final aim of this project was to discover how nucleotide 

analogues could provide information regarding the stereo selectivity of the active site, 

requirements of catalysis and allosteric activation. It was hoped that investigation of 

these nucleotide analogues could give insights into the use of dNTP analogues as 

therapeutic agents. 
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 Materials & Methods 

 Materials 

A list of common stock solutions and growth media are listed in Table 2.1 and Table 

2.2. 

 

Table 2.1: Commonly used stock solutions. 

 

 

Table 2.2: Growth media used during this study. 
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 Bioinformatics 

2.2.1 DNA and protein information  

The SAMHD1 construct used for protein expression was provided by Dr Ian A. Taylor 

(The Francis Crick Institute). Sequence information for the human SAMHD1 gene 

was obtained from UniProt (www.uniprot.org) with the accession code H6WE98 

(H6WE98_PANPA). Automated DNA sequencing was performed by GATC Biotech 

(now part of Eurofins Genomics) with standard primers. Sequences were analysed 

using the SeqMan Pro (v13.0) software from the DNASTAR Lasergene 13 sequence 

analysis suite. Purification of recombinant protein and determination of its 

concentration requires calculation of its theoretical isoelectric point (pI), molar 

extinction coefficient at 280 nm (ԑ280) and the molecular weight (Mr). These 

parameters were calculated using the ProtParam programme within the ExPASy 

Bioinformatics Resource Portal (https://web.expasy.org/protparam/). Recombinant 

proteins were expressed using the pET52b vector (Figure 2.1).  

 

 

http://www.uniprot.org/
https://web.expasy.org/protparam/
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Figure 2.1: pET52b expression plasmid used for SAMHD1 expression. 

pET 52b was used for SAMHD1 protein expression. This vector contains a T7 lac promoter, a 

StrepTactin tag and ampicillin resistance. Figure adapted from 

https://www.genscript.com/gsfile with appropriate permissions.  

 

 

 

 

 

 

 

 

https://www.genscript.com/gsfile
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 Molecular Biology 

2.3.1 Bacterial strains 

Three different bacterial strains were used in this study, the genotypes of which are 

detailed in Table 2.3. The DH5α strain (Invitrogen) was used for plasmid amplification 

following cloning. The BL21DE3 Rosetta strain (Novagen) was used for recombinant 

protein expression. The XL10-Gold strain (Agilent) was supplied with the 

QuickChange (Agilent) kit used for transformations in the site-directed mutagenesis 

protocol. 

 

 

Table 2.3: Genotypes of bacterial strains. 
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2.3.2 DNA Manipulation and Agarose Gel Electrophoresis 

Plasmid DNA was purified from overnight cultures of DH5α E.coli competent cells 

using the QIAprep Spin Miniprep or the QIAgen Plasmid Midi kits (QIAGEN) following 

the manufacturer’s protocol. Plasmid DNA was eluted in 20-50 µL dH2O. DNA was 

visualised by agarose gel electrophoresis. 0.5% agarose gels were made in 1x TAE 

buffer 40mM Tris, 20mM acetic acid, and 1mM EDTA, heated until dissolved, cooled 

and SYBR Safe DNA Gel Stain (Invitrogen) added according to manufacturer’s 

protocol. DNA samples were mixed with a final concentration of 1x DNA loading dye 

(Promega). 1 kb DNA benchtop ladder (Promega) was used as a marker. 

Electrophoresis of gels was carried out for ~60 minutes at 100 V and DNA visualised 

using UV illumination with Gel DocTM E2 Imager (BioRad). 

2.3.3 Site Directed Mutagenesis 

Amino acid substitutions were introduced into SAMHD1 by site-directed mutagenesis 

using the QuikChange II® Site-Directed Mutagenesis Kit (Agilent) according to the 

manufacturer’s protocol. This involves the use of a methylated parental E.coli 

plasmid containing the wild type coding sequence as a PCR template. The whole 

plasmid is amplified by PCR (see section 2.3.4) using primers containing the desired 

mutation to produce a nicked, double stranded DNA plasmid. The methylated 

parental wild type DNA is then digested using the Dpn I restriction enzyme leaving 

the newly generated unmethylated DNA intact. This is followed by transformation 

(see section 2.3.5) of the mutant plasmids into competent cells to repair nicked, 

double stranded DNA plasmids. 

 

Truncated SAMHD1 constructs were amplified from the parent plasmid by PCR as 

detailed in section 2.3.4. Inserts were purified using QlAquick gel extraction kit 

(Qiagen) according to the manufacturer’s protocol, before restriction digestion with 

HF Not I (New England Biolabs) and Xma I (New England Biolabs) in cutsmart buffer, 

according to recommended protocol from the New England Biolabs NEBcloner 

platform (https://nebcloner.neb.com/#!/redigest). Fragments inserted into a pET52b 

expression vector using the T4 ligation kit (New England Biolabs) according to 

manufacturer’s protocol and verified by DNA sequencing. 

 

https://nebcloner.neb.com/#!/redigest
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All primers (Table 2.4) were designed with lengths between 18-35 bases, a melting 

temperature of approximately 57-64ºC, a CG content of 40-60% to avoid secondary 

structure formation. 

 

 

Table 2.4: Primers used for amplification of SAMHD1 constructs and site directed 

mutagenesis. 

Forward (F) and reverse (R) primer sequences used to prepare truncated or mutated SAMHD1 

constructs. Tm is the melting temperature in ºC, length of primers is in base pairs (bp). 

 

2.3.4 Polymerase Chain Reaction (PCR) 

All PCR reactions were carried out using KOD Hot Start Polymerase (Novagen) in 

200 µL thin-walled PCR tubes (Abgene). Reaction volumes were 50 µL and set up 

as shown in Table 2.5. Thermal cycling was performed using an Eppendorf 

Mastercycler DNA Engine Thermal Cycler (Merck) with the lid set at a constant 

temperature of 100 ˚C. Annealing temperatures were selected based on the primer 

melting temperatures and ranged between 55 ˚C and 65 ˚C. Thermal cycling was set 

according to the manufacturer’s instructions detailed in Table 2.6. Upon completion 

of thermal cycling, PCR products were purified using a Qiaquick PCR purification kit 

(Qiagen). 
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Table 2.5: Standard PCR components recommended by the KOD Hot Start DNA 

Polymerase kit (Merck). 

 

 

 

Table 2.6: Standard thermal cycling protocol as suggested by the KOD Hot Start DNA 

Polymerase kit (Merck). 

 

2.3.5 Transformation and plasmid amplification 

For transformations, 1-5 µL (5 ng) of vector containing the desired coding sequence 

was added to 25 µL of chemically competent DH5α or XL10-Gold E. coli cells and 

incubated on ice for 5 minutes before being subjected to a 60 second heat shock at 

42ºC followed by another 10 minutes on ice. 500 µL of SOC media (Novagen) was 

added and the transformed cells incubated at 37ºC with shaking at 1000 rpm for 1 

hour. 100 µL of the transformation mixture was then plated onto LB agar containing 

the appropriate antibiotic and incubated at 37 ̊ C overnight. For plasmid amplification, 

single colonies were picked and amplified in 5 mL of Luria broth (LB) with the 

appropriate antibiotic at 37 ˚C overnight. Bacterial pellets were harvested by 

centrifugation and plasmid DNA was purified using a Qiaprep miniprep plasmid 

purification kit (Qiagen) and sent for sequence validation (GATC Biotech).  
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 Protein Expression and Purification 

2.4.1 Protein expression  

For protein expression of Strep-tagged SAMHD1 constructs, sequence verified 

plasmids were transformed into E. coli strain Rosetta 2 (DE3) cells. Colonies were 

picked and used to inoculate 100 mL of LB with the appropriate antibiotic, to be used 

as a starter culture. Following incubation with constant shaking for 20 hours at 37 ºC, 

5 ml of starter culture was used as inoculum for each 750 ml Terrific broth culture in 

in 2-litre conical flasks. Rosetta 2 (DE3) cells were grown at 37 ºC with shaking and 

protein expression was induced by the addition of 0.1 mM IPTG to log phase cultures 

(A600 = 0.5) and the cells were incubated for a further 20 hours at 18 °C.  

2.4.2 Bacterial lysis 

Cells were harvested by centrifugation at 6000 xg for 20 minutes and re-suspended 

in 30 mL lysis buffer (50 mM Tris-HCl pH 7.8, 500 mM NaCl, 4 mM MgCl2, 0.5 mM 

TCEP, 1x EDTA-free mini complete protease inhibitors (Roche), 0.1 U/mL 

Benzonase (Novagen) per pellet of 1 L bacterial culture. The pH of the lysis buffer 

was selected to be at least one unit pH away from the predicted isoelectric point (pI) 

of the protein (http://web.expasy.org/protparam/) whilst being as close to 

physiological pH as possible (~7.8). Cells were lysed either by disruption with an 

EmulsiFlex-C5 homogeniser (Avestin) or by sonication on ice at 40% power on a 

40% duty cycle (Branson Sonifier 450) for 30 minutes in 10 minute cycles. Cell lysate 

was clarified by centrifugation for 1 hour at 48,000 xg and 4 °C in a Beckman JA-

25.50 rotor, to remove cellular debris and the pellet discarded. 

2.4.3 Streptactin affinity chromatography 

All proteins were purified by Strep-Tactin affinity chromatography. The cleared lysate 

from SAMHD1 expressing cells was applied to a 10 mL StrepTactin affinity column 

(IBA Life Sciences) followed by 300 mL of wash buffer (50 mM Tris-HCl pH 7.8, 500 

mM NaCl, 4 mM MgCl2, 0.5 mM TCEP) in 3x100 mL steps, at 4 °C. Bound proteins 

were eluted by circulation of 1 mg of GST-3C protease (GE Healthcare) in 10 mL of 

wash buffer over the column in a closed circuit overnight. 
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2.4.4 Size exclusion chromatography 

The eluate from the Strep-Tactin column was concentrated to 5 mL using a 

centrifugal concentrator (Vivaspin) and applied to a Superdex 200 16/60 (GE) size 

exclusion column equilibrated with gel filtration buffer (10 mM Tris-HCl pH 7.8, 150 

mM NaCl, 4 mM MgCl2, 0.5 mM TCEP). The gel filtration column was set up with a 

1 mL GSTrap FF Column in-line to remove the GST-tagged 3C protease. Peak 

fractions were identified by SDS-PAGE (see section 2.4.6) then concentrated to ~ 

20mg/ mL, flash frozen in liquid nitrogen and stored in small aliquots (approximately 

20 µL) at -80° C. 

2.4.5 Ion-exchange chromatography 

For some nuclease experiments, SAMHD1 was also further purified by anion-

exchange chromatography. Here, the peak fractions after size exclusion 

chromatography were diluted with 10 mM Tris-HCl, 4 mM MgCl2, 0.5 mM TCEP, pH 

7.8 to reduce the NaCl concentration to 50mM NaCl and applied to an 8 mL Mono Q 

10/100 GL column equilibrated in 10 mM Tris-HCl, 50 mM NaCl, 4 mM MgCl2, 0.5 

mM TCEP, pH 7.8. SAMHD1 was then eluted with a linear gradient of 50 mM-1M 

NaCl applied over 160 mL. Fractions were analysed by SDS-PAGE and peak 

fractions were concentrated, frozen and stored in small aliquots (approximately 20 

µL) at -80° C. 

2.4.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis  

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed in 1x MES Buffer (Invitrogen) on Novex 10% 1.0 mm Bis-Tris gels 

(Invitrogen) run in an XCell SureLock mini-cell (Invitrogen) for 45 minutes at a 

constant 200 V. The Precision Protein Plus (Bio-Rad) pre-stained protein standard 

was used as a size-marker. For each well, 5 μL of protein solution was typically 

loaded with 2 μL of 5x NuPAGE LDS sample buffer and 1 μL of 1 M TCEP (tris(2- 

carboxyethyl)phosphine) pH 8.0. Proteins were boiled in the presence of the sample 

buffer and reducing agent at 95 °C for 5 minutes prior to loading. After 

electrophoresis, protein bands were visualised by staining the gels with InstantBlue 

(Expedeon) coomassie stain according to manufacturer’s protocol. 
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2.4.7 Determination of protein concentration and storage 

SAMHD1 protein samples were concentrated using Vivaspin concentrators (Thermo 

Scientific™ Pierce) with MWCOs that did not exceed 50% of the molecular weight of 

the protein. SAMHD1 wild type and mutant protein concentrations were determined 

by UV spectroscopy using a NanoDrop 2000 spectrometer (Thermo Scientific™ 

Pierce). A continuous scan from 220 – 350 nm was recorded and the A280 reading 

using to derive protein concentration. Protein extinction coefficients were calculated 

using the ProtParam server (http://web.expasy.org/protparam/) which takes the 

extinction coefficients of individual tryptophan and tyrosine residues to be 5500 M-1 

cm-1 and 1490 M-1 cm-1 respectively.  

 Size-Exclusion Chromatography, Multi-Angle Laser Light 

Scattering (SEC-MALLS) 

In a SEC-MALLS experiment, the protein solution of interest is injected onto a size 

exclusion column where its constituents are separated by size. The eluted fractions 

are then analysed by three types of detectors. The first detector monitors the UV 

absorbance at 280 nm to provide an elution profile of the protein solution. A second 

differential refractometer detector provides a protein concentration measurement for 

each point of the elution profile. The third detector is a multi-angle laser light 

scattering photometer, in which a laser is directed at the solution and the intensity of 

the scattered light detected at 16 angles. As long as the wavelength of the incident 

radiation is considerably larger than the particle size (658 nm and 15x Rg), the light 

scattered at each angle is independent of the particle shape. The total scattering 

intensity is related to the molecular weight of the particles in solution and if molecules 

oligomerise then the scattering intensity increases. By measuring the total scattering 

of a protein solution and dividing through the total protein concentration measured in 

the differential refractometer, the average molecular weight of protein particles at 

every point in the elution profile can be determined. 

 

Size Exclusion Chromatography coupled to Multi-Angle Laser Light Scattering (SEC-

MALLS) was used to determine the molar mass composition of SAMHD1 samples 

upon addition of deoxynucleotide/nucleotide substrates and activators. For 
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assessment of tetramer stability, samples were incubated on ice for a specified time 

(5 to 60 minutes) after the addition of nucleotide substrates and activators. Samples 

(100 µL) were applied to a Superdex 200 10/300 GL INCREASE column equilibrated 

in 20 mM Tris-HCl, 150 mM NaCl, 5 mM MgCl2, 0.5 mM TCEP and 3 mM NaN3, pH 

8.0, at a flow rate of 1.0 mL/min. The scattered light intensity and protein 

concentration of the column eluate were recorded using an in-line DAWN-HELEOS 

II laser photometer and an OPTILAB-TrEX differential refractometer (dRI) 

(dn/dc=0.186) respectively. The weight-averaged molecular mass of material 

contained in chromatographic peaks was determined using the combined data from 

both detectors in the ASTRA software version 6.1 (Wyatt Technology Corp., Santa 

Barbara, CA). 

 Real time measurement of Triphosphohydrolase activity 

To obtain quantitative, time-resolved information and kinetic parameters for 

SAMHD1 nucleotide hydrolysis, a coupled assay was employed utilising the 

biosensor MDCC-PBP (Brune et al., 1998, Brune et al., 1994) to measure phosphate 

release from combined SAMHD1 triphosphohydrolase and S. cerevisiae Ppx1 

exopolyphosphatase activity (Arnold et al., 2015c). In a typical experiment, 100 nM 

SAMHD1, 10 nM Ppx1, 40 µM MDCC-PBP and 0.2 mM GTP were incubated for 5 

minutes in assay buffer (20 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgCl2 and 2 mM 

TCEP) at 25 °C before the reaction was initiated by the addition of varying 

concentrations of substrate (TTP). The fluorescence intensity was recorded using 

430 nm excitation and 465 nm emission wavelengths over a period of 10-30 minutes 

in a Clariostar multiwall plate reader (BMG). Steady state rates were obtained from 

time courses of Pi formation by linear regression of the data points in the linear phase 

of the reaction. Rates were divided by the SAMHD1 concentration and plotted versus 

substrate concentration. All measurements were performed in duplicate or triplicate.  

 

Apparent dissociation constants for substrate binding (KM) and catalytic constants 

(kcat) were then determined by nonlinear least squares fitting using either the 

Michaelis-Menten expression (1), or a modified Michaelis-Menten expression 

employing a Hill-function (Goutelle et al., 2008) (2).  
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The Michaelis-Menten equation models the hyperbolic relationship between 

substrate concentration [S] and the initial reaction rate for an enzyme catalysed, 

single substrate reaction. The Hill equation is utilised when a sigmoidal relationship 

is observed, and the Hill coefficient (h) is a measure of the cooperativity of substrate 

binding to protein. A value for h >1 indicates positive cooperativity. V0 refers to the 

initial rate of the reaction measured at substrate concentration [S]. The Michaelis 

constant KM is the dissociation constant for substrate binding, calculated from the 

substrate concentration required to reach half the maximum velocity (Vmax), kcat is the 

enzyme turnover derived from Vmax and the total enzyme concentration (Vmax/E0) and 

the specificity constant kcat/KM is a measure of enzyme efficiency. 

 

(1) 𝑣0 =  
𝑣𝑚𝑎𝑥 .[𝑆]

𝐾𝑀+ [𝑆]
 

 

(2) 𝑣0 =  
𝑣𝑚𝑎𝑥 .[𝑆]ℎ

𝐾𝑀
ℎ + [𝑆]ℎ

 

 

 1D Proton NMR Spectroscopy 

1D 1H NMR spectroscopy was used to measure hydrolysis rates of individual dNTPs 

within nucleotide mixtures. Reactions were prepared in NMR buffer (20mM Tris-HCl 

pH 8.0, 150 mM NaCl, 5 mM MgCl2, 2 mM TCEP, 5% D2O) containing 1mM of each 

dNTP, 200 μM GTP and 1-10 μM SAMHD1. 1H NMR spectra (2 dummy scans, 4 

scans) were recorded at 30 sec intervals at 22°C using a Bruker Avance 600MHz 

NMR spectrometer equipped with a 5mm TCI cryoprobe. Solvent suppression was 

achieved using excitation sculpting (Hwang, 1995). Experiments were typically run 

for 60 minutes and 120 time points were collected in total. The integrals for clearly-

resolved substrate and product peaks at each time-point were extracted using the 

Bruker Dynamics Centre software package, and used to construct plots of 

substrate/product against time. Initial rates were extracted from the linear part of the 

curve (5 to 10% of maximal amplitude) in order to determine kcat values. 
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 In-vitro nuclease assay 

Nucleic acids (10 pmol) were 5’ end-labelled using (10 U) T4 polynucleotide kinase 

and (20 pmol) -32P-ATP in 1x T4 polynucleotide kinase buffer at 37 ºC for 30 minutes 

then boiled for 30 seconds to heat inactive the kinase. Labelled nucleic acids were 

purified from unincorporated ATP using an Illustra MicroSpin G-25 column (GE 

Healthcare) and added to unlabelled nucleic acid to give a final concentration of 0.5 

µM. Time courses of nuclease digestion were performed with 30 μM SAMHD1 and 

0.5 μM each nucleic acid substrate (Supplementary Table 8.1) in a reaction buffer 

containing 10 mM Tris-HCl pH 7.8, 150 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP. 

Reactions were quenched at between 0-90 minutes by the addition of formamide dye 

loading buffer and boiling. Reaction products were resolved using 8M urea 

denaturing 20 % polyacrylamide gels (19:1 acrylamide:bis-acrylamide). Gels were 

electrophoresed for approximately two hours at 45-50W (~1000 V). Gels were fixed 

in 10% acetic acid, 10% methanol and dried under vacuum at 65 ºC. Nucleic acid 

species were imaged either by autoradiography on X-ray film or by phosphorimaging 

using a GE STORM 840 PhosphorImager. Reaction products were quantified using 

ImageQuant software (GE Healthcare). 

 Electrophoretic mobility shift assays 

Nucleic acids were labelled as in section 2.8. Binding reactions were set up 

containing 0-5 μM SAMHD1 and 25 nM radiolabelled nucleic acid substrate in 

reaction buffer (10 mM Tris-HCl pH 7.8, 150 mM NaCl, 10 mM MgCl2 and 0.5 mM 

TCEP) and incubated at room temperature for 20 minutes. An equal volume of 

bromophenol blue (0.00125%) loading buffer containing 30 % glycerol was added to 

the reactions prior to loading onto non-denaturing 8 % polyacrylamide gels (19:1 

acrylamide:bis-acrylamide). Gels were electrophoresed for 60 minutes at 120 V, 

fixed in 10% acetic acid, 10% methanol and dried under vacuum at 65 ºC. Bands 

were visualised either by autoradiography on X-ray film or by phosphorimaging using 

a GE STORM 840 PhosphorImager. 
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 X-Ray Crystallography 

High-throughput crystallisation trials were performed on SAMHD1 (109-626) domain 

constructs containing either the Q548A or D137N mutation. SAMHD1(Q548A) (109-

626) protein samples were diluted to ~2.5 mg ml-1 with final buffer conditions of 50 

mM Tris pH 7.8, 250 mM NaCl, 0.5 mM TCEP and 4 mM MgCl2, and supplemented 

with 1 mM of the appropriate activating XTP or GTP nucleotide and 2 mM of substrate 

dATP deoxynucleotide (Jena Bioscience). 

 

Crystals were produced by sitting drop vapour diffusion at 18 °C using an Oryx 

crystallisation robot (Douglas instruments) and 0.2 µL droplets containing an equal 

volume of the protein/nucleotide solution and mother liquor. Crystals of 

SAMHD1(D137N) (109-626)-XTP/dATP were obtained from hanging drops 

containing 100 mM Bis Tris propane-HCl, 350 mM MgCl2, 16.0 % PEG 3350 pH 7.5. 

Crystals of SAMHD1(Q548A) (109-626)-GTP/dATP were obtained from sitting drops 

containing 20 % w/v PEG 3350 and 200 mM NaF. Details of crystallographic space 

groups, cell dimensions and contents of the asymmetric unit are presented in Table 

5.1 and Table 5.2. 

 

For data collection, crystals were transferred to a solution containing 25 % PEG 3350 

supplemented with 20% (w/v) glycerol as a cryo-protectant before being flash-frozen 

in liquid nitrogen. Datasets were collected on beamline I04 at the Diamond Light 

Source, UK at a wavelength of 0.97949 Å for SAMHD1(D137N) and 1.2652 Å for 

SAMHD1(Q548A). Data were processed using the HKL (Otwinowski and Minor, 

1997) or XDS (Kabsch, 2010b, Kabsch, 2010a) software suites, SAMHD1(D137N) 

or the Xia2 automated pipeline, SAMHD1(Q548A). Structures were solved by 

molecular replacement using the program MOLREP (Vagin and Teplyakov, 2010), 

SAMHD1(D137N) or Phaser (McCoy et al., 2007), SAMHD1(Q548A) implemented 

in the CCP4 interface (Potterton et al., 2003) The apo-SAMHD1 120-626 (PDB code 

3U1N, (Goldstone et al., 2011)) monomer was used as a search model for 

SAMHD1(D137N) and a SAMHD1 115-626 monomer for Q548A (PDB code 

5AO3,(Arnold et al., 2015a)). Both SAMHD1(D137N) and SAMHD1(Q548A) (109-

626) crystals contained one tetramer in the asymmetric unit. Iterative model building 

with the program Coot (Emsley et al., 2010) combined with positional, real-space, 
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individual B-factor and TLS refinement in phenix refine (Adams et al., 2010) 

produced the final models. Details of the refinement are presented in Table 5.1, 

SAMHD1(Q548) and Table 5.2, SAMHD1(D137N). 

 Virology 

2.11.1 SAMHD1 plasmids and expression 

For SAMHD1-YFP expression plasmids, a full-length codon-optimised SAMHD1 

sequence was amplified from pLgatewaySN_SAMHD1 (Goldstone et al., 2011), sub-

cloned into pENTR/D/TOPO using the pENTR Directional Cloning Kit and transferred 

into pLgatewayIRESEYFP (gift from M. Stevenson) using Gateway LR Clonase® II 

Enzyme mix (Invitrogen). This was subsequently used for SAMHD1 two-colour 

restriction assays (see section 2.12). 

2.11.2 Cells and Virus Production 

293T cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco Labs, 

Paisley, UK) supplemented with 10% foetal calf serum (FCS) (Helena Bioscience, 

Newcastle, UK) and 2 mM glutamine at 370C in 5 % CO2. U937 cells were maintained 

in RPMI +[L]-Glutamine (GIBCO), supplemented with 10 % foetal bovine serum 

(Biosera) and 1 % penicillin/streptomycin (Sigma). Cells stably expressing SAMHD1 

or SAMHD1 mutant transgenes were maintained by selection in 10 µg/mL puromycin. 

HIV-1-GFP was produced by co-transfection of pVSV-G (gifted from D. Lindemann), 

p8.91 (Naldini et al., 1996) and pCSGW (Bainbridge et al., 2001) as previously 

described (Arnold et al., 2015b). SIV VLPs containing or lacking Vpx were produced 

by co-transfection of 293T cells with pSIV3+ or pSIV3+ΔVpx and pVSV-G as 

previously described (Schwefel et al., 2014).  
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 Two-colour restriction assay 

SAMHD1 wild-type sequence was inserted into pLGatewayIeYFP (Yap et al., 2004) 

and mutations created by PCR-based site-directed mutagenesis. MoMLV-based 

YFP vectors were made by co-transfecting pVSV-G (Bock et al., 2000), pKB4 

(Groom et al., 2010) and pLgatewaySN_SAMHD1 (wild type or mutants) into 293T 

cells, and harvesting 48 hours after transfection. U937 cells (1 x 106) (Sundstrom 

and Nilsson, 1976) were maintained in RPMI plus [L]-glutamine (GIBCO) with 10 % 

foetal calf serum (Biosera), penicillin and streptomycin. Cells (1 x 106) were 

transduced by spinoculation at 1,700 r.p.m. for 90 minutes with 0.5 mL virus in the 

presence of 1 mg/mL polybrene. The virus concentrations were determined using 

the Lenti RT Activity Kit (Cavidi) according to manufacturer’s protocol. Cells were 

differentiated by addition of 100 nM phorbol myristate acetate (PMA) for 72 hours 

and infected with HIV-1–GFP. Restriction was assessed by two-colour flow 

cytometry after 72 hours. 

 Two-colour flow cytometry 

U937 cells (1 x 106) were transduced by spinoculation as previously described 

(Section 2.12) to give approximately 30 % transduction. Cells were transferred to a 

6 well plate and 1.5 mL RPMI added. 3 days later, cells were passaged 1/3 using 

fresh media, differentiated with 100 nM Phorbol 12-myristate 13-acetate (PMA, 

Sigma) for 72 hours and then infected with HIV-1GFP (~10 ng CA) in fresh media. 

For experiments using cycling cells, the differentiation step was omitted. Restriction 

was assessed after 72 hours by 2-colour flow cytometry using BD LSR II or 

BDVERSE flow cytometers using single colour controls and automatic compensation 

(Bock et al., 2000). Restriction was calculated by dividing the percentage of 

transduced (YFP +ve) cells that were infected (GFP +ve) by the percentage of non-

transduced cells that were infected. Statistical differences between wild type and 

mutants were determined using the Mann-Whitney test (Dunn’s multiple 

comparisons test for reverse transcriptase mutants). 
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 Vpx rescue of HIV-1 infection 

U937 cells (parental or expressing SAMHD1 wild-type or mutant proteins) were 

differentiated at 1x105 cells per well of a 12 well plate using 100 nM final 

concentration of Phorbol 12-myristate 13-acetate (PMA). At three days post-

differentiation, cells were infected with HIV-GFP undiluted virus from 293T 

supernatant in 750 µL RPMI. SIV-VLP containing or lacking Vpx (or media alone) 

were added in a final volume of 250 µL to one well each at the following time points: 

0, 2, 4, 6, 8, 10, 12, 24 and 48 hours post-infection with HIV-GFP. The dilution of 

SIV-VLP used was the minimum dilution required to completely degrade NLS-GFP-

SAMHD1(600-626) in a Degron assay as previously described (Schwefel et al., 

2014). Cells were harvested at 96 hours post-initial infection and analysed for GFP 

expression by flow cytometry using the BDVERSE software package.   

 Nevirapine assay 

U937 cells were differentiated at 0.5x105 cells per well of a 12 well plate using 100 

nM PMA and after three days treated with RPMI media with or without Nevirapine at 

a final concentration of 5 µM. Cells were then infected with HIV-GFP. Nevirapine was 

subsequently removed by washing the cells with fresh media at time-points between 

0-48 hours. Cells were harvested at 96 hours post-infection and analysed for HIV-

GFP expression by flow cytometry (BDVERSE).   
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  Cellular dNTP measurement 

Batches of 4x106 differentiated parental and SAMHD1 transduced U937 cells were 

used to extract dNTPs. Cells were pelleted at 1600 rpm and 4 °C for 5 minutes and 

re-suspended in 400 µL ice-cold 50 % acetonitrile. The suspension was agitated at 

4°C for 15 minutes and the insoluble debris removed by centrifugation at 15,000x g 

at 4°C for 20 minutes. The supernatant was transferred to a fresh Eppendorf on ice 

prior to being diluted with 400 µL of ice-cold HPLC water. The extract containing the 

dNTPs was then lyophilised overnight and stored at -80°C. The dNTP levels were 

quantified by radiolabel incorporation assays performed using oligonucleotide 

templates detailed in Table 2.7, based on previously published primers (Sherman 

and Fyfe, 1989, Ferraro et al., 2010). Duplex extension templates were prepared by 

mixing equimolar amounts of common and bottom primers at a final concentration of 

6.25 µM in TEN buffer (10mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0 and 50mM NaCl) 

and heated to 95 °C for 5 minutes, before being allowed to cool to room temperature. 

Standard curve reactions contained a range of 0 to 8 pmoles of each dNTP, a 2.5 

µM mixture of unlabelled and α-32P-labelled dGTP or TTP, 0.25 µM duplex extension 

template, 1x Taq reaction buffer, 6 mM DTT and 3 mM MgSO4
2-. Reactions were 

initiated by the addition of 1 U Taq polymerase and incubated at 37°C for 45 minutes 

prior to being spotted onto filter disks of DE81 ion exchange paper (Whatman) and 

dried. The filter disks were washed twice with 5% NaHPO4 pH 9.0, rinsed with 

distilled water and ethanol and then air-dried. The incorporated radiolabel was 

measured in counts per minute (CPM) using a Tri-Carb 2810TR scintillation counter 

(Perkin Elmer). For quantification of cellular dNTPs, dried pellets were resuspended 

in 10mM Tris-HCl pH 7.8 at the equivalent of 1x105 cells per µl for cycling and 

differentiated cells. A volume of extract representing either 5 x 104 cycling cells or 

2.5 x 105 differentiated cells is then used in place of the standard dNTP in the duplex 

extension reaction. The amount of label incorporation in extract reactions is then 

compared to the standard curve to quantify the amount of each dNTP in the extract. 

A schematic of the protocol is shown in Figure 2.2. 
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Table 2.7: Primers used to produce the duplex extension templates for SAMHD1 dNTP 

incorporation assays. 

 

 

 

Figure 2.2: Measurement of cellular dNTPs. 

(A) Duplex extension template used to incorporate dNTPs. The example displayed is used to 

measures the limiting amount of dGTP using TTP incorporation as a readout. (B) Components 

and conditions of a Duplex extension reaction. (C) Duplex extension templates are bound to DE81 

ion exchange paper, washed to remove free label, and the radiolabel incorporation determined 

by scintillation counting. (D) Example standard curve (dGTP). A curve is made for each of dATP, 

dCTP, dGTP and TTP and the amount of label incorporation results from cellular extracts 

compared to the standard curve to determine the amount of each dNTP in the extract. 
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 The timing of Vpx rescue in HIV-1 

infection discriminates between the anti-viral activities 

of SAMHD1. 

Two mechanisms of SAMHD1 mediated HIV-1 restriction have been reported. Firstly, 

SAMHD1 is hypothesised to restrict lentiviral infection through dNTP 

triphosphohydrolase activity that depletes the dNTP pool to a level that prevents 

productive reverse transcription (Goldstone et al., 2011). This hypothesis is 

strengthened by the observed reduction in cellular dNTP concentration upon 

increase of SAMHD1 concentration which is correlated by a decrease in permissivity 

to infection in a range of primary cells and cell lines (Lahouassa et al., 2012a, Kim et 

al., 2012, St Gelais et al., 2012). Furthermore, viral restriction can be reversed by the 

addition of exogenous dNTPs (Lahouassa et al., 2012a, Laguette et al., 2011, 

Hrecka et al., 2011, Reinhard et al., 2014).  

 

An alternative hypothesis that has been proposed is that SAMHD1 also has 

nuclease activity and that it is the nuclease activity of SAMHD1, and not the 

triphosphohydrolase activity that results in HIV-1 restriction (Ryoo et al., 2014a). 

This mechanism is suggested to mediate restriction through cleavage of the viral 

nucleic acid prior to integration (Ryoo et al., 2014a) and is supported by several 

but conflicting observations. Firstly, a demonstration that the SAMHD1 active site 

has metal dependent active site exonuclease activity and can cleave single stranded 

RNA, single stranded DNA and RNA within DNA/RNA duplexes (Beloglazova et al., 

2013a). Other reports include a SAMHD1 single stranded RNAse function (Ryoo et 

al., 2014a) that restricts HIV-1 through retrovirus specific RNAse activity prior to viral 

reverse transcription (Choi et al., 2015a) and an RNAse function that is independent 

of the SAMHD1 active site (Seamon et al., 2015b). In contrast to these findings, 

several other groups investigating SAMHD1 function failed to detect any SAMHD1 

nuclease activity (Goldstone et al., 2011, Powell et al., 2011a, Goncalves et al., 

2012). 

 

As significant controversy remains regarding SAMHD1 nuclease activity and its 

effects on restriction, a series of novel cellular and in vitro experiments were 
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performed to resolve the ambiguity in the field. The results presented within this 

chapter address the question of “which activities of SAMHD1 are required for HIV-1 

restriction?”  

 Vpx Rescue Assay 

Vpx is an HIV-2 encoded accessory protein that targets SAMHD1 for degradation 

through targeting it to the proteasomal machinery by association with the Cul4 E3 

ubiquitin ligase (see Introduction Section 1.4.2). It was hypothesised that the 

capability to remove SAMHD1 by introduction of Vpx into cells, at different intervals 

after HIV-1 infection, could be exploited in a cell-based “Vpx rescue assay”. This 

could be used to determine the time frame over which Vpx addition could rescue 

HIV-1 permissivity and distinguish which SAMHD1 activity was responsible for 

HIV-1 restriction. The premise being that if Vpx was able to rescue HIV-1 infection 

by inducing SAMHD1 degradation after being introduced at a long time interval 

post infection, then the viral genome must still be intact and therefore not degraded 

by any SAMHD1 nuclease activity. A schematic description of the assay using 

SAMHD1 expressing U937 cells and GFP labelled virus-like-particles (VLPs) as 

reporters of HIV-1 infection is shown in Figure 3.1. The basis of the assay is that 

in the absence of Vpx, SAMHD1 restricts viral infection through either a nuclease 

or a triphosphohydrolase activity and GFP+ cells are not observed. Conversely, if 

Vpx is introduced at early time points post infection or alongside the VLPs, 

SAMHD1 is degraded prior to any restriction mechanism occurring, infection 

proceeds and GFP+ cells are observed. However, if Vpx is introduced at late time 

points post-infection it will distinguish between activities because if nuclease 

activity mediates restriction and the viral genome is degraded then the Vpx 

addition will not rescue viral infectivity and few or no GFP+ cells will be observed. 

On the other hand, if the triphosphohydrolase activity of SAMHD1 were to mediate 

restriction, then degradation of SAMHD1 would allow dNTP pool levels to rise and 

allow a stalled infection to proceed, resulting in the GFP+ population of cells 

persisting at late time points.  
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Figure 3.1: An overview of the Vpx rescue assay 

The ability of Vpx to rescue viral infection, dependent on the different proposed mechanisms of 

HIV-1 restriction by SAMHD1. The circles represent U937 cells that express SAMHD1. Cells are 

infected with GFP labelled virus-like particles and Vpx added at different time points (early or 

late). If no Vpx was added, then SAMHD1 could mediate viral restriction. If Vpx was introduced 

at early time post infection, or in conjunction with infection, then it was predicted that infection 

could be rescued prior to any SAMHD1 restriction mechanism occurring. Finally, if Vpx were to 

be added at very late time points post infection, then if triphosphohydrolase activity were 

responsible for restriction, a rescue of infection would be expected upon SAMHD1 degradation. 

However, if the viral genome were degraded by nuclease activity, then no rescue of infection 

would be expected and viral infection restricted. 
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In the experiment, differentiated U937 cells which stably expressed either full 

length SAMHD1, or a SAMHD1 truncation mutant, SAMHD1(1-583) which cannot 

restrict viral infection, were infected with VLPs. Subsequently, SIV-VLPs that 

either contained or were deficient of Vpx were introduced at different time points 

and the levels of infection were measured 48 hours after the last Vpx addition to 

allow viral infection to progress. Infection was determined using flow-cytometry to 

measure the percentage of GFP+ infected cells. U937 cells which did not express 

SAMHD1 were used as a negative control in addition to U937 cells that expressed 

a C-terminally truncated form of SAMHD1(1-583) which cannot form stable active 

tetramers, and does not restrict viral infection. Figure 3.2 shows the ratio between 

levels of infection with and without the introduction of Vpx in the three different cell 

lines. In U937 cells expressing either no SAMHD1 or restriction-deficient SAMHD1, 

the ratio of infection with and without Vpx remains at 1 between 0 and 48 hours. 

There is no difference in levels of infection with and without the addition of Vpx, 

which indicates that any differences in infection levels are due to the presence of 

active SAMHD1. In SAMHD1 expressing U937 cells, an increase in the levels of 

infection is observed up to 2.5-fold between 0-24 hours and approximately 1.5 fold 

as late as 23-48 hours. These data suggest that in order for Vpx to recover the 

stalled HIV-1 infection, an intact HIV genome must still be present at these long 

delay intervals post infection and is therefore not degraded by SAMHD1 nuclease 

activity. This supports the concept that SAMHD1-suppression of the dNTP pool 

via dNTP triphosphohydrolase activity, rather SAMHD1-mediated degradation of 

the HIV-1 genome, mediates restriction. 
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Figure 3.2: Vpx Rescue Assay. 

Vpx was introduced either co-incident with an HIV-1 reporter virus or at intervals up to 48-hours 

post-introduction of the reporter virus. The infection is measured as the ratio of cells expressing 

GFP relative to control cells untreated with Vpx. Cells that contain functional SAMHD1 (Blue line) 

show an enhancement in HIV-1 infection when Vpx is included initially and at later time points up 

to 24 hours. Parental U937 cells (red line) or those containing the restriction incompetent 

SAMHD1(1-583) mutant (green line) show no Vpx enhancement of HIV-1 infection, regardless of 

the time of addition. Error bars represent that range of at least four independent measurements. 
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 Nevirapine washout assay 

Although, Vpx was able to rescue stalled infections in SAMHD1 expressing cells 

at up to 24-hour post infection time points over time it is apparent that there is a 

decrease in this ability. Therefore, to rule out any late acting SAMHD1 nuclease 

activity, the replication competency of viral particles in a stalled infection was 

investigated using a Nevirapine washout assay (Figure 3.3). Here, parental U937 

cells were infected with HIV virus-like particles and treated with the reverse 

transcriptase inhibitor Nevirapine (Sheran, 2005) to prevent infection from 

progressing. Nevirapine was subsequently removed at successive time points and 

infection measured 48 hours following the last Nevirapine removal. In this assay, 

the capacity of stranded particles to re-initiate a productive infection was reduced 

by around 90% after 36 hours of Nevirapine incubation, which closely mirrors the 

reduction in rescue ability of Vpx within the Vpx rescue assay. These observations 

support the notion that the decrease in the ability of Vpx to rescue infection at long 

time intervals post infection is due to the SAMHD1 independent, gradual loss of 

the infectious capacity of HIV particles and not an effect of a late acting SAMHD1 

nuclease activity. 
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Figure 3.3: Investigating the replication competency of HIV-1 virus-like particles. 

HIV-1 reporter virus was introduced into parental U937 cells (no SAMHD1) pre-incubated with 

the reverse transcriptase inhibitor Nevirapine and infection measured after subsequent washout-

removal of the drug after increasing time intervals by detecting GFP+ cells using flow cytometry. 

Productive infection by HIV-1 is observed at up to a 24-hour washout delay time (blue line). After 

this, the proportion of GFP+ cells fall to the level observed in the background no HIV-1 control 

(red line). Error bars represent the range of at least three independent measurements. 
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 SAMHD1 in vitro activities 

Whilst the Vpx rescue assay demonstrates that SAMHD1 nuclease activity is not 

required for HIV-1 restriction, it does not rule out the possibility that SAMHD1 has 

nuclease activity in addition to dNTP triphosphohydrolase activity. Therefore, to 

compare SAMHD1 triphosphohydrolase and nuclease activities, in vitro nuclease 

assays employing a variety of substrate nucleic acids were performed together 

with dNTP triphosphohydrolase assays.  

 

3.3.1 Protein Production 

To obtain pure protein for enzymatic assays, full length SAMHD1 (1-626), SAMHD1 

lacking the SAM domain (109-626) and SAMHD1 mutants were cloned into an E. 

coli pET52b expression vector to produce a fusion protein with an N-terminal Strep 

II-tag and HRV-3C cleavage site (LEVLFQGP). Proteins were expressed in Rosetta 

(DE3) competent cells and purified using Strep-Tactin affinity chromatography and 

size exclusion chromatography (SEC) (Figure 3.4). In some cases, wild-type 

SAMHD1 was purified with an additional anion-exchange step to remove impurities. 

All proteins were well expressed and soluble and produced a final yield on average 

of approximately 5 mg of protein per litre of culture. Strep II tagged SAMHD1 bound 

well to the affinity column, with minimal protein loss during wash steps and was 

successfully eluted from the column by 3C proteolytic cleavage. The SEC elution 

profile from the final Superdex 200 (26/60) column of wild-type SAMHD1 showed a 

peak containing SAMHD1 with a retention volume of around 220 mL from a Superdex 

200 (26/60). A smaller peak, which eluted at ~180 ml, just prior to the main SAMHD1 

containing peak, was analysed by SDS-PAGE and found to contain SAMHD1. This 

peak may be due to SAMHD1 forming higher order oligomers or SAMHD1 binding 

to other proteins or possibly nucleic acids. 
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Figure 3.4: SAMHD1 protein production.  

(A) SDS-PAGE of samples from successive stages of SAMHD1 purification by Strep-Tactin 

affinity chromatography. (B) Chromatogram from SAMHD1 purification by gel filtration 

chromatography. SAMHD1 eluted at a retention volume of ~220 mL. A smaller peak marked with 

*, which eluted ~180 mL also contained SAMHD1. (C) SDS PAGE analysis of gel filtration 

fractions. 
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3.3.2 Nuclease Activity 

It has been reported that SAMHD1 has exonuclease activity against single stranded 

DNA (ssDNA) and single-stranded RNA (ssRNA) substrates as well as RNA in blunt-

ended RNA-DNA hetero-duplexes (Choi et al., 2015a, Ryoo et al., 2014a, 

Beloglazova et al., 2013a). Therefore, a panel of 32P-labelled nucleic acid substrates 

(Supplementary Table 8.1) was assessed for SAMHD1 nuclease activity using urea 

denaturing gel electrophoresis and autoradiography. All previous reports of nuclease 

activity propose that dGTP or GTP are not required as co-factors for nuclease activity, 

and in contrast are inhibitory (Beloglazova et al., 2013a, Ryoo et al., 2014a). 

Therefore, nucleotides were not included in nuclease assay reactions. Hetero-

duplexes with either the RNA or the DNA strand radiolabelled were included to detect 

DNA or RNA hydrolysis within a double stranded hybrid context. In addition, long 

non-viral single stranded RNA (93 bases) and single stranded DNA (98 bases) were 

tested as substrates for nuclease activity. These substrates contain all dinucleotides 

that may be a nuclease target, therefore were predicted to give insight into any 

specific SAMHD1 target sequence. These experiments revealed that SAMHD1 

showed no nuclease activity against single stranded DNA, double stranded DNA, 

double stranded RNA (Figure 3.5), DNA or RNA in RNA:DNA hetero-duplexes 

(Figure 3.6) and long single stranded DNA (Figure 3.7A) substrates. However, some 

hydrolysis of single stranded RNA substrates was apparent (Figure 3.7B & Figure 

3.8).  

 

To measure nuclease activity, the band intensities of the labelled nucleic acids were 

recorded using a phosphorimager and the image analysis software ImageQuant (GE 

Healthcare), was used to determine the reduction in substrate band intensity over 

time. Intensities were normalised to the total substrate amount within the reaction to 

calculate a rate of hydrolysis over time. To obtain a value for kcat, the measured rate 

in nM.s-1 was divided by the nM concentration of substrate in the reaction, as this 

assay was performed under single turnover conditions. Apparent kcat values for 

single stranded RNA-93mer and single stranded RNA-24mer were calculated as 

8x10-5 s-1 and 1.67x10-5 s-1 respectively (Supplementary Figure 8.1 & Supplementary 

Table 8.2). 
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Figure 3.5: Autoradiograph of in vitro RNAse assays, ssDNA, dsDNA, dsRNA.  

(A) ssDNA, (B) dsDNA and (C) dsRNA (all 24 bases/bp) at 0.5 µM were incubated with 30 µM 

SAMHD1. Samples were removed at the indicated time intervals and visualised by separation on 

urea denaturing gel electrophoresis and autoradiography. No obvious nuclease activity was 

observed with these substrates when compared with the no protein control (NPC). 
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Figure 3.6: Autoradiograph of in vitro nuclease assays with hetero-duplexes. 

(A) *RNA:DNA and (B) RNA:*DNA heteroduplexes (24bp) at 0.5 µM were incubated with 30 µM 

SAMHD1. Samples were removed at the indicated time intervals and visualised by separation on 

urea denaturing gel electrophoresis and autoradiography. The asterisk indicates which strand of 

nucleic acid was radiolabelled. No obvious nuclease activity was observed with these substrates 

when compared with the no protein control (NPC). 
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Figure 3.7: Autoradiograph of in vitro nuclease assays with long, non-viral nucleic acid 

substrates.  

(A) ssDNA (98 bases in length) and (B) ssRNA (93 bases in length) at 0.5 µM were incubated 

with 30 µM SAMHD1. Samples were removed at the indicated time intervals and visualised by 

separation on urea denaturing gel electrophoresis and autoradiography. The red bracket 

indicates faster migrating species resulting from RNAse activity with the ssRNA substrate. 



Chapter 3 Results 

 

94 

 

 

Figure 3.8: Autoradiograph of in vitro nuclease assay with ssRNA substrate. 

ssRNA (24 bases in length) at 0.5 µM was incubated with 30 µM SAMHD1. Samples were 

removed at the indicated time intervals and visualised by separation on urea denaturing gel 

electrophoresis and autoradiography. The red arrows indicate faster migrating species resulting 

from RNAse activity against the ssRNA substrate. 
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Based on the rates of hydrolysis and known substrate quantities, the time taken to 

fully hydrolyse the single stranded RNA-93mer and single stranded RNA-24mer 

substrates was calculated at approximately 3.5 and 16 hours respectively. Whilst 

RNAse activity was observed, the very slow calculated rates and the fact that no 

substrate was fully hydrolysed within the 90-minute experimental time-frame, 

suggested that the observed single stranded RNA nuclease activity might be due to 

a contaminating activity rather than an a SAMHD1 nucleic acid hydrolysis activity. 

To probe this possibility further, nuclease assays were performed after increasing 

stringency of SAMHD1 purification. These data showed that with the inclusion of an 

additional ion-exchange procedure in the SAMHD1 purification, RNAse activity could 

be removed entirely from SAMHD1 preparations (Figure 3.9). As a result, it was 

concluded that the nuclease activity observed in this study and by previous groups 

is most likely to be the activity of a contaminant that consistently co-purifies with 

SAMHD1. Experiments that tested nuclease activity dependency on SAMHD1 

concentration also revealed a minimal increase in nuclease activity upon a 300-fold 

increase in protein concentration (Supplementary Figure 8.2) further supporting the 

notion that the observed nuclease activity is SAMHD1 independent. 

 

Interestingly, Ryoo et al. base their conclusions on two SAMHD1 mutants, D137N, 

which is proposed to have nuclease activity and Q548A that does not have nuclease 

activity. To test these claims, these mutants were also produced and purified using 

Strep-Tactin affinity and size exclusion chromatography and tested for nuclease 

activity (Supplementary Figure 8.3). Notably, faster migrating single stranded RNA 

species are present in assays with both mutants indicating there is significant 

nuclease activity present. However, it is hypothesised that this nuclease activity is 

more apparent as mutant SAMHD1 protein purification yields were considerably 

lower than wild type SAMHD1 so the ratio of contaminants in the concentrated 

purified SAMHD1 mutants would be higher and therefore more contaminating 

nuclease introduced within these assays. Ideally, these mutants would have been 

tested for nuclease activity after an additional ion exchange purification step however, 

due to low mutant protein yields, this was not achievable.  
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In a further study it was proposed that SAMHD1 is a single stranded RNA 

phosphorolytic ribonuclease that uses phosphate rather than water as a nucleophile 

in the hydrolysis reaction (Ryoo et al., 2016c). Therefore, to address this possibility, 

nuclease assays were also performed including phosphate. These data (Figure 3.10) 

show that addition of 20mM phosphate to single step Strep-Tactin affinity purified 

SAMHD1 did activate a nuclease activity. However, with additional purification steps 

using affinity, ion exchange and gel filtration chromatography, RNAse activity was 

again removed. This leads to the conclusion that any phosphorolytic ribonuclease 

activity was also likely to be due to a contaminant.  
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Figure 3.9: Nuclease activity with more stringent purification of SAMHD1. 

Urea denaturing gel electrophoresis analysis of time courses of SAMHD1 incubation with a 24mer 

ssRNA substrate. Assays were performed with SAMHD1 after the successive phases of protein 

purification indicated (Affinity, Strep-Tactin agarose; SEC, Superdex 200; IEX, Mono-Q). ssRNA 

(24 bases in length) at 0.5 µM was incubated with 30 µM SAMHD1 for each time course. The 

length of each oligonucleotide in the size marker ladder is indicated, (M18) 18mer size marker, 

(0 to 90) time of incubation with SAMHD1, (NPC) no protein control. Faster migrating species are 

absent in the assay using SAMHD1 purified with the additional Mono-Q ion-exchange step 

showing that RNAse activity can be entirely separated from purified SAMHD1. 
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Figure 3.10: Phospho-stimulation of nuclease activity. 

Urea denaturing gel electrophoresis analysis of time courses of SAMHD1 incubation with a 24mer 

ssRNA substrate and addition of 20 mM sodium phosphate after affinity purification (Left) or 

affinity, SEC and IEX purification (Right). The length of each oligonucleotide in the size marker 

ladder is indicated, (M18), 18mer oligonucleotide size marker, (0 to 90) time of incubation with 

SAMHD1, (NPC) no protein control. Faster migrating species are present in affinity-SEC-IEX 

purified SAMHD1 indicating stimulation of nuclease activity by phosphate. Faster migrating 

species are absent in the assay using SAMHD1 purified with the additional Mono-Q ion-exchange 

purification showing that phosphorolytic RNAse activity can be separated from SAMHD1. 
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3.3.3 Triphosphohydrolase Activity 

3.3.3.1 Fluorescence based-coupled enzyme assay 

To measure SAMHD1 triphosphohydrolase activity for both in vitro enzymological 

studies and comparison with nuclease activity, two assays were developed. Firstly, 

a fluorescence based-coupled enzyme assay, which allows for quantitative real-time 

measurement of dNTP hydrolysis (Arnold et al., 2015d), and secondly, a 1D 1H NMR 

assay which allows for the measurement of hydrolysis of all dNTPs within a mixed 

dNTP reaction. Using the fluorescence based coupled-enzyme assay the hydrolysis 

of each dNTP can be measured in separate reactions. A schematic of the coupled 

assay is shown in Figure 3.11. In the first stage of the reaction, SAMHD1 hydrolyses 

a dNTP into its constitutive nucleoside and triphosphate. Subsequently, Ppx1 a 

highly processive Saccharomyces cerevisiae exopolyphosphatase rapidly 

hydrolyses the triphosphate product to pyro- and monophosphate. Finally, the 

fluorescent phosphate biosensor N-(2-[1-maleimidyl]ethyl)-7-(diethylamino) 

coumarin-3-carboxamide (MDCC) phosphate-binding protein (PBP) binds the free 

monophosphate, resulting in a large fluorescence increase and so reports indirectly 

on SAMHD1 activity. In a typical assay, GTP was used as the AL1 allosteric activator 

as it is not hydrolysed by SAMHD1 and TTP, which gives the lowest phosphate 

background signal, was used as both the AL2 allosteric activator and substrate.  

 

For all fluorescence based triphosphohydrolase experiments, initial or steady state 

rates were obtained from the linear phase of time courses of inorganic phosphate 

(Pi) formation. The mean rates from triplicate measurements are plotted against 

substrate concentration and the fitted using the Michaelis-Menten expression (1). 

The Michaelis constant, KM, is the dissociation constant for substrate binding, 

calculated from the substrate concentration required to reach half maximum velocity 

(Vmax), kcat is the enzyme turnover derived from Vmax and the total enzyme 

concentration (Vmax/E0) and the specificity constant kcat/KM is a measure of enzyme 

efficiency. 

(1) 𝑣 =  
𝑣𝑚𝑎𝑥 .[𝑆]

𝐾𝑀+ [𝑆]
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A Michaelis-Menten analysis of full length SAMHD1 GTP stimulated hydrolysis of 

TTP is shown in Figure 3.12 and gives an apparent kcat of 0.6 s-1, KM of 100 µM and 

specificity constant of 5.9 s-1 mM-1 

 

 

Figure 3.11. SAMHD1 Triphosphohydrolase activity: fluorescence based coupled-enzyme 

assay. 

(A) In the first stage of the reaction, SAMHD1 cleaves dNTP substrates into their constitutive 

triphosphate and nucleoside. (B) A second enzyme, Ppx1, an exopolyphosphatase from 

Saccharomyces cerevisiae, subsequently cleaves the triphosphate into a monophosphate and 

pyrophosphate. (C) Released phosphate binds to fluorescent phosphate biosensor (MDCC-PBP) 

resulting in an increase in fluorescence. The fluorescence change is directly related to the amount 

of free phosphate within the reaction, and thus the catalytic triphosphohydrolase activity of 

SAMHD1.  
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Figure 3.12: Steady-state rate SAMHD1 triphosphohydrolase activity. 

Steady state kinetic analysis of GTP stimulated hydrolysis of TTP by wild type SAMHD1. Solid 

lines show the best fit to the data using the Michaelis-Menten equation. Error bars represent the 

SEM of three independent measurements. Graphs were produced using Graph Pad-Prism. Inset: 

Table of the kinetic parameters related to SAMHD1. Using a steady-state Michaelis-Menten 

model kinetic parameters were derived by fitting the dependency of the enzymatic rate on 

substrate concentration.  
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3.3.3.2 1D Proton NMR Triphosphohydrolase Assay 

The fluorescence based coupled-enzyme assay only enables the measurement of 

hydrolysis of one dNTP substrate at a time. However, all four dNTPs are present 

within the cell. Therefore, to create an assay more in line with biological conditions, 

1D 1H NMR was employed to measure the hydrolysis of all four substrates 

simultaneously. Unlike the coupled-enzyme assay, it was not possible to carry out 

measurements with very low substrate concentrations and thus the KM of SAMHD1 

was not determined using this technique. Nevertheless, in this assay it is possible to 

simultaneously record the NMR spectrum of GTP, each substrate dNTP, and in the 

presence of SAMHD1, the spectra of the nucleoside products (Figure 3.13). This 

allows rates to be determined for both the decrease of substrate and the 

accumulation of products. 

 

The area under substrate and product peaks were measured by integration at each 

time point and the hydrolysis rate for substrate and rate of formation of product 

determined from the first linear part of the reaction (Figure 3.14A & 3.14B).  

 

Assays were conducted with high saturating quantities of substrate (> 1 mM) to give 

apparent kcat values (Figure 3.14C & 3.14D). Using this approach, the sum total kcat 

(0.8 sec-1) for the GTP-stimulated hydrolysis of an equimolar mixture (1 mM each) of 

dNTPs, was also determined. These data also provide the rank order of dNTP 

hydrolysis preference of dGTP > dCTP > TTP > dATP that have individual kcat values 

of 0.3, 0.25, 0.15 and 0.1 sec-1 respectively (Figure 3.14C) in this mixed reaction. 

This is in contrast with the hydrolysis rates of individual dNTPs that have the rank 

order TTP > dATP > dGTP > dCTP with kcat values of 1.0, 0.8, 0.5 and 0.4 sec-1 

respectively (Figure 3.14D).  
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Figure 3.13: Measurement of SAMHD1 dNTP hydrolysis by 1D proton NMR. 

The downfield (nucleobase) region of the 1D 1H NMR spectrum of an equimolar mixture of dATP, 

dCTP, dGTP and TTP (1 mM) and GTP (200 µM) recorded prior to introduction of SAMHD1 

(upper) and after 5 minutes (centre) and 30 minutes incubation (lower). The non-labile base 

protons employed in kinetic measurements are indicated in the schematic structures above and 

assigned in the spectra. In the lower spectrum, the assignments correspond to the equivalent 

resonances from the deoxynucleoside product 
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Figure 3.14: dNTP Triphosphohydrolase activity of SAMHD1. 

(A) NMR Data recorded from a SAMHD1 hydrolysis reaction containing an equimolar mixture of 

1 mM dATP, dCTP, dGTP and TTP and 200 µM GTP activator. In each panel, the integral of the 

substrate and product peak resonances from each deoxynucleoside is plotted against time. Initial 

rates of hydrolysis were determined from slopes (red lines) derived from the data measured in 

the first 5 -10 % of the reaction. (B) NMR Data recorded from a SAMHD1 hydrolysis reactions 

containing 1mM individual deoxynucleotides dATP, dCTP, dGTP or TTP and 200 µM GTP 

activator. Initial rates of hydrolysis were determined as in A. (C) Bar chart showing the derived 

kcat values for SAMHD1 hydrolysis of each dNTP measured in a combined 4-dNTP GTP 

stimulated reaction. Addition of individual kcat values gives a sum total kcat (0.8 sec-1) for hydrolysis 

the entire mixture. (D) Bar chart showing the derived kcat values for SAMHD1 hydrolysis of each 

dNTP measured in individual GTP stimulated dNTP reactions. 
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3.3.4 SAMHD1 oligomerisation 

The differences in the rank order of dNTP hydrolysis rates between combined and 

individual reactions in 1H NMR experiments gives an insight into the active site 

specificity of SAMHD1. It was hypothesised that these differences likely stem from 

the ratio of the intrinsic affinity that a particular dNTP has for the AL2 allosteric site 

and for active site. The capacity of a dNTP to induce SAMHD1 tetramerisation can 

be used to qualitatively assess the affinity of a dNTP for the AL2 site. Therefore, size 

exclusion chromatography coupled to multi-angle laser light scattering (SEC-

MALLS) was used to test the ability of each dNTP to promote SAMHD1 

tetramerisation in the presence of GTP (Figure 3.15). These data show that dATP 

promotes tetramerisation to the greatest extent followed by dGTP, TTP with the least 

tetramerisation induced by dCTP. Previous studies have also suggested that dATP 

displays the greatest affinity for AL2 binding and dCTP the weakest (Ji et al., 2014b, 

Ji et al., 2013b, Arnold et al., 2015a). Notably, dATP is the poorest substrate in the 

presence of other dNTPs (Figure 3.14C) and dCTP, that displays the lowest affinity 

for AL2 (Figure 3.15), is hydrolysed much faster in the presence of the other dNTPs 

than it is in an individual reaction (Figure 3.14C & Figure 3.14D). Therefore, these 

observations support the notion that in the cellular context of a mixed dNTP reaction 

even though all dNTPs can bind in AL2 and activate SAMHD1, high affinity binding 

of dATP in AL2 can promote the catalytic turnover of other dNTPs that have a weaker 

affinity for AL2 but higher affinity for the active site.  
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Figure 3.15: The capacity of each dNTP to promote SAMHD1 tetramerisation. 

Multi-angle laser light scattering (MALLS) was used to determine the extent to which each dNTP 

drives SAMHD1 tetramer formation. 30 µM SAMHD1 was incubated with 200 µM GTP as an AL1 

activator and 500 µM each dNTP for 5 minutes prior to application to the SEC column. The left 

axis displays molar mass (kDa). The solid lines are the chromatogram output from the differential 

refractometer. The points are the weight-averaged molar masses determined at 1 second 

intervals for material eluting in each peak. The molar masses of peaks eluting with a retention 

time of 11 minutes correspond to tetrameric SAMHD1 (~ 280 kDa). Those that elute with a 

retention time of 14 minutes are monomeric SAMHD1 (around 72 kDa). The shoulder peaks that 

are present in the dCTP and TTP profiles at 12-13 minutes result from a SAMHD1 in a monomer-

dimer equilibrium. 
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 Conclusions 

Based on the results of the Vpx rescue experiments it is clear that a SAMHD1 

nuclease activity is unlikely to mediate HIV-1 restriction. HIV-1 infection could be 

rescued as late as 24-48 hours post infection and so the experiment strongly 

supports that notion that Vpx mediated degradation of SAMHD1 allows cellular dNTP 

levels to rise and for infection to progress. In these experiments, there was a 

reduction in the ability of Vpx to rescue HIV-1 infection at longer time intervals (< 24 

hours post infection). However, the Nevirapine wash out assays that mirrored this 

reduction, revealed that this is due to a SAMHD1 independent decrease in the 

replication competency of the viral particle and not a late acting SAMHD1 nuclease 

activity. 

 

The Vpx rescue assay assumes that the viral nucleic acid is exposed to any putative 

nuclease activity for sufficient lengths of time for degradation to take place. Several 

longitudinal studies have investigated the time-frames for completion of reverse 

transcription and for double stranded viral DNA to be integrated into the nucleus 

(Vandegraaff et al., 2001, Mohammadi et al., 2013) and for viral uncoating – during 

which viral RNA may be exposed (Chen et al., 2014, Cosnefroy et al., 2016, Hulme 

et al., 2011). The studies employed a combination of qRT-PCR and qPCR methods 

to measure early RT products, late RT products, 2-LTR circles (a marker of 

integration) and fully integrated viral DNA and give half peak times post infection for 

each replication intermediate of 8 hours, 10 hours, 14 hours and 17 hours 

respectively. The experiments that detect viral uncoating and exposure of the viral 

genome include a fate of capsid assay and cyclophilin wash out experiments that 

detect the amount of assembled and free CA in the cell. These data report that 

uncoating starts at 2-3 hours post infection and is concluded at 4 to 5 hours post 

infection. Therefore, given, the time-frame of the Vpx rescue assay is up to 48 hours 

and so encompasses all of reverse transcription, uncoating and integration events 

and that nuclease enzymes are likely have activities within the order of 1 s-1, it is 

highly likely that any nuclease activity targeting viral nucleic acid would be observed 

in the duration of this experiment. 
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These initial cellular experiments that support a triphosphohydrolase activity rather 

than a nuclease activity being responsible for HIV-1 restriction did not rule out that 

SAMHD1 might have nuclease activity. Therefore, in vitro experiments measuring 

nucleic acid degradation were undertaken. These experiments revealed that 

SAMHD1 preparations did have a weak single stranded RNA nuclease activity but 

did not hydrolyse DNA substrates or any double-stranded nucleic acids including 

heteroduplexes. A comparative analysis of SAMHD1 single stranded RNA nuclease 

activity and triphosphohydrolase activity was undertaken and this showed that 

SAMHD1 has a >35,000-fold increased dNTP triphosphohydrolase activity over any 

apparent nuclease activity.  

 

To investigate this comparatively weak activity, further nuclease assays were 

performed with increasing stringency of SAMHD1 purification. It was found that with 

the inclusion of an additional ion-exchange procedure, RNAse activity could be 

entirely removed from SAMHD1 preparations. It has also been proposed that 

SAMHD1 is a phosphorolytic ribonuclease (Ryoo et al., 2014a). Therefore, to test 

this idea nuclease assays that included phosphate were also conducted. These 

experiments did show addition of phosphate to single step Strep-Tactin affinity 

purified SAMHD1 could activate RNAse activity. However, upon the addition of size 

exclusion chromatography and ion exchange purification steps, RNAse activity was 

again entirely abolished from SAMHD1. 

 

Measurement of SAMHD1 triphosphohydrolase activity using a multi-substrate 1D 

1H NMR assay allowed the evaluation of individual kcat for each dNTP within a 4-

dNTP mixture. Furthermore, it revealed an active site deoxynucleotide preference 

and rank order for nucleotide hydrolysis. This rank order was anticorrelated with the 

capacity of each dNTP to form stable active tetramers through AL2 binding. These 

results demonstrate a clear link between preference of nucleotide binding in AL2, 

SAMHD1 oligomerisation and dNTP hydrolysis. 

 

Overall, these results lead to the conclusion that any ribonuclease activity observed 

within this study or by previous groups is likely a contaminant that co-purifies with 

SAMHD1. As the previous conclusions regarding SAMHD1 nuclease activity and 

restriction were based on two SAMHD1 mutants (D137N and Q548A), these mutants 
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have also been characterised, the results of which are presented in Chapter 5. Finally, 

based on these results it is concluded that SAMHD1 restriction of HIV-1 activity is 

most likely due to dNTP triphosphohydrolase activity and not a nuclease activity. 
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 SAMHD1 Nucleic Acid Binding 

Previous studies have demonstrated that SAMHD1 is a nucleic acid binding protein 

and this activity has been linked to HIV-1 restriction (Goncalves et al., 2012, White 

et al., 2013a, White et al., 2013b, Seamon et al., 2015b, Tungler et al., 2013, Choi 

et al., 2015a, Ryoo et al., 2014a). However, these studies have produced varying 

results regarding the types of nucleic acids SAMHD1 can bind and how SAMHD1 

oligomerisation affects this activity.  

 

Beloglazova et al. presented data demonstrating that SAMHD1 is a DNA and RNA 

binding protein, which specifically binds to nucleic acids with stem loops or complex 

secondary structures. The affinity for nucleic acids was higher for the SAM domain 

with weaker binding to the HD domain (Beloglazova et al., 2013a). Similarly, both 

Goncalves et al. and Seamon et al. show that SAMHD1 binds nucleic acids with a 

preference for single stranded RNA oligonucleotides (ssRNA) and that the binding 

affinity is proportional to nucleic acid length up to 60 nucleotides (Goncalves et al., 

2012, Seamon et al., 2015b, White et al., 2013a).  

 

In contrast to Beloglazova et al., it was demonstrated by Tungler et al. that in a non-

specific manner, the HD and not the SAM domain can bind nucleic acids. Using 

fluorescence cross correlation spectroscopy, they were able to visualise SAMHD1 

nucleic acid binding in cells and presented data demonstrating that SAMHD1 

monomers can bind to and localise on both single stranded RNA (ssRNA) and single 

stranded DNA (ssDNA) (Tungler et al., 2013).  

 

Counter to these previous findings Ryoo et al. presented data, which demonstrated 

that SAM could only bind ssRNA. However, both Ryoo et al. and Tungler et al. agree 

that the addition of dGTP inhibits all nucleic acid binding activities of SAMHD1, which 

they propose indicates that SAMHD1 can only bind nucleic acids in its monomeric 

form. 

 

Further insights were gained from competition studies by Seamon et al., which 

revealed that both single stranded DNA (ssDNA) and ssRNA bind to the same site 

of SAMHD1 and that ssRNA binding induced distinct oligomeric states of SAMHD1.  
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More recently, Seamon et al. demonstrated that single-stranded nucleic acids bound 

to the tetramer interface of SAMHD1 and prevented the formation of the catalytic 

tetramer. They proposed that this nucleic acid binding prevents tetramerisation, the 

SAM domain has no contribution to binding and that tetrameric SAMHD1 cannot bind 

nucleic acids. Overall, Seamon et al. proposed a model in which SAMHD1 activities 

lead to retroviral restriction through a switch between a monomeric ssRNA binding 

form that can sequester viral nucleic acid and a tetrameric dNTP 

triphosphohydrolase. (Seamon et al., 2015b). They suggested an antagonistic 

regulatory mechanism in which the mutually exclusive oligomeric state requirements 

for nucleic acid binding and dNTP hydrolase activity modulate these two functions of 

SAMHD1 within the cell (Seamon et al., 2016). 

 

It is clear that there are conflicting reports regarding SAMHD1 nucleic acid binding, 

particularly which substrates SAMHD1 can bind and the reciprocal effects of nucleic 

acid binding on SAMHD1 allosteric activation and oligomerisation. It is also unknown 

whether the previously observed nucleic acid binding activity of SAMHD1 has any 

biological relevance, although recent studies suggest that it may be linked to the 

activity of SAMHD1 in mediating double strand break repair, which has yet to be fully 

elucidated (Daddacha et al., 2017, Jauregui and Landau, 2018). Furthermore, it has 

been proposed that SAMHD1 nucleic acid binding activity may also mediate HIV-1 

restriction, although currently, there is little corroborating evidence to support this 

claim (Beloglazova et al., 2013a). 

 

Due to the lack of consensus within the field, a series of experiments were performed 

which were designed to gain further insights into SAMHD1 nucleic acid binding. 

Firstly, electrophoretic mobility shift assays (EMSAs) were employed to determine 

which substrates SAMHD1 is capable of binding. To analyse any impact that nucleic 

acids may have on SAMHD1 dNTP hydrolysis activity, fluorescence-based 

triphosphohydrolase assays were performed and finally MALLS was used to assess 

any impact of nucleic acid binding on SAMHD1 oligomerisation. 
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 SAMHD1 binding to nucleic acids. 

To investigate SAMHD1 nucleic acid binding, electrophoretic mobility shift assays 

were performed. A number of 32P radiolabelled nucleic acid substrates 

(Supplementary Table 8.3) were incubated with increasing concentrations of 

SAMHD1 in single reactions and subsequently analysed using a phosphorimager. 

These mobility shift assays were then assessed to determine the binding affinity of 

each substrate. To address the question of which domain is primarily responsible for 

nucleic acid binding, a radiolabelled 24 base DNA oligonucleotide was incubated 

with full length SAMHD1 and a truncated construct of SAMHD1(109-626) which does 

not contain the SAM domain (Figure 4.1).  

 

 

Figure 4.1: Nucleic acid binding of SAMHD1 domains. 

Non-denaturing PAGE analysis of full length SAMHD1 (left) and SAMHD1(109-626) (right) 

incubation with a 24 base ssDNA oligonucleotide. SAMHD1 at the indicated concentrations were 

incubated with a limiting concentration of nucleic acid (0.25nM) at 22ºC for 20 minutes prior to 

being loaded. Truncated SAMHD1(109-626) appears to bind to ssDNA with a higher affinity than 

full length SAMHD1, which indicates that the HD domain is responsible for nucleic acid binding. 
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It was frequently observed that at higher protein concentrations, the protein-DNA 

complex remained within the well. This indicates possible SAMHD1 oligomerisation, 

or binding of multiple SAMHD1 monomers to nucleic acid molecules, which would 

lead to a greater proportion of larger complexes at higher protein concentrations and 

thus a reduction in motility through the gel as the protein concentration increases.  

 

Regardless of this, clear binding of nucleic acids could be observed. There was no 

reduction in nucleic acid binding upon the removal of the SAM domain, which 

indicates that the SAM domain makes little or no contribution to nucleic acid binding. 

Moreover, SAMHD1(109-626) appears to bind to ssDNA with a higher affinity than 

full length SAMHD1(Figure 4.1) which indicates that nucleic acid binding occurs 

within the HD domain. The presence of the SAM domain reduces the apparent 

affinity for nucleic acids, suggesting that the SAM domain may compete for the 

oligonucleotide binding site or that it sterically hinders nucleic acid binding to the HD 

domain. The Kd of these nucleic acid interactions can be estimated from the 

concentration at which 50% of substrates are bound. With both full length and 

SAMHD1(109-626), less than 50% of substrate is bound at the highest protein 

concentration, therefore it is estimated that the Kd of these interactions is higher than 

5 µM. 

 

As truncated SAMHD1(109-626), which does not contain the SAM domain, displayed 

the highest binding affinity all subsequent binding assays were carried out with this 

construct. First, it was tested whether SAMHD1 had a preference for binding 

equivalent sequences of DNA or RNA. SAMHD1 was able to bind to both ssDNA 

and ssRNA, with a higher apparent affinity for ssRNA (Figure 4.2). The Kd for the 

SAMHD1-ssRNA complex is estimated to be between 1-2 µM whereas the ssDNA-

SAMHD1 complex had a Kd of > 5 μM. Using double stranded DNA, double stranded 

RNA and RNA/DNA heteroduplexes (Figure 4.3) it was determined that SAMHD1 

does not bind to double-stranded nucleic acids. 
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Figure 4.2: Does SAMHD1 have preference for DNA or RNA? 

Non-denaturing gel electrophoresis analysis of SAMHD1(109-626) with (A) 19mer ssDNA (PPT) 

(left) and 19mer ssRNA (PPT) (right) and (B) 19mer ssRNA (PPT) (left) and 24mer ssDNA (1-

24T) (right). SAMHD1 at the indicated concentrations were incubated with a limiting concentration 

of nucleic acid (0.25nM) at 22ºC for 20 minutes prior to being loaded. SAMHD1(109-626) binds 

to ssRNA with a higher affinity than ssDNA. PPT nucleic acid refers to sequences of the 

polypurine tract found in the HIV genome. 
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Figure 4.3: SAMHD1 double stranded nucleic acid binding. 

Non-denaturing gel electrophoresis analysis of SAMHD1(109-626) with (A) 24 bp double-

stranded DNA (left) and 24 bp double-stranded RNA (right) and (B) 32P labelled RNA in a DNA-

RNA heteroduplex, SAMHD1 at the indicated concentrations were incubated with a limiting 

concentration of nucleic acid (0.25nM) at 22ºC for 20 minutes prior to being loaded. 

SAMHD1(109-626) does not bind any form of double-stranded nucleic acid. 

 

 

Figure 4.4: SAMHD1 non-specific nucleic acid binding. 

Non-denaturing gel electrophoresis analysis of SAMHD1(109-626) with 93mer ssRNA (left) and 

19mer ssDNA (right)/ SAMHD1 at the indicated concentrations were incubated with a limiting 

concentration of nucleic acid (0.25nM) at 22ºC for 20 minutes prior to being loaded. 
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The nucleic acid sequences tested thus far were taken from either the HIV-1 GAG 

gene or HIV-1 PPT sequence. To test if SAMHD1 had any HIV-1 genome binding 

specificity, long sequences of non-viral DNA and RNA were tested for binding. 

SAMHD1 is able to bind to non-viral ssRNA and ssDNA with an approximate Kd of 

between 2-5 µM and 1-2 µM respectively (Figure 4.4) suggesting that SAMHD1 has 

no apparent HIV-1 genome specificity.  

 

To determine the effect of SAMHD1 oligomerisation, full-length SAMHD1 and 

SAMHD1(109-626) were incubated with the AL1 activator GTP and analysed for 

binding to a 24 base ssDNA oligonucleotide (Figure 4.5A). The presence of GTP 

(which promotes the dimerisation of SAMHD1) reduced the ability of SAMHD1 to 

bind to ssDNA with a resultant Kd above 5 µM.  

 

SAMHD1 was subsequently incubated with GTP and a dATP derivative, dApNHpp, 

which contains an imido linkage between the α and β phosphates. dApNHpp has 

been demonstrated to be a potent inhibitor of SAMHD1 triphosphohydrolase activity 

(Arnold et al., 2015d) which binds in the active site and maintains SAMHD1 in a 

stable tetrameric form. SAMHD1 was incubated with dApNHpp and GTP for 20 

minutes to form stable tetramers, prior to binding reactions being carried out with a 

24 base ssRNA oligonucleotide (Figure 4.5B). Similarly, some binding of tetrameric 

SAMHD1 to nucleic acids is observed, however this appeared to be reduced in 

comparison to previous ssRNA binding experiments with a Kd of above 5 µM, in 

comparison to between 0.5-1 µM and 2-5 µM with short and long ssRNA incubated 

with apo-SAMHD1 respectively (Figures 4.2 and 4.4).  
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Figure 4.5: SAMHD1 oligomerisation and nucleic acid binding. 

Non-denaturing gel electrophoresis analysis of (A) full length SAMHD1 (left) and SAMHD1(109-

626) (right) incubated with 100 µM GTP and subsequently a 24 base ssDNA oligonucleotide. 

SAMHD1 at the indicated concentrations were incubated with a limiting concentration of nucleic 

acid (0.25nM) at 22ºC for 20 minutes prior to being loaded. Both full length and truncated 

SAMHD1 are able to bind this ssDNA in the presence of GTP. (B) Full length SAMHD1 was first 

incubated with 100 µM GTP and 250 µM dApNHpp, which is an inhibitor of SAMHD1 and remains 

within the active site to form a stable tetramer. It appears that SAMHD1 is able to bind to ssRNA 

in the presence of both allosteric activators GTP and dApNHpp.  
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Overall, these results indicate that SAMHD1 is able to bind any single stranded 

nucleic acid, but no double stranded nucleic acid substrates. The HD domain alone 

is sufficient to bind nucleic acid and it does so with a higher affinity than full-length 

SAMHD1, which suggests that the SAM domain interferes with nucleic acid binding 

Furthermore; experiments investigating the nucleic acid preference of SAMHD1 

binding demonstrate a higher binding affinity of SAMHD1 to ssRNA over ssDNA 

substrates. Binding was observed with very long non-viral nucleic acid substrates, 

which indicates that SAMHD1 is unlikely to have any viral genome sequence 

specificity. Finally, SAMHD1 appears to bind single-stranded oligonucleotides in the 

presence of allosteric activators therefore the impact of oligomerisation on nucleic 

acid binding remains unclear. 

 Nucleic acid binding and triphosphohydrolase activity. 

It has been proposed that SAMHD1 switches between a monomeric nucleic acid 

binding protein and a tetrameric dNTP triphosphohydrolase, and that DNA binding is 

a regulatory mechanism of SAMHD1 catalytic activity (Seamon et al., 2016). In 2015 

Singh et al. published a structure of the Escherichia coli SAMHD1 orthologue dGTP 

triphosphohydrolase, which forms a hexameric structure with two molecules of short 

single-stranded DNA bound within the equivalent AL1 sites. They also suggested 

that human SAMHD1 might also bind guanine containing nucleic acids within AL1. 

To investigate these claims, a fluorescence-based coupled-enzyme assay 

(described in Figure 3.11) was employed to investigate if SAMHD1 nucleic acid 

binding had any inhibitory effect on dNTP triphosphohydrolase activity. Within these 

assays, short DNA oligonucleotide sequences of either 5 (5mer) or 8 (8mer) bases 

in length were chosen as binding substrates of SAMHD1. 

 

Full length SAMHD1 was incubated with DNA oligonucleotides, the sequences of 

which are shown in Table 4.1, in the presence or absence of the AL1 activator GTP 

and DNA oligonucleotides, for either (Table 4.2A) 5 minutes or (Table 4.2B) 20 

minutes, prior to measuring the rate of TTP hydrolysis. In the presence of GTP, 

SAMHD1 hydrolysed TTP with a kcat of 0.4 s-1, which increased to 0.47 s-1 in the 

presence of either 5mer or 8mer DNA oligonucleotide. In the absence of GTP, neither 

DNA oligonucleotide was able to activate the hydrolysis of TTP with and rates of 
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hydrolysis were 0.01-0.03 s-1 (Table 4.2 A, B). Furthermore, neither GTP, TTP nor 

DNA oligonucleotides were found to be substrates in the absence of full SAMHD1 

allosteric activation (Table 4.2 C).  

 

 

Table 4.1: DNA Oligonucleotide sequences used in SAMHD1 triphosphohydrolase assays. 

Triphosphohydrolase activity assays were performed as previously described in section 3.3.3, in 

the presence of DNA oligonucleotides of either 5 (5mer) or 8 (8mer) nucleotides in length. 

 

Further experiments were performed to analyse the effects of longer incubations of 

SAMHD1 with either DNA or GTP and an increase of DNA concentration (Table 4.3). 

SAMHD1 was incubated with either GTP or 8mer DNA oligonucleotide to see if 

binding in AL1 affects triphosphohydrolase activity. The average kcat of GTP 

activated TTP hydrolysis by SAMHD1 was 0.25 s-1. There were no apparent 

differences in TTP hydrolysis by SAMHD1 which had been incubated with either DNA 

oligonucleotides (Table 4.3 A) or GTP (Table 4.3 B) at 100 µM for 20 minutes, prior 

to addition of TTP, with the kcat of these reactions ranging between 0.28-0.31 s-1. 

High concentrations of 8mer DNA oligonucleotide (1 mM) reduced the catalytic rate 

of TTP hydrolysis 3 fold from 0.3 s-1 to 0.1 s-1. 

 

Overall, at 100 µM concentrations, DNA oligonucleotides have little impact on dNTP 

triphosphohydrolase activity in comparison to reactions carried out in the absence of 

nucleic acids, however, at 1 mM DNA oligonucleotides do reduce the catalytic activity 

of SAMHD1. This reduction in catalytic activity could be due to SAMHD1 nucleic acid 

binding however may also be a result of changes in electrostatic interactions with 

water and salt molecules in the buffer, upon the introduction of a high concentration 

of negatively charged nucleic acids. Biophysical techniques such as CD 

spectroscopy, MALLS and thermostability assays could be used to test the impact of 

buffer changes on SAMHD1 overall structure and tetramerisation. 
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Table 4.2: Triphosphohydrolase activity in the presence of DNA Oligonucleotides.  

Triphosphohydrolase activity assays were performed as previously described in section 3.3.3, in 

the presence of (A) DNA oligonucleotides of either 5 (5mer) or 8 (8mer) bases in length. All 

reactions were performed with 100 nM SAMHD1, 100 µM GTP, 1 mM TTP and 100 µM DNA 

oligonucleotide. SAMHD1 was incubated with 5mer or 8mer DNA oligonucleotides, in the 

presence or absence of AL1 activator GTP and 5mer or 8mer DNA oligonucleotides, for either 

(B) 5 minutes or (C) 20 minutes, prior to measuring TTP hydrolysis. (D) Control reactions 

demonstrated that neither TTP, GTP or 5mer DNA oligonucleotide are substrates of SAMHD1. 

DNA oligonucleotides do not activate TTP hydrolysis, nor do they inhibit TTP hydrolysis in the 

presence of AL1 activator GTP. 
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Table 4.3: Nucleic acid binding and SAMHD1 Triphosphohydrolase activity 

Triphosphohydrolase activity assays were performed as previously described (Chapter 3.3.3). 

Reactions were performed with 100 nM SAMHD1, 100 µM GTP, 1 mM TTP and 100 µM DNA 

oligonucleotide unless otherwise stated. (A) SAMHD1 was pre-incubated with DNA 

oligonucleotides prior to the simultaneous addition of GTP and TTP. (B) SAMHD1 was incubated 

with GTP after which DNA oligonucleotides and TTP were added simultaneously. (C) SAMHD1 

was incubated with 1mM DNA oligonucleotide (8mer) prior to the simultaneous addition of GTP 

and TTP. At 100 µM the presence of DNA oligonucleotides have negligible impact on SAMHD1 

dNTP hydrolysis, however at 1 mM; 8mer DNA oligonucleotide reduced triphosphohydrolase 

activity three fold.  
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 Nucleic acid binding and SAMHD1 oligomerisation. 

Nucleic acid binding has been proposed to reduce tetramerisation of SAMHD1 as a 

mechanism of regulation for triphosphohydrolase activity (Seamon et al., 2015b). 

Therefore, to investigate this, multi-angle laser light scattering (MALLS) was utilised 

to assess the oligomerisation of SAMHD1 in the presence of canonical allosteric 

activators and nucleic acids. 

 

Apo-SAMHD1 is a monomer of around 72kDa which, in the presence of the allosteric 

activator GTP forms dimers (Figure 4.6A). The addition of 8mer DNA oligonucleotide 

promotes the dimerisation of SAMHD1 to the same extent as GTP (Figure 4.6A), 

which suggests that the oligonucleotide is either able to bind at the AL1 site, or can 

promote oligomerisation by another yet unidentified, mechanism. This binding could 

be attributed to the guanine base at the 3’ end of the oligonucleotide (Table 4.1A). 

Since this 8mer oligonucleotide was shown to promote dimerisation to the same 

extent as GTP, it was hypothesised that incubation of SAMHD1 with this 

oligonucleotide and an AL2 activator could mediate tetramerisation. Subsequent 

experiments were carried out to test if the 8mer DNA oligonucleotide could support 

allosteric activation in AL1 with dATP activation in AL2. Figure 4.6B reveals that 

whilst this DNA oligonucleotide can promote SAMHD1 dimerisation, in the presence 

of dATP it cannot support SAMHD1 tetramerisation in the same way as dGTP or 

GTP (Figure 4.6B).  

 

Finally, it was hypothesised that the 8mer DNA oligonucleotide could inhibit tetramer 

formation. To test this, SAMHD1 with GTP and dATP was incubated in the presence 

or absence of an 8mer DNA oligonucleotide. Results demonstrate that in the 

presence of the DNA oligonucleotide SAMHD1 was able to form tetramers to a 

similar extent as with the canonical allosteric activators GTP and dATP alone. This 

demonstrates that under these assay conditions, this DNA oligonucleotide does not 

inhibit tetramer formation.  
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Figure 4.6: SAMHD1 oligomerisation in the presence of 8mer DNA oligonucleotide. 

MALLS analysis of SAMHD1 oligomerisation with an 8mer DNA oligonucleotide. 30 µM SAMHD1 

was incubated with 200 µM GTP as an AL1 activator and 500 µM of either 8mer ssDNA or dATP 

for 5 minutes prior to being analysed. Peaks that elute at a retention time of approximately 12 

minutes are representative of tetramer formation and peaks that elute between 14-15 minutes 

represent SAMHD1 in a monomer-dimer equilibrium. (A) 8mer DNA promotes SAMHD1 

dimerisation to a similar extent to the canonical AL1 activator GTP. (B) Whilst 8mer DNA promotes 

dimerisation, it cannot support SAMHD1 tetramerisation in the presence of dATP. (C) 8mer DNA 

oligonucleotide does not inhibit tetramer formation in the presence of GTP and dATP. 
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 Conclusions 

Based on electrophoretic mobility shift assays it is clear that as previously published, 

SAMHD1 is a DNA binding protein (Goncalves et al., 2012, White et al., 2013a, White 

et al., 2013b, Seamon et al., 2015b, Tungler et al., 2013, Choi et al., 2015a, Ryoo et 

al., 2014a). The HD domain alone is able to bind to nucleic acids and the SAM 

domain is not required. In fact, the presence of the SAM domain may even reduce 

binding affinity either through competition for the binding site in the HD domain or 

steric clashes with the oligonucleotide. SAMHD1 only binds single-stranded nucleic 

acids (ssRNA > ssDNA) with no apparent sequence specificity. 

 

SAMHD1 nucleic acid binding was reduced upon oligomerisation promoted by GTP 

and dApNHpp. However, further binding experiments with different allosteric 

activators and various substrates should be performed to test if oligomerisation 

mediated by all allosteric activators reduces binding and if this effect is nucleic acid 

type or sequence specific. To corroborate these data, more sensitive biophysical 

techniques such as fluorescence anisotropy could be used to calculate more 

accurate binding affinities. 

 

In vitro SAMHD1 dNTP triphosphohydrolase assays reveal that the nucleic acids 

tested cannot activate SAMHD1 dNTP hydrolysis in the same way as the AL1 

activator GTP. However, at equimolar concentrations oligonucleotides can reduce 

TTP hydrolysis three fold. These experiments do not give insight into how nucleic 

acids reduce triphosphohydrolase activity and further tests would need to be 

performed to decipher if this arises due to competitive binding or via another 

mechanism such as protein aggregation.  

 

Finally, whilst the DNA 8mer oligonucleotide tested promoted SAMHD1 dimerisation 

to the same extent as GTP, unlike GTP it cannot support SAMHD1 tetramerisation 

in the presence of dATP. Interestingly, however, the presence of DNA 

oligonucleotide does not inhibit SAMHD1 tetramerisation with GTP and dATP. 
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 SAMHD1 Triphosphohydrolase Activity, 

Tetramerisation and Restriction. 

Ryoo et al. have proposed that it is a nuclease and not the triphosphohydrolase 

activity of SAMHD1 that mediates restriction. This hypothesis was partly based upon 

two SAMHD1 mutants, which were reported to separate nuclease and 

triphosphohydrolase activities. The first, D137N, had nuclease activity, no 

triphosphohydrolase activity but restricted HIV-1 infection. The second, Q548A, did 

not have nuclease activity, had triphosphohydrolase activity but did not restrict HIV-

1 infection. From these observations, they attributed HIV-1 restriction to the nuclease 

activity of SAMHD1. The Q548A mutation is in relation to the deletion mutation 

Q548X frequently observed in AGS.  

 

Given these activities, biophysical and enzymological studies were undertaken in 

order to further characterise these mutants. In addition, the properties of two other 

mutants R333A and R372D were also analysed. Based on existing crystal structures 

these residues were predicted to be important for SAMHD1 oligomerisation and 

catalytic activity,  

 

Examination of the SAMHD1 structure reveals that residue D137 is located within 

the first allosteric site (AL1) and makes hydrogen-bonding interactions with the GTP 

or dGTP allosteric activator (Figure 5.1). Q548 is a surface residue, approximately 

20 Å from the active site but makes interactions with surrounding residues that 

become ordered upon tetramerisation and so may contribute to the maintenance of 

the catalytically active tetrameric conformation by stabilising the overall structure and 

nucleotide binding. R333 is positioned within the second allosteric site (AL2) and 

makes a stacking interaction with the base of the dNTP allosteric activator required 

for SAMHD1 tetramerisation. Finally, R372 is located at the dimer-dimer interface of 

tetrameric SAMHD1 and contributes substantially towards the hydrogen-bonding 

network between adjacent α-13 helices (Figure 5.1).  
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Figure 5.1: The position of SAMHD1 mutated residues. 

Location of D137N, Q548A, R333A and R372D. D137 (top left) is found within the first allosteric 

site (AL1) and co-ordinates the GTP allosteric activator. R333 (top right) is located within the 

second allosteric site (AL2) and this residue stacks with the base of the dNTP allosteric activator. 

Q548A (bottom left) is a partially solvent exposed residue near the outer surface of SAMHD1, 

around 20Å from the active site, which is predicted to maintain long-range interactions which 

stabilise the overall structure. R372 is located within the dimer-dimer interface of the tetramer and 

makes reciprocal interactions with the adjacent α-13 helix. The tetrameric form of the SAMHD1 

HD domain is shown in the centre of this figure (PDB: 4BZC) (Ji et al., 2013a).  
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 Protein Production 

To obtain protein for enzymatic assays SAMHD1 mutants were generated using site 

directed mutagenesis and expressed and purified in the same way as full length wild-

type SAMHD1 (see section 3.3.1). All recombinant SAMHD1 constructs were cloned 

into a pET52b expression vector to produce a fusion protein with an N-terminal Strep 

II-tag and 3C protease cleavage site and expressed in E. coli Rosetta (DE3) cells. 

All proteins were found in the soluble fraction and were purified using Streptactin-

affinity chromatography and size exclusion chromatography. Strep II tagged 

SAMHD1 bound well to the affinity column, with minimal protein loss during wash 

steps and successful protein elution via 3C proteolytic cleavage. Gel filtration 

fractions containing SAMHD1 were pooled and concentrated. The progress of the 

purification process was monitored using SDS-PAGE (Supplementary Figure 8.4). 

 

 SAMHD1 D137N, Q548A, R372D and R333A 

Triphosphohydrolase Activity 

Stringently purified wild type SAMHD1 had no discernible nuclease activity. 

Therefore, a novel nuclease activity attributed to only the D137N mutant (Choi et al., 

2015a, Ryoo et al., 2014a) seemed unlikely. For that reason, the 

triphosphohydrolase activity and tetramerisation ability all mutants were measured 

to test if any residual or altered activities might be responsible for the observed HIV-

1 restriction phenotypes.  

 

The steady-state kinetics of GTP stimulated hydrolysis of TTP was measured for wild 

type SAMHD1 and mutants using a fluorescence based, coupled-enzyme assay (see 

Figure 3.11), which allows for quantitative real-time measurement of dNTP hydrolysis 

(Arnold et al., 2015d). These data are summarised in Figure 5.2. 
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Figure 5.2: SAMHD1 mutant triphosphohydrolase activity. 
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Top graph: Steady state kinetic analysis of GTP stimulated hydrolysis of TTP by wild type 

SAMHD1 (black), R333A (light blue), R372D (purple), D137N (dark blue) and Q548A (green). 

Solid lines are the best fit to the data using the Michaelis-Menten expression for the dependency 

of the enzymatic rate on substrate concentration. Error bars represent the standard error of the 

mean (SEM) of three independent measurements. Middle graph: Same as top graph excluding 

wild type SAMHD1 data. Bottom: Table showing the kinetic parameters of the mutant proteins 

derived from a steady-state Michaelis-Menten model, “h” is the Hill constant used when data 

showed a sigmoidal dependency instead of the expected Michaelis-Menten hyperbolic curve. 

 

SAMHD1 had a kcat 1.7 times lower than that of SAMHD1(109-626), whilst the KM for 

both enzymes was 0.1 mM. As the affinity for substrate remained the same this 

demonstrated that the SAM domain had some effect on the catalytic activity of 

SAMHD1, possibly due to affecting substrate accessibility to the active site. This 

relatively minimal effect of the SAM domain on dNTP hydrolysis, is unsurprising 

given the active site is within the HD domain and it has been shown that only the HD 

and C-terminal domains, and not the SAM domain, are necessary for 

triphosphohydrolase activity and HIV-1 restriction (Arnold et al., 2015a). 

 

In all SAMHD1 mutants, reductions in kcat and accompanying increases in KM were 

observed giving rise to specificity constants (kcat/KM) that were reduced 20- to 60-fold 

relative to wild type SAMHD1. Since the KM of R333A was greater than 0.9 mM, rate 

saturation was not reached under these assay conditions. Higher substrate TTP 

concentrations could not be used due to increased phosphate contamination within 

the reaction. Despite this technical limitation, it is still clear that R333A had 

significantly reduced catalytic activity in comparison to wild type SAMHD1. These 

results are in contrast to those presented by Ryoo et al. who propose that whilst the 

D137N mutation abolishes triphosphohydrolase activity, the Q548A mutant retains 

activity similar to that of wild type SAMHD1 (Ryoo et al., 2014a). However, using the 

fluorescence based coupled enzyme assay, it is observed that both the D137N and 

Q548A mutations diminish triphosphohydrolase activity to approximately the same 

extent (54- and 59-fold respectively).   
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 The capacity of SAMHD1 mutants to form stable 

tetramers. 

It was recently demonstrated that triphosphohydrolase activity and restriction 

competence correlate with the ability of SAMHD1 to form long-lived stable tetramers 

(Arnold et al., 2015a). Therefore, the tetramerisation capacity of the mutants were 

measured using size exclusion coupled to Multi-Angle laser Light Scattering (SEC-

MALLS). In these experiments, wild type or SAMHD1 mutants were incubated with 

0.2 mM GTP and 1 mM dATP for 5 minutes on ice prior to loading onto the size 

exclusion column and the molar mass of eluted species analysed by MALLS. These 

data (Figure 5.3), show that the molar masses of peaks which elute at a retention 

time of approximately 14 minutes correspond to that of monomeric SAMHD1 (72 

kDa) and those which elute at a retention time of 11 minutes correspond to tetrameric 

SAMHD1 (280kDa). Shoulders on peaks that elute prior to the main monomeric 

SAMHD1 peak indicate SAMHD1 in a monomer-dimer equilibrium.  

 

In addition the data demonstrated that a long-lived tetrameric form of wild type 

SAMHD1 persisted after a 5-minute incubation with activator and substrate, and 

dilution on the SEC column (Figure 5.3) as has been previously observed (Arnold et 

al., 2015a, Koharudin et al., 2014a, Yan et al., 2013a). The SAMHD1 mutants, 

although all catalytically compromised, display differing behaviours. 

 

Analysis of the catalytically compromised SAMHD1 mutants, revealed a variety of 

differing behaviours, with D137N and R333A, either very little or no tetrameric 

species are apparent respectively in the presence of GTP and dATP. D137N disrupts 

AL1 site binding by GTP or dGTP, while R333A disrupts binding of the allosteric 

activator in AL2. These results are consistent with the notion that without sufficient 

binding of allosteric activator in AL1 or AL2 SAMHD1 is unable to tetramerise (Yan 

et al., 2013a, Zhu et al., 2013c, Arnold et al., 2015a). R372D is able to tetramerise, 

albeit to a diminished extent. Whilst residue R372 forms important hydrogen bonds 

within the dimer-dimer interface, interactions between other residues located on the 

α13 helices, particularly H364 and D361 may be sufficient to promote dimerisation. 

Interestingly, in the Q548A chromatogram, a large proportion of tetramer is observed 
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that almost equals that of wild type SAMHD1 indicating that in this mutant, catalytic 

competence appears to be uncoupled from the capacity to form stable tetramers. 

 

It was also predicted that the chosen SAMHD1 mutations might not only impact 

tetramerisation but also influence tetramer stability and persistence. Therefore, to 

test this possibility, SAMHD1 variants were incubated with GTP and dATP and the 

degree of tetramerisation measured using SEC-MALLS at 5-, 35- and 65-minutes 

post activator addition (Figure 5.5 and Figure 5.4). 
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Figure 5.3: SAMHD1 Oligomerisation. 

SEC-MALLS analysis of wild type SAMHD1 and SAMHD1 mutants (D137N, Q548A, R333A and 

R372D). Apo-SAMHD1 (and mutants) blue, SAMHD1 incubated with 0.5 mM GTP black and 

SAMHD1 with both 0.5mM GTP and 1mM dATP red. Chromatograms are the output of the 

differential refractive index detector, left axis scale is molar mass (kDa) and the points are the 

molar masses determined throughout the elution of chromatographic peaks.  
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Figure 5.4: SAMHD1 Tetramer stability. 

SEC-MALLS analysis of SAMHD1 tetramerisation over time. SAMHD1 was incubated with 0.5 

mM GTP and 1 mM dATP and samples analysed by SEC-MALLS at 5 (black), 35 (blue) and 65 

(red) minutes post activator addition. The weight-averaged molar masses for each peak are 

shown. The left axis displays molar mass (kDa) The molar masses of peaks which eluted at a 

retention time of 14-15 minutes correspond to that of monomeric SAMHD1 (around 72kDa) and 

those which eluted at a retention time of 11-12 minutes correspond to tetrameric SAMHD1 (~ 

280kDa). 
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Figure 5.5: Graph of SAMHD1 tetramer stability. 

Plot showing the total percentage of SAMHD1 tetramer (θTetramer) remaining after increased time 

of incubation with GTP and dATP. Wild type SAMHD1 (black), R372D (purple), R333A (light blue), 

Q548A (green) and D137N (dark blue). Due to sample limitation, the 65-minute time point for 

D137N could not be completed. 

 

As residue R372 is within the dimer-dimer interface, it was expected that mutation to 

aspartic acid would reduce tetramerisation to a similar extent as an allosteric site 

mutation, yet the proportion of tetramer was still approximately 70% after a 5 minutes 

incubation with GTP and dATP, similar to that observed with wild type SAMHD1 

(Figure 5.4). However, although after 5 minutes wild type SAMHD1 and R372D have 

a very similar total percentage tetramer (θTetramer), R372D is significantly less stable, 

with a 53% reduction of the original θTetramer after 65 minutes, compared to only a 

15% reduction in tetramer seen with wild type SAMHD1. Similarly, D137N showed 

both reduced tetramerisation and stability with a significantly lower θTetramer at 5 

minutes in comparison to wild type SAMHD1 and a 22% reduction of the original 

θTetramer after 35 minutes. R333A was unable to form a tetramer at any time point. 

Surprisingly, the Q548A mutation leads to almost 100% θTetramer formation that is 

highly stable, persisting for at least 65 minutes (Figure 5.5). Given that catalytic 

activity of Q548A is severely diminished but the allosteric sites are still intact, the 

simplest explanation for this result is that tetramers can form through binding of GTP 
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and dATP to AL1 and AL2 respectively. However, since no substrate dATP is 

hydrolysed at the active site these tetramers persist in the same way as wild type 

SAMHD1, supported by the binding of the deoxynucleotides bound in AL1 and AL2. 

 

 SAMHD1 Restriction of HIV-1 

It has been demonstrated that tetramerisation is required for triphosphohydrolase 

activity and that both are a pre-requisite for restriction (Arnold et al., 2015a, Yan et 

al., 2013a). Alternatively, Ryoo et al. propose that nuclease activity is primarily 

responsible for restriction based on their results that show that D137N restricts HIV-

1 infection but Q548A does not (Ryoo et al., 2014a). To test if these results could be 

replicated and to explore the effect of mutations on the ability of SAMHD1 to restrict 

HIV-1 infection, a two-colour FACS restriction assay was performed. In this assay, 

described in Figure 5.6, infection levels of differentiated U937 cells (a macrophage 

cell model) transduced with SAMHD1 were compared to that of SAMHD1 negative 

cells. Differences in the level of infection between transduced and negative cells are 

expressed as a restriction ratio. If both cell types are infected to the same extent, 

then the restriction ratio is 1, (Figure 5.6). The results of the restriction data obtained 

with this assay are shown in Figure 5.7. In contrast to the previous reports (Ryoo et 

al., 2014a) these data show that neither D137N or Q548A mutants and additionally 

the R333A and R372D mutants, were able to restrict HIV-1 infection supporting the 

notion that both a triphosphohydrolase activity and capacity to form stable tetramers 

are required for SAMHD1 HIV-1 restriction activity. 
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Figure 5.6: Restriction of HIV-1 by SAMHD1. 

The ability of SAMHD1 and mutants to reduce HIV infection was assessed using a two-colour 

restriction assay in differentiated U937 cells, a model of myeloid cell differentiation that lacks 

SAMHD1. Cells are first transduced with virus co-expressing SAMHD1 and YFP. These cells are 

then differentiated and challenged with HIV carrying a GFP reporter. The cells are then analysed 

by 2-colour flow cytometry fluorescence-activated cell sorting (FACS) and the proportion cells 

displaying both a yellow and green marker are compared to that of the SAMHD1 negative cells. 

If both cell types are infected to the same extent, then the infection ratio is 1, showing no 

restriction. If the proportion of yellow and green cells is reduced then virus replication is restricted 

and expressed as a restriction ratio. 
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Figure 5.7: SAMHD1 mutants do not restrict HIV-1 infection. 

A SAMHD1 two colour FACS restriction was performed to assess the ability of wild type SAMHD1 

and SAMHD1 mutants to restrict HIV-1 infection. Fold restriction lower than 1 indicates restriction 

of viral infection. A ratio of 1 means cells are infected to the same extent and that there is no HIV-

1 restriction by SAMHD1 mutant containing cells. 

 

 dNTP Triphosphohydrolase activity of SAMHD1 mutants 

To further investigate triphosphohydrolase activity and test if mutations to SAMHD1 

(D137N, Q548A, R333A and R372D) had any impact on the rank order of preference 

of substrate hydrolysis, 1D proton NMR was used to measure hydrolysis of dNTPs 

by SAMHD1 mutants in combined and individual dNTP reactions (Supplementary 

Figures 8.6-8.10). The results compared to data for wild type SAMHD1 are presented 

in Figure 5.8. To observe measurable hydrolysis within NMR experiments, 5 µM of 

each mutant was used in each reaction compared to 1 µM wild type SAMHD1 in 

single and mixed dNTP reactions. 

 

In combined in vitro dNTP hydrolysis reactions SAMHD1 mutants D137N, R333A 

and R372D have total kcat values that are decreased between 1.5 - 4.0 fold, when 

compared to wild type SAMHD1. However, the total kcat of SAMHD1 mutant Q548A 

is 43 fold lower. This difference in the reduction of activity in each mutant may be 

explained by the position of each mutation within SAMHD1.  
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D137N, R333A and R372D are all mutations at sites involved in SAMHD1 assembly 

and thus an increase in protein concentration that might compensate for a reduced 

capacity to oligomerise has the potential to recover enzymatic activity. On the other 

hand, the Q548A mutation is predicted to directly impact the active site and 

increasing the protein concentration would not be expected to overcome this 

impairment to activity. This idea is supported by measurement of the activity 

dependency on protein concentration (Supplementary Figure 8.11) that shows 

increased activity with concentration for the D137N, R333A and R372D mutants, but 

not with Q548A.  

 

It is interesting to observe that whilst SAMHD1 mutants have reduced catalytic 

activity in comparison to wild type SAMHD1 in mixed dNTP reactions, all retained 

the same rank order of preference of hydrolysis of dNTPs (Figure 5.8). However, in 

single dNTP reactions wild type SAMHD1 hydrolyses TTP at the fastest rate whereas 

in SAMHD1 mutants, dGTP is turned over at the fasted rate. Notably, dGTP is able 

to bind within both allosteric sites and the active site and may promote SAMHD1 

assembly in the presence of the mutations, accounting for this difference in rate of 

hydrolysis. In all cases, dCTP is hydrolysed the slowest as previously described 

(Figure 3.15). This may be attributed to dCTP being the worst at promoting SAMHD1 

assembly via allosteric site 2 activation. 
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Figure 5.8: Combined and single dNTP hydrolysis by SAMHD1 mutants. 

1D proton NMR spectroscopy data recorded from wild type SAMHD1 and SAMHD1 mutants 

(D137N, R333A, Q548A and R372D). (A) The derived kcat values for SAMHD1 hydrolysis of each 

dNTP measured in a combined 4-dNTP GTP stimulated reactions. (B) Derived kcat values for 

SAMHD1 hydrolysis of each dNTP measured in individual GTP stimulated dNTP reactions. 

Reactions contained an equimolar mixture of 1 mM dATP, dCTP, dGTP and TTP and 200 µM 

GTP activator and either 1 µM SAMHD1 (wild type) or 5 µM SAMHD1 (mutants). 
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 SAMHD1 reduces intracellular dNTP levels 

SAMHD1 is proposed to mediate HIV-1 restriction through depletion of the dNTP 

pool to a level that can no longer support productive HIV-1 reverse transcription. To 

directly investigate the effect that SAMHD1 has on cellular dNTP concentrations, a 

radiolabelled dNTP incorporation assay was developed. This assay was employed 

to measure levels of each dNTP in U937 cell lines transduced with SAMHD1 or 

SAMHD1 D137N, R333A, R372D, Q548 and in addition, an R164A active site mutant 

was also investigated. In the assay, a radiolabelled tracer dNTP is added into a 

primer extension template and the level of radiolabel incorporation measured by 

scintillation counting. The amount of radiolabel incorporated into these templates is 

dependent on available dNTP levels within the reaction (see methods section 2.16) 

and by comparison with standard curves produced using known amounts of dNTPs 

the quantity of each dNTP in cellular extracts can be determined. (Supplementary 

Figure 8.5). 

 

The results of these cellular deoxynucleotide level experiments are presented in 

Figure 5.9. These data show that introduction of SAMHD1 into differentiated U937 

cells reduced total dNTP (ΣdNTP) levels 25-fold from 19.5 to 0.8 pmol per 10x106 

cells. However, the introduction of SAMHD1 mutants only reduced total dNTP levels 

between 2- and 9-fold. In comparison to wtSAMHD1, all the SAMHD1 mutant 

expressing cell lines had increased ΣdNTP levels that were between 3- and 14-fold 

greater than that of cells expressing wild type SAMHD1 (Figure 5.9B), although none 

were elevated to the levels observed with non-transduced differentiated U937 cells. 

Interestingly, although the dNTP levels were always deceased in the presence of 

SAMHD1, the rank order of dNTP levels in all SAMHD1 containing cell types was 

only subtly changed and on the whole, followed the pattern of dATP, TTP> dGTP, 

dCTP. These findings are also in keeping with the results of NMR measurements of 

SAMHD1 triphosphohydrolase activity within an equimolar mixture of dNTPs, that 

showed an inverse correlation with the rank order of nucleotide hydrolysis of dGTP 

> dCTP > TTP > dATP (Figure 5.8B). 
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Figure 5.9: dNTP levels in SAMHD1 expressing U937 cells. 

dNTP levels in differentiated U937 cell lines transduced with wild type SAMHD1, or SAMHD1 

mutants were measured using a radiolabelled dNTP primer incorporation assay. (A) The amount 

of each individual dNTP in the indicated cell line, expressed as pmol per 1x106 cells. (B) The sum 

of dATP, TTP, dCTP and dGTP in each cell line also expressed as pmol per 1x106 cells. Error 

bars represent the range of 3 independent experiments. 
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 Crystal Structures of SAMHD1 mutants D137N and 

Q548A 

To better understand how structural modifications of SAMHD1 result in the previously 

observed biochemical changes, X-ray crystallography was employed to determine 

the structure of SAMHD1 with either the Q548A or the D137N mutation. Both full 

length and a truncated form of SAMHD1(109-625) which did not contain the flexible 

SAM domain were tested in crystallisation trials, but only truncated SAMHD1(109-

626) successfully crystallised, therefore all further crystallisation trials were pursued 

with this protein. 

5.7.1 SAMHD1 Q548A Crystallisation  

High-throughput crystallisation trials of SAMHD1(109-626) containing either the 

Q548A or D137N mutation were carried out. Q548A(109-626) protein samples were 

diluted to ~2.5 mg ml-1 with final buffer conditions of 50 mM Tris pH 7.8, 250 mM 

NaCl, 0.5 mM TCEP and 4 mM MgCl2, and incubated with 1 mM GTP and 2 mM 

dATP. Sitting drops with 0.2 µL protein solution and 0.1 µL reservoir solution were 

set up in 96 well sitting-drop crystallisation plates. SAMHD1 Q548A(109-626) 

crystals grew from a condition that contained 20 % w/v PEG 3350 and 200 mM NaF. 

Other hits were also observed in wells with similar molecular weight PEG conditions. 

A rhombohedral shaped SAMHD1 Q548A(109-626) crystal from this condition 

(Figure 5.10) approximately 130 µm in length and 70 µm in diameter, was transferred 

to a solution containing 25 % PEG 3350 supplemented with 20% (w/v) glycerol as a 

cryo-protectant before being flash-frozen in liquid nitrogen and used for diffraction 

data collection. 

5.7.2 SAMHD1 Q548A Data collection and indexing  

Collection of X-ray diffraction data was carried out at the I02 beamline at Diamond 

Light Source (Oxford, UK) using a Pilatus detector (Dectris). The crystal diffracted to 

2.39 Å and a complete 360º data set was collected with 0.15º oscillations to produce 

2400 images. Diffraction data was processed using the Xia2 automated pipeline. The 

crystal parameters and data processing statistics are presented in found in Table 5.1. 
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Figure 5.10: SAMHD1 Q548A (109-626) crystal. 

A rhombohedral shaped SAMHD1 Q548A (109-625) crystal grown from a sitting drop containing 

20% w/v PEG 3350 and 200 mM NaF. Crystal dimensions were approximately 130 µm in length 

and 70 µm in diameter. 
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Table 5.1: X-ray data collection and structure refinement statistics for SAMHD1 Q548A 

(109-626). 
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5.7.3 Molecular replacement and model refinement  

To determine the SAMHD1(Q548A) 109-626 structure, the programme Phaser 

(CCP4) was used to carry out molecular replacement (McCoy et al., 2007). A 

monomer of SAMHD1 from PDB: 5AO3 was used as a search model to locate the 4 

molecules in the asymmetric unit. This produced a molecular replacement solution 

with rotation and translation function Z-scores of 15.4 and 18.2 respectively, 

indicating that a correct solution had been determined. The initial model and electron 

density map were visually inspected and the model rebuilt using Coot followed by 

iterative rounds of structure refinement with Refmac5 (Vagin et al., 2004). Twelve 

rounds of model building and refinement were performed, although time constraints 

have meant that refinement is not yet complete.  

 

 

 SAMHD1 Q548A X-ray crystal structure 

The current SAMHD1(Q548A) model was assessed using the wwPDB Validation 

software. The quality indicators for this model compared with PDB entries of a similar 

resolution are shown in Supplementary Figure 8.12. The model has Rwork and Rfree 

values of 0.30 and 0.33 respectively, which are higher than typical of structures at 

this resolution, and further refinement should improve these. Nevertheless, the 

model has good geometry with 97% of residues in the favoured regions, 3% of 

residues in the additionally allowed regions and only one residue in the disallowed 

regions of the Ramachandran plot. Moreover, the model is of sufficient quality to 

begin to draw conclusions regarding the structural changes resulting from the Q548A 

mutation. 
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5.8.1 SAMHD1 has “open” and “closed” structures 

The available crystal structures of tetrameric SAMHD1 have different conformations 

suggesting that the tetramer is dynamic in solution and may have a distinct assembly 

pathway, or experience conformational change upon activator and substrate binding 

(Zhu et al., 2013c, Ji et al., 2013a, Ji et al., 2014b, Koharudin et al., 2014a, Zhu et 

al., 2015a, Arnold et al., 2015a, Li et al., 2015b). More “open” tetramer structures 

correlate with a lower occupancy of nucleotides in the allosteric and active sites and 

it is hypothesised that the more compact nucleotide bound “closed” tetramer 

structure is the catalytically active conformation of SAMHD1 (Figure 5.11).  

 

 

 

Figure 5.11: SAMHD1 crystal structures. 

The crystal structures of SAMHD1 reveal both open structures, with low nucleotide occupancy 

and more compact closed structures with nucleotides bound in allosteric and active sites.  
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5.8.2 SAMHD1 Q548A (109-626) Structure 

The SAMHD1(Q548A) (109-626) structure (Figure 5.12) has the usual tetrameric 

arrangement seen in other SAMHD1 structures and displays features of a compact 

“closed” tetramer including α-13 helices that are fully aligned, with side chain 

interactions that form part of the dimer-dimer interface. However, the structure also 

exhibits some features of an “open” SAMHD1 structure. For example, whilst GTP is 

bound within AL1, no nucleotides are bound within either AL2 or the active sites. 

Moreover, in this structure, a long C-terminal region that borders on Q548A is 

disordered, whereas in closed structures this region is ordered and contains two 

short helices and a long beta hairpin. Furthermore, most closed structures have an 

ordered C-terminal lobe extending to approximately residue 600 (minus a few short 

disordered loops), while open structures are disordered C-terminal to around residue 

581 onwards, as is observed in the Q548A structure. 
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Figure 5.12: The overall crystal structure of SAMHD1 Q548A (109-626). 

The SAMHD1 Q548A (109-626) protein has a compact tetrameric structure but disordered C-

terminal regions, GTP bound within AL1 and no nucleotides bound in either AL2 or the active site. 

Four iron molecules are bound within each AL1 site. Residues 113-583 of each chain are 

displayed and the visible N- and C- termini are labelled.  
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The aim of this structural study was to understand how structural changes in 

SAMHD1 related to observed biochemical changes. To this end, the SAMHD1 

Q548A (109-626) structure was compared to a wild type “open” structure of SAMHD1 

(5AO3) and to SAMHD1 “closed” tetrameric conformation (4BZC) (Figure 5.13 & 

Figure 5.14). The SAMHD1 5AO3 construct comprises residues 115-626 and has 

GTP bound in AL1, whereas 4BZC comprises residues 113-626 and has a non-

hydrolysable, thiol containing dGTP analogue bound at both allosteric sites and the 

active site. In both the “open” and “closed” SAMHD1 structures, residue Q548 forms 

hydrogen bonds with the main chain atoms of I468. In the “closed” 4BZC structure, 

Q548 also forms a hydrogen bond with residue N504, which in the “open” 5AO3 

structure lie ~4 Å apart. The SAMHD1(Q548A) (109-626) crystal structure reveals 

that mutation of this residue to alanine abolishes this hydrogen-bonding network. 

Notably, Residue N504 is directly adjacent to the active site, and likely contributes to 

the correct formation of the active site during substrate hydrolysis. It is hypothesised 

that whilst SAMHD1(Q548A) is still able to bind substrate within the active site, the 

active site does not fully form and therefore substrates are not hydrolysed and 

products are not released. The persistent binding of substrate within the active site 

may explain the observation that SAMHD 1(Q548A) remains in a “locked” tetrameric 

structure. The Q548A mutation also prevents hydrogen bonding with I468 and the 

ordered loop in which this residue cannot be formed. This also suggests that this 

SAMHD1 mutant cannot likely support the formation of the ordered C-terminal lobe 

that has been shown to be important for restriction activity in differentiated U937 cells 

(Arnold et al., 2015a).  
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Figure 5.13: The binding of Q548 in open and closed SAMHD1 structures. 

Comparison of the SAMHD1 Q548A structure (A) with wild type “open” (B) and “closed (C) 

SAMHD1 structures. In wild type structures, Q548 makes hydrogen bonds with surrounding 

residues N504 and I468 that cannot be made upon mutation of Q548 to alanine.  
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Figure 5.14: A close up view of Q548 binding in open and closed SAMHD1 structures. 

Hydrogen bonds are displayed as yellow dashed lines, distances between atoms too large, or 

that cannot make interactions are shown in grey. 
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 SAMHD1 D137N structure 

Based on previously published wild-type SAMHD1 crystal structures, residue D137 

is located within the GTP/dGTP-specific AL1 allosteric site of SAMHD1. Here, the 

acidic side chain makes critical hydrogen-bonding interactions with the both the N1 

imino and O2 carbonyl groups of the bound guanine base. These bonds are 

important to maintain the base specificity of AL1 (Ji et al., 2013a, Goldstone et al., 

2011). Given the importance of these interactions for assembly and activation of 

SAMHD1, it would be expected that D137 mutations are likely to be detrimental to 

SAMHD1 triphosphohydrolase activity. However, upon analysis of chemical structure 

and position of residue D137, one notion was that the D137N asparagine substitution 

might allow xanthosine triphosphate (XTP) to activate SAMHD1(D137N) rather than 

GTP used by wild type SAMHD1. To further investigate this idea, SAMHD1(D137N) 

(109-626) was co-crystallised with XTP and dATP and the structure solved by Dr 

Elizabeth R. Morris (The Francis Crick Institute). X-ray data collection and structure 

refinement statistics are presented in Table 5.2. The structure was determined at a 

resolution of 2.34 Å and the model has Rwork and Rfree values of 0.21 and 0.24 

respectively and clearly reveals the structural changes in SAMHD1 resulting from the 

D137N mutation. 

 

Inspection of the SAMHD1(D137N) structure reveals a “semi-open” tetramer 

containing XTP bound in AL1 but with both AL2 and catalytic sites unoccupied 

(Figure 5.15). The “semi-open” nature of the structure results from the presence of 

two different dimer-dimer interfaces. At dimer-dimer interface-1 the α-13 helices are 

aligned allowing facilitating hydrogen bonding across the interface making a 

“compact side” (Figure 5.15, Upper). However, if the structure is rotated 180º, the 

corresponding α-13 helices at dimer-dimer interface-2 (Figure 5.15, Lower) are 

displaced, resulting in a loss of hydrogen-bonding and a less compact conformation. 
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Table 5.2: X-ray data collection and structure refinement statistics for SAMHD1 D137N 

(109-626) (Dr Elizabeth R. Morris). 
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Figure 5.15: SAMHD1 D137N (109-626) crystal structure with XTP. 

Cartoon representation of the SAMHD1(D137N) (109-626) structure. The four monomers are 

coloured grey except the α13 helices that form dimer-dimer interface and are coloured individually. 

XTP molecules bound in AL1 are shown as sticks. (Upper) Dimer-dimer interface-1, the central 

α-13 helices are aligned and engaged as is observed in “closed” SAMHD1 structures. (Lower) 

Dimer-dimer interface-2, the central α-13 helices are displaced and less engaged as is observed 

in “open” SAMHD1 structures. 
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5.9.1 Allosteric activation of D137N with XTP 

The SAMHD1 D137N mutation results in substitution of the γ-carboxyl group of 

aspartic acid with the amide group of asparagine. Complementarily, in GTP the 

functional group at the 2 position of the purine ring is an exocyclic amino group whilst 

in XTP the 2 position is occupied by a carbonyl (Figure 5.16). In wild type SAMHD1, 

the carboxylate group of D137 recognises and makes hydrogen-bonding interactions 

with both the C2 amino and C1 imino of GTP (Figure 5.17, Upper). Inspection of the 

AL1 site in the SAMHD1 D137N structure (Figure 5.17, Lower) shows that the 

substitution with asparagine now allows the amide and carbonyl groups of 

asparagine to recognise the C2 carbonyl and C1 imino of XTP and importantly, this 

switch in specificity also maintains the nucleotide configuration and does not result 

in any large conformational changes in AL1. These effects are reminiscent of those 

observed in nucleotide binding at the active sites of the Ef-Tu small GTPase where 

Asp/Asn GTP/XTP nucleotide specificity switching has been employed to study 

enzyme function (Hwang and Miller, 1987, Shan and Walter, 2003). Based on these 

studies, it was hypothesised that the D137N specificity switch mutation could provide 

a valuable tool to study SAMHD1 allosteric site binding and its effects on activation 

and catalytic activity. Therefore, a side-by-side comparison of wild type SAMHD1 

and SAMHD1(D137N) enzymology was performed to investigate SAMHD1 

activation, tetramerisation and dNTP triphosphohydrolase activity that would also 

complement structural studies. 
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Figure 5.16: Chemical changes in the first allosteric site of SAMHD1 

Chemical structures of aspartic acid (A), asparagine (B), guanosine triphosphate (GTP) (C) and 

xanthosine triphosphate (XTP) (D). Asparagine (N) has an amide group in place of the side chain 

carboxylate of aspartic acid (D). GTP contains an exocyclic amino group at the 2 position in place 

of the carbonyl found in XTP. 
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Figure 5.17: XTP activation of SAMHD1 D137N. 

Close up views of the wild type SAMHD1 and SAMHD1(D137N) AL1 site are displayed. The 

protein backbone is shown in cartoon representation, bound nucleotides and residues that make 

interactions are shown as sticks and hydrogen bonds are displayed as dashes. (Upper) wild type 

SAMHD1, the side chain carboxylate group of D137 makes hydrogen bonds to both the N2 

exocyclic amino and N1 imino group of bound GTP. (Lower) SAMHD1(D137N), the side chain 

amide group in N137 makes hydrogen-bonding interactions with the N2 carbonyl and the N1 imino 

group of bound XTP. 
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5.9.2 Triphosphohydrolase activity of XTP-activated D137N  

Based on previous structural and biochemical results, it was predicted that the loss 

of triphosphohydrolase activity in SAMHD1(D137N) was as a result of GTP no longer 

being able to bind in AL1. To test this hypothesis and discover if XTP could be used 

to activate SAMHD1(D137N) instead, GTP and XTP stimulated hydrolysis of TTP by 

wild type SAMHD1 and SAMHD1(D137N) was assessed using the fluorescence-

based continuous coupled-assay. These data (Figure 5.18) show that GTP activated 

wild type SAMHD1 and XTP activated SAMHD1(D137N) were able to hydrolyse TTP 

to similar extents, with a catalytic rate of 0.43 and 0.61 s-1 respectively. However, 

SAMHD1(D137N) had a reduced substrate affinity for the active site with a Km of 0.3 

mM in comparison to 0.08 mM for wild type SAMHD1. Therefore, taking into 

consideration the rate of substrate hydrolysis and the substrate affinity, the relative 

activity of SAMHD1(D137N) activated by XTP is only 2.7-fold reduced in comparison 

wild type SAMHD1. By contrast, both XTP activated wild type SAMHD1 and GTP 

activated SAMHD1(D137N) are significantly reduced in enzymatic activity with 

catalytic rates of 0.02 and 0.03 s-1 respectively and specificity constants between 77- 

to 538-fold lower than that of canonically activated, wild type SAMHD1. 

 

This continuous assay was also employed to determine the dependency of wild type 

SAMHD1 catalytic activity on GTP activation and SAMHD1(D137N) on XTP 

activation (Figure 5.19). At low allosteric activator concentrations, some positive 

cooperativity for enzyme activation was observed, attributed to protein 

tetramerisation, therefore, the data fitting employed a Hill-function. Nevertheless, 

these data show that XTP is able to activate SAMHD1(D137N) with a similar 

efficiency as GTP activation of wild type SAMHD1 with apparent activator 

dissociation constants (KD) of 59 µM and 54 µM respectively. Lower apparent kcat 

values of 0.34 and 0.42 s-1 than those derived from the rate against substrate plots 

(Figure 5.18) were obtained and this is attributed to non-saturating TTP 

concentrations within the assay, which could not be increased due to experimental 

limitations. The kmax is reported for GTP and XTP dependency experiments, as this 

is the maximal rate of hydrolysis that can be achieved under these experimental 

conditions. 
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Figure 5.18: XTP Stimulated activity of SAMHD1 mutant D137N. 

(A) Comparison of the steady-state kinetics of GTP-activated wild type SAMHD1 and XTP-

activated SAMHD1 D137N stimulated hydrolysis of TTP and (B) XTP-activated wild type 

SAMHD1 and GTP-activated SAMHD1(D137N) stimulated hydrolysis of TTP employing a 

fluorescence-based coupled enzyme assay. The dependence of the rate of on substrate 

concentration for wild type SAMHD1 and SAMHD1(D137N) are plotted. The solid lines are the 

best fit to the data using Michaelis-Menten kinetics. Error bars represent the standard error of the 

mean (SEM) of three independent measurements. (C) Steady-state kinetic parameters derived 

from the data in A. The relative activity reduction values are the fold decrease in the catalytic 

specificity constants for the other enzyme/activator combinations in comparison to GTP activated 

wild type SAMHD1. 



Chapter 5. Results 

 

161 

 

 

 

Figure 5.19: AL1 activator dependency of SAMHD1 and D137N. 

(A) Comparison of activation by GTP and XTP stimulated hydrolysis of TTP by wild type SAMHD1 

and SAMHD1(D137N). The dependence of the rate on AL1 activator concentration is plotted. 

Error bars represent the standard error of the mean (SEM) of three independent measurements. 

(B) Apparent dissociation constants (KD) for GTP and XTP activators. The KD values are the 

activator concentration required to support the 50% maximal rate of hydrolysis (kcat) of a TTP 

substrate. Hill coefficients (h) were employed in the fitting because plots showed a significant 

sigmoidal response. In each experiment 100 nM wild type SAMHD1 or SAMHD1(D137N) was 

used with a TTP concentration of 1 mM. 
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As XTP-stimulated SAMHD1(D137N) and GTP-stimulated wild type SAMHD1 TTP 

hydrolysis were comparable under steady-state single substrate conditions, 1D 1H 

NMR was used to further investigate the activity of XTP-stimulated SAMHD1(D137N) 

using a mixed substrate pool. These data, (Figure 5.20) also show that XTP was able 

to activate SAMHD1(D137N) similarly to GTP activation of wild type SAMHD1 with a 

kcat of 0.98 s-1 for total dNTP (ΣdNTP) hydrolysis compared to 0.88 s-1 for wild type 

SAMHD1. In addition, both wild type SAMHD1 and SAMHD1(D137N) had the same 

order of preference for dNTP hydrolysis with kcat for each individual dNTP increasing 

in the order dATP < TTP < dCTP < dGTP (Figure 5.20A). This indicates that XTP 

activation of D137N allows for the active site to form and dNTPs to bind in a similar 

manner to that of wild type SAMHD1. 

 

 

Figure 5.20: 1H NMR measurement of XTP/GTP stimulated SAMHD1 (D137N) dNTP 

hydrolysis. 

(A) Comparative kinetic data from 1H NMR measurements of wild type SAMHD1 and 

SAMHD1(D137N) hydrolysis of an equimolar mixture of 1 mM dATP, dCTP, dGTP and TTP, 200 

µM GTP or XTP activator and 1 µM protein. (B) Table of kcat values for wild type SAMHD1 and 

SAMHD1(D137N) hydrolysis of each dNTP measured in combined 4-dNTP XTP- or GTP-

stimulated reactions. 
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5.9.3  SAMHD1 D137N Tetramerisation 

To complement the structural studies and support the conclusions of enzymological 

studies SEC-MALLS was used to assess if XTP and dATP could promote 

SAMHD1(D137N) tetramerisation in the same way that GTP and dATP drives 

tetramerisation of wild type SAMHD1. The data (Figure 5.21) show that show that 

under parallel conditions a comparable amount of tetramer was formed in both the 

XTP/dATP SAMHD1(D137N) and GTP/dATP wild type SAMHD1 samples, albeit a 

shoulder on the monomer peak of SAMHD1(D137N) indicates that XTP may also 

increase dimer formation by SAMHD1(D137N). Nevertheless, these data clearly 

demonstrate that XTP promotes SAMHD1(D137N) tetramer formation to a similar 

extent as GTP promotes wild type SAMHD1 tetramerisation. 

 

 

Figure 5.21: Oligomerisation of XTP activated SAMHD1(D137N). 

Wild type SAMHD1 or SAMHD1(D137N) were incubated with 0.5 mM GTP/XTP and 1 mM dATP 

and analysed by SEC-MALLS. The left axis displays molar mass (kDa) and the weight-averaged 

molar masses for each peak are shown as points. Peaks eluting at 13-14 minutes correspond 

monomeric SAMHD1 (72kDa). Peaks eluting at 11-12 minutes correspond to tetrameric SAMHD1 

(280kDa). 
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 Conclusions 

To characterise the dNTP triphosphohydrolase activity of SAMHD1 and the impact 

of mutations (D137N, Q548A, R372D and R333A) a highly sensitive continuous 

fluorescence based-coupled enzyme assay (Arnold et al., 2015d) was used to obtain 

quantitative real-time measurement of SAMHD1 dNTP hydrolysis. Using this 

approach, it was discovered that all SAMHD1 mutants had a significantly reduced 

rate of substrate hydrolysis (kcat) and affinity of substrate for the active site (KM). 

SAMHD1 mutants were further investigated using an in vitro 1D 1H NMR assay, 

which allowed for the measurement for all four dNTPs at the same time. These data 

also showed that all mutants reduced catalytic activity in comparison to wild type 

SAMHD1 in mixed dNTP reactions, although, all retained the same rank order of 

preference of hydrolysis of dNTPs, (dGTP> dCTP, TTP, dATP), providing insight into 

the active site specificity of SAMHD1. Notably, the results of these enzymological 

studies are in contrast to the previous studies of Ryoo et al. that proposed the Q548A 

mutant had activity similar to that of wild type SAMHD1 (Ryoo et al., 2014a). 

 

Analysis of the capacity of each SAMHD1 mutant to induce tetramerisation revealed 

varying effects. Incubation of wild type SAMHD1 with GTP and dATP results largely 

in the formation of tetramer. The amount of tetramer formation is reduced to varying 

extents for the D137N and R372D mutants, whilst the R333A mutant abolishes 

termer formation completely. By contrast, the Q548A mutant, although catalytically 

dead, was able to tetramerise similarly to wild type SAMHD1 and tetramer stability 

experiments demonstrated that SAMHD1(Q548A) and wild type SAMHD1 tetramers 

both persisted for at least 65 minutes. 

 

It has been demonstrated that tetramerisation is required for SAMHD1 

triphosphohydrolase activity and both are a pre-requisite for HIV-1 restriction (Arnold 

et al., 2015a, Yan et al., 2013a). These previous studies also showed that even small 

slight perturbations in SAMHD1 tetramerisation and/or triphosphohydrolase activity 

resulted in significantly reduced restriction activity. Therefore, two-colour restriction 

assays were performed to compare the restriction activity of wild type SAMHD1 with 

respect to each of the mutants. The findings of this assay were that none of the 

SAMHD1 mutants (D137N, Q548A, R372D and R33A), that all perturbed SAMHD1 
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function to a varying extent, could restrict HIV-1 infection. These observations are 

also in contrast to the previous study of Ryoo et al. that proposed SAMHD1(D137N) 

could restrict HIV-1 infection, but SAMHD1(Q548A) could not (Ryoo et al., 2014a). 

Nevertheless, these results do consolidate many other previous studies (Arnold et 

al., 2015a, Yan et al., 2013a, Brandariz-Nunez et al., 2013) demonstrating that 

tetramerisation and triphosphohydrolase activity are linked, and that both are a 

prerequisite for restriction. 

 

To discover whether in vitro measurements of tetramerisation and 

triphosphohydrolase activity reflected the activity of SAMHD1 in cells, an assay was 

developed to measure cellular dNTP levels in the presence of wild type SAMHD1 

and SAMHD1 mutants. These data showed that wild type SAMHD1 could reduce the 

dNTP levels of U937 cells by around 25-fold, correlating well with the cells becoming 

non-permissive to HIV-1 infection. Significantly, all the SAMHD1 mutants tested did 

not reduce cellular dNTP levels to the same extent as wild type SAMHD1 and did not 

render the cells permissive to HIV-1 infection. These data clearly demonstrate the 

inverse correlation between SAMHD1 in vitro triphosphohydrolase activity and 

cellular dNTP levels and also cell permissivity to HIV-1. In addition, given the mutants 

all result in a loss of HIV-1 restriction they reinforce the notion that both SAMHD1 

tetramerisation and triphosphohydrolase activity are required to restrict HIV-1. 

 

To understand how observations made from in vitro biochemical and cell-based 

assays related to structural changes, the crystal structures of two key mutants, 

SAMHD1(D137N) and SAMHD1(Q548A) were determined. Inspection of the 

SAMHD1(Q548A) structure revealed that Q548A mutation abolishes a number of 

significant hydrogen bonds with surrounding residues and that this disruption to the 

hydrogen-bonding network directly impacts on the formation of an ordered C-terminal 

lobe and also the active site. Based on these structural data and the combined 

biochemical observation that SAMHD1(Q548A) can tetramerise but has no 

triphosphohydrolase activity one notion for the loss of activity is that whilst SAMHD1 

is still able to bind substrate dNTPs in the allosteric and active sites and form stable 

tetramers, a partially formed active site is unable to hydrolyse dNTPs. 
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Residue D137 is located within the GTP/dGTP-specific AL1 allosteric site of 

SAMHD1. AL1 XTP/GTP specificity-switching experiments were conducted that 

revealed that whilst SAMHD1(D137N) was deficient for GTP-stimulated 

triphosphohydrolase activity, XTP could support wild type levels tetramerisation and 

triphosphohydrolase activity. Therefore, to understand the molecular details of 

SAMHD1(D137N) loss of GTP-stimulated triphosphohydrolase activity and the 

nature of XTP utilisation the crystal structure of SAMHD1(D137N) was determined 

using XTP as an AL1 activator. The structure revealed that the protein conformation 

around the allosteric sites was maintained between wild type SAMHD1 and 

SAMHD1(D137N) but with an altered hydrogen bonding arrangement. Here, instead 

of using the D137 carboxylate group as in wild type SAMHD1 to recognise the N1 

imino and C2 exocyclic amino groups of guanine, now the side chain amide of 

asparagine in SAMHD1(D137N) is able to recognise the N1 imino and O2 carbonyl 

of xanthine allowing SAMHD1(137N) to support wild-type levels of activity when 

stimulated by XTP. The loss of function when the D137N mutation or other residue 

substitutions are introduced at this position in SAMHD1 is also explained by this 

exquisite GTP-Asp XTP-Asn complementarity. The rationale being that the critical 

nature of the AL1 hydrogen-bonding network is required for deoxynucleotide 

recruitment to AL2, tetramerisation and activation of the active site and unless this is 

provided through the correct set of interactions assembly is disrupted and 

triphosphohydrolase activity abolished. 
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 Use of nucleotide analogues to probe 

SAMHD1 allostery and catalysis. 

Nucleotide analogues are commonly used as drugs to treat a variety of cancers and 

viral infections (Jordheim et al., 2013). These dNTP analogues are able to interfere 

with proliferation of cancer cells or viral replication through incorporation into newly 

synthesized DNA which can result in chain terminations, accumulation of mutations, 

and often cell apoptosis (Ewald et al., 2008, Carvalho et al., 2006). SAMHD1 has an 

essential role in regulating the cellular nucleotide pool by degrading dNTPs. 

Therefore, SAMHD1 also has the potential to decrease the cellular concentration of 

dNTP analogues used as drugs, and thereby reduce their effect as cancer or antiviral 

therapies. Interestingly, a number of recent reports have demonstrated that SAMHD1 

can indeed reduce intracellular levels of nucleotide analogues used as cancer drugs, 

which decreases their potency and efficacy as drugs (Hollenbaugh et al., 2017, 

Schneider et al., 2017a, Rassidakis et al., 2018, Kodigepalli et al., 2018).  

 

Further to their clinical uses, nucleotide analogues can also be used as a powerful 

tool for mechanistic studies of proteins. The experiments presented in this chapter 

aimed to give further insight into SAMHD1 hydrolysis as well as provide more 

information about the geometry of substrate and allosteric activator binding. In 

addition, these experiments aimed to inform crystallographic studies, investigate 

potential lead compounds in drug discovery and provide tools for probing SAMHD1 

activity in cells. The fluorescence based coupled enzyme assay detailed previously 

throughout this report required additional components (Ppx and PBP) to measure 

SAMHD1 triphosphohydrolase activity. There was a possibility that nucleotide 

analogues may interact with these components and perturb enzymatic readout. 

Therefore, a newly developed NMR assay was employed to measure SAMHD1 

dNTP hydrolysis. This assay lacks the requirement for additional components with 

which nucleotide analogues may potentially interact. Therefore, this technique was 

an ideal choice to directly investigate SAMHD1 activity. As described in detail in 

Chapter 2.7, the distinct NMR spectra of substrates can be visualised using 1D 

proton NMR. If substrates are hydrolysed then the NMR spectra of the nucleoside 

products can also be visualised upon the addition of SAMHD1. By measuring the 
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NMR spectra over a time course post SAMHD1 addition, the rate of substrate 

hydrolysis could be measured. To further probe SAMHD1 allostery and catalytic 

mechanism, dNTP analogues with differing chemical changes were investigated. 

These dNTP analogues, substituted at either the bridging (esterified) oxygen 

between the − and −phosphate (α-β dNpNHpp and α-β dNpCH2pp) or the non-

esterfied (dNTPαS) oxygen, were tested as substrates, allosteric activators and 

inhibitors of SAMHD1. 

 2'-Deoxynucleoside-5'-O-(1-Thiotriphosphates) (dNTPS) 

A recent report described the crystal structure of tetrameric SAMHD1 with 2'-

Deoxyguanosine-5'-O-(1-Thiotriphosphate) (dGTPαS) bound within the active site. 

Ji et al crystallised SAMHD1 with a racemic mixture of dGTPαS and it was proposed 

that this dNTP analogue substrate traps the SAMHD1 complex in a compact 

substrate bound conformation (Ji et al., 2013a). The 2'-Deoxynucleoside-5'-O-(1-

Thiotriphosphates) (dNTPαS) nucleotide analogues have a phosphorus-sulphur 

bond in place of the phosphorus-oxygen bond at the α-phosphate position and have 

two enantiomeric configurations (Figure 6.1). To investigate the substrate stereo-

selectivity of SAMHD1, dNTPαS were tested as substrates, activators and inhibitors 

of SAMHD1 dNTP hydrolysis. 

 

Using 1D proton NMR spectroscopy the spectra of the two stereoisomers could be 

distinguished (see Supplementary Figure 8.13 & Supplementary Figure 8.14). Figure 

6.2 shows the proton NMR spectra of the two dATPαS diastereomers: Sp-dATPαS 

and Rp-dATPαS. The two singlet peaks shown correspond to the protons at the C2 

and C8 positions on the adenine base. The chemical shifts of Sp-dATPαS protons 

C8H and C2H are 8.463 and 8.145 ppm, respectively. The Rp-dATPαS spectrum is 

differentiated with C8H and C2H chemical shifts of 8.431 and 8.14 ppm respectively. 
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Figure 6.1: Chemical structures of Sp- and Rp-dATPαS. 

The dNTPαS nucleotide analogues have a phosphorus-sulphur bond in place of the phosphorus-

oxygen bond at the α-phosphate position and are stereoisomers with an R and an S configuration. 
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Figure 6.2: The 1D proton NMR spectra for dATPαS-S and R enantiomers. 

(Top) The adenine base with the hydrogen atoms on carbon 2 and carbon 8 highlighted in green. 

(Bottom) The 1D proton NMR spectra of dATPαS R and S stereoisomers. Two singlet peaks in 

the spectra of each diastereomer correspond to the hydrogen atoms of the C2 and C8 protons of 

the adenine. (Top) The chemical shifts of Sp-dATPαS C8H and C2H are 8.463 and 8.145 ppm, 

respectively. (Bottom) In the Rp-dATPαS spectrum, C8H and C2H have chemical shifts of 8.431 

and 8.14 ppm respectively. 

 

 



Chapter 6. Results 

 

171 

 

To investigate the stereo-selectivity of the nucleotide-binding sites in SAMHD1, 1D 

proton NMR spectroscopy was used to measure the hydrolysis of each dNTPαS 

diastereomer by SAMHD1 (Figure 6.3). Interestingly, Rp-dNTPαS but not Sp-

dNTPαS dNTP analogues were substrates of SAMHD1 in the presence of AL1 

activator GTP. The kcat values measured for Rp-dNTPαS substrates were 0.885, 

0.334, 0.199 and 0.192 sec-1 with a rank order of hydrolysis of Rp-TTPαS > Rp-

dATPαS > Rp-dCTPαS > Rp-dGTPαS (Table 6.1). The catalytic constants are similar 

to those determined for canonical dNTPs, with SAMHD1 displaying the same order 

of preference for Rp-dNTPαS as for dNTP substrates. (Figure 3.14). These 

experiments were performed in the presence of AL1-activator GTP, but no separate 

AL2-activator was added. Therefore, this demonstrates that dNTPαS can activate 

SAMHD1 in AL2 to a similar extent as canonical dNTPs. Whilst no hydrolysis of Sp-

dNTPαS stereoisomers was observed, it was hypothesised that these may still bind 

in the active site. There was also the possibility that Sp-dNTPαS could be hydrolysed 

by SAMHD1, but not activate AL2.  

 

Therefore, to determine whether Sp-dNTPαS hydrolysis could be stimulated by an 

additional AL2 activator, or whether Sp-dNTPαS diastereomers are competitive 

inhibitors of Rp-dNTPαS hydrolysis by SAMHD1, a 1:1 mixture of Rp- and Sp-dNTPαS 

diastereomers was reconstituted and hydrolysis was measured by 1D proton NMR 

spectroscopy. Sp-dNTPαS diastereomers were not hydrolysed by SAMHD1, even in 

the presence of AL1-activator GTP and the AL2-activating, corresponding Rp-

dNTPαS. However, the rate of GTP-stimulated Rp-dNTPαS hydrolysis by SAMHD1 

was reduced by the presence of equimolar Sp-dNTPαS. This indicated that the Sp-

dNTPαS diastereomers are competitive inhibitors of nucleotide hydrolysis by 

SAMHD1 that bind the SAMHD1 active site but cannot be hydrolysed. 
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Figure 6.3: Hydrolysis of dNTPαS by SAMHD1 in single reactions. 

NMR Data recorded from a SAMHD1 hydrolysis reaction containing either (A) 0.5 mM Sp-

dNTPαS or (B) 0.5 mM Rp-dNTPαS and 200 µM GTP activator. In each panel, the integral of the 

substrate and product peak from each deoxynucleotide is plotted against time. Initial rates of 

hydrolysis were determined from slopes (red lines) derived from data measured in the first 5-10 

% of the reaction. The integral of each substrate peak is plotted as a circle, and the integral of 

each product peak is shown as a filled triangle. 
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Figure 6.4: Hydrolysis of Sp- and Rp-dNTPαS by SAMHD1 in mixed reactions. 

NMR Data recorded from a SAMHD1 hydrolysis reaction containing 0.5 mM Rp-dNTPαS, 0.5 mM 

Sp-dNTPαS and 200 µM GTP activator. In each panel, the integral of the substrate and product 

peak resonances from each deoxynucleotide is plotted against time. Initial rates of hydrolysis 

were determined from slopes (red lines) derived from data measured in the first 5-10 % of the 

reaction. The integral of each Rp-dNTPαS substrate peak is plotted as a circle, the integral of 

each Sp-dNTPαS substrate peak is plotted as a grey filled circle and the integral of each product 

peak is shown as a filled triangle. 
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Table 6.1: Rates of hydrolysis of dNTPαS nucleotide analogues. 

The derived kcat values for SAMHD1 hydrolysis reactions containing either 0.5 mM Rp-dNTPαS or 

an equimolar mixture of 0.5 mM Rp-dNTPαS and Sp-dNTPαS dNTP analogues, both in the 

presence of 200 µM GTP activator. The values for fold reduction are the ratio of kcat (s-1) in the 

absence and presence of Sp-dNTPαS. 
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 Investigation of catalysis by modification of the α-β 

phosphate bond. 

It was predicted that the modification of the α-β phosphate bond would alter the 

properties of dNTP binding and SAMHD1 catalysis. This bond was chosen over the 

α-phosphorus - 5’ carbon bond that is cleaved by SAMHD1, to minimise the effect 

on the mode of substrate binding. Therefore, both α,β-methyleno- and α,β-imido-

dNTP analogues were investigated (see Supplementary Figure 8.15 & 

Supplementary Figure 8.16). 

6.2.1 2'-Deoxynucleoside-5'-[(α,β)-methyleno]triphosphates 

The 2'-deoxynucleoside-5'-[(α,β)-methyleno]triphosphates (dNpCH2pp) which 

contain a methylene linkage between the α- and β-phosphates (Figure 6.5) were 

assessed for hydrolysis, their capacity to activate or inhibit SAMHD1 activity and 

ability to promote tetramerisation. 

 

 

 

Figure 6.5: Deoxynucleoside-5'-[(α,β)-methyleno]triphosphates. 

The dNpCH2pp dNTP analogues contain a methylene linkage between the α and β phosphates. 
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Three dNpCH2pp analogues (dApCH2pp, dCpCH2pp, and dGpCH2pp) were tested in 

a hydrolysis assay and all were turned over by SAMHD1 (Figure 6.6A). The rank 

order of apparent kcat was from slowest to fastest was dCpCH2pp< dApCH2pp< 

dGpCH2pp with rates of 0.014, 0.150 and 0.322 s-1 respectively (Figure 6.6C & 

Figure 6.6C) The greatest effect on catalytic constant with respect to canonical 

dNTPs was for dCpCH2pp where kcat is 28-fold reduced in comparison to dCTP. By 

contrast, dGpCH2pp was hydrolysed with a similar rate to dGTP (cf. Figure 3.14). 

SAMHD1 allosteric activation is a prerequisite for triphosphohydrolase activity and 

the results of these catalytic assays reveal that dNpCH2pp analogues are hydrolysed 

by SAMHD1 suggesting that they are able to bind in both the active site and AL2 site. 

However, particularly with dCpCH2pp there is a marked reduction in kcat so it is 

possible that impaired AL2 binding by dNpCH2pp analogues rather than affinity for 

the active site or a direct effect on catalysis is responsible for the reduction in kcat.  

 

Therefore, the ability of these dNTP analogues to promote SAMHD1 tetramerisation 

was measured directly using SEC-MALLS (by Dr Elizabeth R. Morris, The Francis 

Crick Institute). It was discovered that whilst dGpCH2pp and dApCH2pp could support 

significant levels of stable tetramer formation, no tetramer formation was observed 

with dCpCH2pp and TpCH2pp (Supplementary Figure 8.17). Hence, the slow 

dCpCH2pp hydrolysis observed is at least in part, due to impaired SAMHD1 tetramer 

formation. This idea is also consistent with data on the canonical dNTPs, which show 

that dCTP is the least potent AL2 activator. 

 

To explore in more detail whether dNpCH2pp analogues were good substrates but 

poor AL2 activators, or simply poor substrates, reactions were set up as before but 

including in addition, a low concentration (10 µM) of dATP to promote assembly 

through AL2 binding. The dATP nucleotide was chosen as previous results 

demonstrated that dATP promoted SAMHD1 tetramerisation to the greatest extent 

(Figure 3.15) and was also the poorest substrate in combined dNTP reactions 

(Figure 3.14). An additional TpCH2pp sample, which was available at the time, was 

also included in these experiments. The data from these 1D 1H NMR assays are 

shown in Figure 6.6B. and reveal the influence of dATP on dNpCH2pp hydrolysis. 

Analysis of the data shows that inclusion of dATP increased the hydrolysis of 

dCpCH2pp and dApCH2pp by 14- and 2-fold respectively (Figure 6.6C & Figure 6.6D). 
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Interestingly, the kcat for hydrolysis of dGpCH2pp in the presence of dATP was 

actually maintained or even reduced minimally, from 0.32 to 0.26 s-1. 

 

The inclusion of dATP demonstrated that the dNpCH2pp substrates are better 

substrates than they appear to be in reactions with no additional AL2 activation. 

Moreover, the results of these hydrolysis experiments are consistent with the MALLS 

results (Supplementary Figure 8.17). The dGpCH2pp and dApCH2pp dNTP 

analogues were able to support significant levels of stable tetramer formation alone, 

therefore it is unsurprising that additional dATP activation in AL2 had small effects 

on the rate of substrate hydrolysis. However, no tetramer formation was observed 

with dCpCH2pp, therefore, it is likely that the addition of dATP-AL2 activator 

promotes SAMHD1 tetramerisation, allowing for the observed increase in dCpCH2pp 

hydrolysis. Nonetheless, the rates of dCpCH2pp, dApCH2pp, dGpCH2pp and 

TpCH2pp hydrolysis were still reduced with respect to their canonical counterparts 

even in the presence of an AL2 activator (cf. Figure 6.6 & Supplementary Figure 8.6). 

This may be due to reduced substrate binding in the active site, although could also 

be attributed to mixed dATP/dNpCH2pp activation in AL2.  
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Figure 6.6: SAMHD1 hydrolysis of dNpCH2pp substrates. 

(A) NMR Data recorded from a hydrolysis reaction containing 1µM SAMHD1, 200 µM GTP 

activator and 500 µM of dCpCH2pp, dApCH2pp, or dGpCH2pp. (B) Equivalent reaction as in (A) 

but containing additional 10 µM dATP, a TpCH2pp sample was also included as it was available 

at the time. In each panel, the integrated areas of substrate and product peak resonances from 

deoxynucleotides are plotted against time. Initial rates of hydrolysis were determined from slopes 

(red lines) derived from the data measured in the first 5 -10 % of the reaction. (C) Bar chart 

showing the derived kcat values for GTP-stimulated SAMHD1 hydrolysis of each dNpCH2pp with 

or without the addition of 10 µM dATP. (D) Tabulated kcat values from the data in C. 
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6.2.2 2’-Deoxynucleoside-5’-[(α,β)-imido]triphosphates 

The 2’-Deoxynucleoside-5’-[(α,β)-imido]triphosphates (dNpNHpp) are α-β 

substituted nucleotide analogues that contain an imido linkage between the α- and 

β-phosphates (Figure 6.7). A previous study using the fluorescence based coupled 

enzyme assay found dApNHpp to be an inhibitor of GTP-activated SAMHD1 TTP 

hydrolysis (Arnold et al., 2015d). Therefore, 1H NMR experiments aimed to expand 

on this observation and understand how other dNpNHpp analogues might to 

allosterically activate or inhibit SAMHD1 activity were undertaken.  

 

 

Figure 6.7: Chemical structures of dNpNHpp nucleotide analogues 

The chemical structures of the dNpNHpp nucleotide analogues dApNHpp, TpNHpp, dGpNHpp 

and dCpNHpp are shown. All contain an imido (NH) linkage (circled in red) between the α and β 

phosphates. 
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Figure 6.8: 2’-Deoxynucleoside-5’-[(α,β)-imido]triphosphates are not substrates of 

SAMHD1. 

NMR Data recorded from a hydrolysis reaction containing 1 µM SAMHD1, 200 µM GTP activator 

and 500 µM of dApNHpp, TpNHpp or dCpNHpp. In the dGpNHpp reaction, no GTP was included. 

In each panel, the integrated area of resolved resonances from each dNpNHpp analogue is 

plotted against time.  
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The results of dNpNHpp hydrolysis assays measured by 1D 1H NMR are presented 

in Figure 6.8. These data show that none of the dNpNHpp analogues tested 

(dApNHpp, TpNHpp, dCpNHpp and dGpNHpp) were hydrolysed by SAMHD1 either 

alone (dGpNHpp) or in the presence of GTP (dApNHpp, dCpNHpp and 

TpNHpp).These data are consistent to those observed with dApNHpp previously 

(Arnold et al 2015b). However, although no hydrolysis was observed, the possibility 

remained that dNpNHpp analogues could still be substrates but unable to activate 

through binding at AL2. To test this hypothesis, reactions were set up containing 

SAMHD1 with TTP as a substrate and AL2 activator, GTP to activate AL1 and either 

0, 10 or 100 µM dApNHpp or dCpNHpp. This experiment was designed to examine 

the modulation of SAMHD1 activity by dNpNHpp analogues and had two aims, firstly 

to provide insights into whether TTP activation in AL2 would enhance dNpNHpp 

hydrolysis and secondly to see if the dNpNHpp analogues had any impact on TTP 

hydrolysis. The data from this “modulation assay” is presented in Figure 6.9. No 

hydrolysis of dApNHpp or dCpNHpp was observed in the presence of TTP indicating 

neither are substrates. However, the data do reveal that both dApNHpp and 

dCpNHpp are potent inhibitors of SAMHD1 hydrolysis of TTP. The catalytic rate 

constant for GTP-activated TTP hydrolysis in the absence of any dNpNHpp was 

0.892 s-1. This was reduced to 0.193 s-1 and 0.035 s-1 in the presence of 10 µM and 

100 µM dApNHpp, respectively. Addition of 10 µM dCpNHpp reduced the rate of 

GTP-activated TTP hydrolysis to 0.041 s-1 and 100 µM dCpNHpp reduced hydrolysis 

to undetectable levels. Overall, these experiments demonstrate that dNpNHpp 

analogues are competitive inhibitors of SAMHD1 dNTP hydrolysis and that dCpNHpp 

is a much stronger inhibitor than dApNHpp, likely as a result of greater affinity for the 

active site than dApNHpp. 
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Figure 6.9: dNpNHpp dNTP analogues are not hydrolysed by TTP-stimulated SAMHD1 

but are SAMHD1 inhibitors. 

NMR Data recorded from a hydrolysis reaction containing 1 µM SAMHD1, 500 µM TTP, 200 µM 

GTP and either 100 µM dApNHpp (A) or dCpNHpp (B). The integrated area of resolved peak 

resonances from each dNpNHpp analogue is plotted against time. NMR Data recorded from a 1 

µM wild type SAMHD1 hydrolysis reaction containing 500 µM TTP, 200 µM GTP and either 0 µM, 

10 µM or 100 µM dApNHpp (C) or dCpNHpp (D). In each panel, the integral of the substrate TTP 

peak resonances from each deoxynucleoside is plotted against time. Initial rates of hydrolysis 

were determined from slopes (red lines) derived from the data measured in the first 5 -10 % of 

the reaction. Tables show the derived kcat values for wild type SAMHD1 hydrolysis of TTP with or 

without the addition of dApNHpp or dApNHpp.  
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 Conclusions 

It has been demonstrated that the subtle changes that arise from stereoisomerism 

of dNTP analogues can have significant effects on SAMHD1 activity. Whilst Rp-

dNTPαS nucleotides were substrates of SAMHD1, Sp-dNTPαS dNTP nucleotides 

were inhibitors of SAMHD1 triphosphohydrolase activity, likely through competitive-

binding at the active site.  

 

To rationalise these observed differences in catalytic turnover and inhibition Rp-

dGTPαS and Sp-dGTPαS were modelled into the active site of SAMHD1 and 

compared to a structure containing dGTP (Figure 6.10). The models were produced 

using the original co-crystal structure of SAMHD1 113-626 and dGTPαS, (PDB: 

4BZC), where the Rp-isomer was modelled into the active site (Figure 6.10).  

 

Active site residues H167, H206, D207 and D311 have been shown to be essential 

for catalytic activity (Koharudin et al., 2014a, Goldstone et al., 2011, Ji et al., 2013a) 

through co-ordination of an essential Fe metal ion (Arnold 2015a). In the modelled 

structures, the Fe ion is approximately 3 Å from either the non-esterified oxygen of 

Sp-dGTPαS and dGTP, or the sulphur of Rp-dGTPαS. Notably, Rp-dNTPαS 

nucleotides are hydrolysed by SAMHD1 so whilst substitution of oxygen with sulphur 

might alter the proximity of these atoms and perturb metal ion binding, as sulphur 

and oxygen have the same valency (although different electronegativities) this 

substitution apparently still supports hydrolysis.  

 

On the other hand, Sp-dNTPαS nucleotides are not hydrolysed and in fact are 

inhibitors of SAMHD1 catalysis. In the model (Figure 6.10), the substituted sulphur 

atom is now not in close proximity to the Fe ion but instead rotated 109.5° where it 

is in close proximity (2.5 Å) to the side chain of another active site residue, H215 that 

has also been shown to be essential for SAMHD1 catalysis (Koharudin et al., 2014).  

 

In published structures that have employed catalytically dead active site mutants, the 

H215 side chain has been observed in different conformations, orientated towards 

the α-phosphate group of bound dATP, (PDB: 4QG1) (Zhu et al., 2013a), or stacking 

with the guanine base of bound dGTP, (PDB: 4MZ7) (Koharudin et al., 2014a). This 
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raises the possibility that Sp-dNTPαS nucleotides can still bind in the active site but 

are not hydrolysed because the sulphur now perturbs interactions between the H215 

side chain and remainder of the nucleotide or water network preventing catalytic 

turnover. In addition, the remaining favourable co-ordination of the non-esterified α-

oxygen with the Fe metal ion may afford stronger active site binding than the Rp-

dNTPαS diastereomers and result in the observed competitive inhibition (Table 6.1). 
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Figure 6.10: SAMHD1 modelled with Sp-dGTPαS, Rp-dGTPαS and dGTP. 

Crystal structures of SAMHD1 with (A) Sp-dGTPαS (B) Rp-dGTPαS and (C) dGTP modelled into 

the active site. The central panel is the original co-crystal structure of SAMHD1 113-626 (PDB: 

4BZC), where Rp-dGTPαS was modelled into the active site. The models the upper and lower 

panels were generated using PyMOL. 
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It was hypothesised that modification of the α-β phosphate bond would affect the 

properties of dNTPs and result in altered binding and/or perturbation of SAMHD1 

catalysis.  

 

Experiments employing the methylene containing dNpCH2pp analogues revealed 

that they were SAMHD1 substrates and could also bind at AL2 and activate SAMHD1, 

albeit to different degrees. Hydrolysis of dNpCH2pp was by far the slowest and 

MALLS experiments demonstrated that the ability of dNpCH2pp analogues to 

promote tetramerisation varied significantly, with dCpCH2pp the poorest. This 

suggested that slow hydrolysis of dCpCH2pp may be a result of poor AL2 activation 

rather than an intrinsic weak affinity for the active site. This notion was supported by 

the inclusion of a small amount of “boost” dATP to act as an AL2 activator that 

resulted in a large 14-fold enhancement in the dCpCH2pp hydrolysis rate. Other 

dNpCH2pp analogues were enhanced to a lesser extent by the inclusion of dATP, 

but had higher turnover rates in “non-boosted” assays and were also more efficient 

at inducing tetramerisation.  

 

Within allosteric sites a significant number of interactions are made between 

allosteric site residues and the α-, β- and γ-phosphates of bound nucleotides and 

between the AL1 and AL2 activators themselves through a bridging Mg ion. 

Therefore, given these observations regarding hydrolysis of dNpCH2pp analogues, 

and particularly dCpCH2pp, it is likely that the changes in the chemical configuration 

of the triphosphate through the introduction of the methylene group in dNpCH2pp 

analogues are likely to perturb these interactions and reduce activation through AL2-

induced tetramerisation. Nevertheless, even after taking AL2 effects into account by 

using the GTP-activated dATP-boosted” reactions, the rates of dNpCH2pp analogue 

hydrolysis are still reduced in comparison to those of canonical dNTPs. Therefore, 

the presence of the methylene group in place of the oxygen bridging the α- and β- 

phosphates does likely alter the intrinsic reactivity of the adjacent phosphoester bond 

and effect SAMHD1 catalysis. However, in comparison to canonical dNTPs the 

reductions are only two-fold, so although dNpCH2pp analogue hydrolysis is reduced 

through a combination of AL2 and active site effects, it is the reduction in AL2 

activation that appears to be largely causal. 
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Analysis of the dNpNHpp analogues revealed that both dApNHpp and dCpNHpp 

were not SAMHD1 substrates and in fact inhibitors of SAMHD1 catalytic activity. 

Inclusion of 100 µM dApNHpp in a hydrolysis reaction containing 500 µM TTP 

substrate reduced the catalytic activity of SAMHD1 by 23- fold and under same 

conditions, dCpNHpp reduced TTP hydrolysis to an unmeasurable level. It is 

interesting to note that dCTP was shown to be best SAMHD1 substrate in terms of 

kcat in a mixed 4-dNTP experiment (see Figure 3.14) and dCpNHpp shows the 

greatest degree of inhibition. This observation reaffirms the conclusion that whilst 

cytosine-based nucleotides are poor AL2 activators they have the highest affinity for 

the active site. Parallel SEC-MALLS and crystallographic structural studies, show 

that α-β imido-dNTPs are able to bind AL2 and active sites of SAMHD1 and promote 

compact, long-lived tetramer formation (personal communication, Dr Elizabeth R. 

Morris & Dr Ian A. Taylor, The Francis Crick Institute). Based on these data it is 

hypothesised that α-β imido-dNTPs are resistant to hydrolysis because of additional 

hydrogen bonding between the imido group and active site residues that traps 

SAMHD1 in a nucleotide-bound pre-catalytic state and prevents formation of a 

transition state. In addition, the extra hydrogen bonding and a long lifetime of 

dNpNHpp-SAMHD1 complexes also likely forms the basis of competitive inhibition 

that is observed with canonical dNTPs. 
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 Discussion 

SAMHD1 restricts HIV-1 infection in myeloid-lineage cells and resting CD4+ T cells 

(Goldstone et al., 2011, Hrecka et al., 2011, Laguette et al., 2011). However, despite 

intense investigation the exact mechanism of retroviral restriction by SAMHD1 

remains both elusive and contentious within the field. Competing models of the 

restriction mechanism are split broadly between triphosphohydrolase activity, 

resulting in nucleotide turnover and reduction of cellular dNTPs levels which no 

longer support productive reverse transcription (Goldstone et al., 2011, Lahouassa 

et al., 2012b), and a nuclease activity, proposed to cleave viral nucleic acid prior to 

integration (Beloglazova et al., 2013b, Choi et al., 2015b, Ryoo et al., 2014b, Ryoo 

et al., 2016b, Ryoo et al., 2016a). In addition, SAMHD1 is proposed to have nucleic 

acid binding activity which has been linked to HIV-1 restriction, although the exact 

nature of this function remains unclear (Goncalves et al., 2012, White et al., 2013a, 

White et al., 2013b, Seamon et al., 2015b, Tungler et al., 2013, Choi et al., 2015a, 

Ryoo et al., 2014a). 

 

Beyond its restriction of HIV-1 infection, SAMHD1 is an important effector of innate 

immunity and cell cycle regulation, through the maintenance of the homeostatic 

balance of cellular dNTPs (Franzolin et al., 2013). Consequently, mutations to 

SAMHD1 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). More recently, SAMHD1 has also been reported to 

have a triphosphohydrolase independent function in genome maintenance pathways, 

facilitating homologous recombination and functioning in DNA repair (Daddacha et 

al., 2017, Mlcochova et al., 2018, Jauregui and Landau, 2018, Cabello-Lobato et al., 

2017). 

 

A molecular description of the mechanism by which SAMHD1 mediates retroviral 

restriction is essential for its exploitation in any antiviral therapy and would provide a 

deeper understanding of the host immune response to infection. A clear 

understanding of SAMHD1 activity and regulation could give further insights into how 

mutations of SAMHD1 can lead to dysregulation in disease, and point towards 

effective methods of treatment. 
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There have been significant variabilities in the triphosphohydrolase, nuclease and 

nucleic acid binding activities of SAMHD1 and that of key mutants (D137N and 

Q548A) reported by different laboratories. Therefore, experiments were performed 

which aimed to resolve the conflicting models of SAMHD1 action by carefully 

investigating each proposed SAMHD1 activity and the properties of the D137N and 

Q548A mutants. To gain further insights into the structure-function relationship of 

SAMHD1, enzymatic assays were performed in parallel with biophysical assays to 

monitor changes in SAMHD1 oligomerisation followed by X-ray crystallographic 

structural studies. In addition, a number of studies have demonstrated that SAMHD1 

also has the potential to decrease the cellular concentration of dNTP analogues used 

as therapeutic drugs, and thereby reduce their effectiveness as cancer or antiviral 

agents (Hollenbaugh et al., 2017, Schneider et al., 2017a). Therefore, NMR studies 

were performed with the aim of further understanding how the different chemical 

modifications in various nucleotide analogues can affect SAMHD1 allosteric 

activation and enzymatic activity.  

 

 Key findings 

7.1.1 If SAMHD1 were to possess a bona fide nuclease activity, then this 

is not required for HIV-1 restriction. 

Experiments, which aimed to discriminate between which activity of SAMHD1 

resulted in HIV-1 restriction, revealed that the addition of exogenous Vpx to target 

SAMHD1 for proteasomal degradation was able to rescue SAMHD1-stalled HIV-1 

infection in differentiated U937 cells. Moreover, this Vpx addition and recovery of the 

infection was found to occur as late as 24-48 hours post the initial HIV-1 infection. 

This demonstrated that the HIV-1 genome was still present at these time-points post 

infection and therefore not degraded by a SAMHD1 nuclease activity. Considering 

that the HIV-1 genomic RNA is still present after 24 hours, this also argues against 

the possibility that SAMHD1 recruits another RNase to the complex. A decrease in 

the ability of Vpx to rescue HIV-1 infection over time was observed and therefore a 

Nevirapine washout assay was performed. A decrease in HIV-1 infectivity was 

observed upon the removal of Nevirapine at different time points. This highlights that 

the decrease in the ability of Vpx to rescue infection is most likely due to the gradual 



Chapter 7. Discussion 

 

190 

 

degradation of HIV particles and not late acting SAMHD1 nuclease activity. These 

experiments were performed in differentiated U937 cells with recombinant HIV-1 

virus. However, Mlcochova et al. demonstrate that infection levels in monocyte 

derived macrophages by various strains of clinically derived HIV-1 virus, in the 

presence of Vpx, are at least ten-fold higher than without Vpx (Mlcochova et al., 

2014). Whilst this does not report on any nuclease activity, since the Vpx was added 

at the same time as infection, it demonstrates that there is a similar rescue phenotype 

in primary cells with clinically isolated viruses (Mlcochova et al., 2014). Overall, these 

results indicate that unlike previously published (Beloglazova et al., 2013b, Choi et 

al., 2015b, Ryoo et al., 2014b, Ryoo et al., 2016b, Ryoo et al., 2016a), if SAMHD1 

were to possess a bona fide nuclease activity, then this is not required for HIV-1 

restriction. 

 

Whilst cell-based analyses presented in this thesis demonstrated that SAMHD1 

nuclease activity was not important for restriction, they did not rule out that SAMHD1 

had nuclease activity. To investigate this, in vitro nuclease assays were performed. 

Unlike previous reports (Beloglazova et al., 2013b, Choi et al., 2015b, Ryoo et al., 

2014b, Ryoo et al., 2016a) no nuclease activity was detected with single or double 

stranded DNA, DNA in an RNA:DNA hybrid, double stranded RNA or a very long 

DNA substrate which contains all dinucleotide combinations that may be a DNase 

target. Only a very weak and inconsistent RNase activity was observed despite using 

protein concentrations with assays, up to 30 times higher than those used in 

previously published reports (Beloglazova et al., 2013b, Choi et al., 2015b, Ryoo et 

al., 2014b, Ryoo et al., 2016b, Ryoo et al., 2016a). However, this could be removed 

after a three-step protein purification process. Based on these results and in 

agreement with Seamon et al. and Antonucci et al. it is proposed that the nuclease 

activity observed in previous studies is as a result of contaminants that co-purify with 

SAMHD1. Based on the patterns of hydrolysis, it is suggested that the contaminant 

could be pancreatic RNAse A, which specifically cleaves after pyrimidine nucleotides 

(Volkin and Cohn, 1953), or perhaps an E. coli ribonuclease such as RNase E, which 

catalyses endonucleolytic cleavage of single-stranded RNA in A- and U-rich regions 

(Kaberdin, 2003). 
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Ryoo et al. refuted the findings of Antonucci et al. and proposed that SAMHD1 was 

a phosphorolytic ribonuclease rather than a hydrolytic ribonuclease. To address 

these findings, the nuclease activity of SAMHD1 was assessed in the presence of 

Na2HPO4, as reported by Ryoo et al. Interestingly, it appeared that Na2HPO4 did 

activate nuclease activity in a SAMHD1 protein preparation purified using only a 

streptactin-affinity step. However, no activation of nuclease activity was observed in 

assays employing a three step-purified SAMHD1 sample. This indicated the 

presence of a contaminant phosphorolytic ribonuclease, after the first streptactin-

affinity step, which was not SAMHD1. The observed phosphate dependent nuclease 

activity could arise from contamination with the phosphorolytic RNase PH from E. 

coli (Kelly and Deutscher, 1992, Deutscher et al., 1988, Jensen et al., 1992) – a 

hexameric enzyme that has been demonstrated to form higher order multimers in gel 

filtration chromatography and therefore likely to co-elute with SAMHD1. It is also of 

note that RNase PH most efficiently degrades poly(A) compared to other substrates 

(Kelly and Deutscher, 1992), which is the substrate used by Ryoo et al. to support 

their conclusion that SAMHD1 is a phosphorolytic ribonuclease.  

 

The nuclease experiments performed by Ryoo et al. employed either recombinant 

SAMHD1 protein purified from E. coli using a one-step GST affinity purification or 

SAMHD1 recovered by immunoprecipitation using a flag-tag directly from U937 cells. 

In the same way as Ryoo et al., this study also observed nuclease activity from 

SAMHD1 purified with only a one-step purification process from E. coli, that we 

attribute to contaminating E. coli nuclease activity. In addition, Ryoo et al., also 

employed SAMHD1 in assays that was immunoprecipitated from U937 cells that 

potentially may have altered activity as a result of post-translational modifications. 

Studies of SAMHD1 have identified phosphorylation at Thr592 by CyclinA-CDK2 as 

a major cell cycle dependent post translational modification. This phosphorylation is 

associated with the inability to form stable tetramers (Arnold et al., 2015) and a loss 

in the ability to restrict HIV infection (Cribier et al., 2013), although it does not affect 

the steady-state triphosphohydrolase activity of SAMHD1 in vitro (Arnold et al., 2015). 

As it is unclear whether Ryoo et al., purified SAMHD1 by immunoprecipitation from 

either cycling or PMA differentiated U937 cells and that immunoprecipitated material 

could contain a whole set of different contaminating nucleases it is difficult to draw 

comparisons with recombinant SAMHD1. However, SAMHD1 recovered by 
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immunoprecipitation from cycling U937 cells will contain both phosphorylated and 

non-phosphorylated forms and this is likely to further increase the variability of the 

results presented by Ryoo et al. in comparison to those within this thesis. On the 

other hand, notwithstanding differences in nuclease contamination, SAMHD1 

immunoprecipitated from non-cycling differentiated cells, where the phosphorylation 

activity of CyclinA-CDK2 is absent will be non-phosphorylated and the activity would 

be expected to more equivalent to that of recombinant SAMHD1. 

 

The results presented in this thesis are supported by a previous report, which 

demonstrated that SAMHD1 DNA hydrolysis activity could be removed with further 

purification steps whilst the triphosphohydrolase activity of SAMHD1 remained 

consistent, although some RNase activity persisted (Welbourn et al., 2013). 

Furthermore recent studies concerning Hepatitis B viral infection have shown that 

SAMHD1 lowers the dNTP pool and significantly inhibits viral DNA synthesis to lead 

to restriction (Jeong et al., 2016, Sommer et al., 2016). 

 

7.1.2 The dNTP triphosphohydrolase activity of SAMHD1 links to 

tetramerisation and both are a prerequisite for HIV-1 restriction. 

The proposition by Ryoo et al. that the nuclease and not the triphosphohydrolase 

activity of SAMHD1 mediated HIV-1 restriction was based on the authors’ findings 

with the SAMHD1 mutants D137N and Q548A. To verify these previous findings, an 

investigation of these mutants was carried out in addition to SAMHD1 mutants 

R333A and R372D, which from existing SAMHD1 crystal structures, were predicted 

to be important for SAMHD1 oligomerisation and catalytic activity. These results 

were compared to those of wild type SAMHD1 to gain insights into mechanisms 

required for HIV-1 restriction.  

 

In our hands, the SAMHD1 mutant activities differ from those reported by Ryoo et al. 

- all mutants had severely impaired triphosphohydrolase activity and although 

SAMHD1 Q548A was unaffected, all other SAMHD1 mutants were unable to form 

stable tetrameric species. Interestingly, none of these SAMHD1 mutants were able 

to restrict HIV-1 infection. Structural studies have demonstrated that residue D137 is 
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vital for dGTP/GTP induced tetramerisation (Goldstone et al., 2011, Yan et al., 2013b, 

Ji et al., 2014a, Koharudin et al., 2014b). SAMHD1 R372 is located within the dimer-

dimer interface and R333 within AL2. Therefore, it is expected that mutations at these 

residues involved in SAMHD1 assembly would negatively impact tetramerisation. 

This hypothesis is consolidated by NMR data, which demonstrates that an increase 

in mutant protein concentration is able to rescue triphosphohydrolase activity, likely 

through promoting oligomerisation. By contrast, crystallographic studies 

demonstrate that the Q548A mutation directly impacts the active site, therefore as 

expected, an increase in protein concentration is unable to rescue enzymatic activity. 

Based on the crystal structure it is predicted that whilst the Q548A mutant can still 

tetramerise, the active site of SAMHD1 Q548A cannot form properly to bind and 

hydrolyse its substrate and remains in a stable, inactive tetramer. These results 

indicate the importance of tetramerisation on SAMHD1 triphosphohydrolase activity 

as even the smallest perturbations in assembly resulted in large differences in 

catalytic activity and ultimately abolished HIV-1 restriction. Previous studies reporting 

discrepancies in the effects of SAMHD1 D137N and Q548A mutations have been 

explained by the use of different cell types within these reports. Higher dNTP 

concentrations are found in dividing cells, which can influence their ability to restrict 

infection. Here, all experiments were performed in the same differentiated U937 cells 

as the original report by Ryoo et al. and have still been unable to replicate their 

findings. 

 

Overall, the results thus far support the proposition that it is the triphosphohydrolase 

activity of SAMHD1 that results in HIV-1 restriction through depletion of the dNTP 

pool to levels that no longer support productive reverse transcription. This hypothesis 

is further strengthened as SAMHD1 expressing cells had significantly reduced 

cellular dNTP levels and the levels within cells expressing SAMHD1 mutants were 

increased by comparison. Although significant, the differences between dNTP levels 

in wild type and mutant SAMHD1 expressing cells were relatively small, which 

suggests that HIV-1 replication is highly sensitive to changes in cellular homeostasis 

and a narrow dNTP threshold exists for viral restriction.  
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7.1.3 SAMHD1 is a nucleic acid binding protein. 

The results of this study demonstrate that as previously described (Goncalves et al., 

2012, White et al., 2013a, White et al., 2013b, Seamon et al., 2015b, Tungler et al., 

2013, Choi et al., 2015a, Ryoo et al., 2014a), SAMHD1 is a nucleic acid binding 

protein.  

 

SAMHD1 was able to bind to ssRNA with a higher affinity than ssDNA but did not 

bind to any double stranded nucleic acids. Interestingly, SAMHD1 109-626 bound to 

ssRNA with a higher affinity than full length SAMHD1 which indicates that the nucleic 

acid binding site is within the HD domain and that either the SAM domain may perturb 

nucleic acid binding or that the removal of this domain exposes a more positively 

charged surface area and increases non-specific nucleic acid binding. Furthermore, 

it appeared that oligomerisation of SAMHD1 also reduced the propensity of SAMHD1 

to bind nucleic acid substrates. These findings are in agreement with Seamon et al. 

who also propose that the SAM domain has no contribution to binding and that 

tetrameric SAMHD1 cannot bind nucleic acids (Seamon et al., 2016). Interestingly, 

oligomerisation studies of SAMHD1 in this report demonstrated that nucleic acids 

were able to promote SAMHD1 oligomerisation in the same way as the allosteric 

activator GTP but could not support tetramerisation with the addition of dATP. 

However, DNA oligonucleotides did not inhibit tetramerisation in the presence of GTP 

and dATP, which is in contrast to previous findings (Seamon et al., 2016). This, 

alongside the fact that SAMHD1 appeared to have no viral nucleic acid specificity, 

means that it is unlikely that SAMHD1 results in HIV-1 restriction through binding and 

sequestering viral nucleic acids prior to reverse transcription and integration. 

SAMHD1 triphosphohydrolase activity was, however, reduced in the presence of 

high concentrations of nucleic acids which may be explained by the previously 

reported observation that SAMHD1 can converge on ssRNA and ssDNA (Tungler et 

al., 2013). The nucleic acids tested contain a guanine nucleotide at the 5’ or 3’ end, 

and results demonstrate that oligomerisation of SAMHD1, in which activators of 

SAMHD1 are bound within the allosteric sites, reduces nucleic acid binding. There is 

a possibility that the observed nucleic acid interactions are a result of non-specific 

binding of nucleic acids within the allosteric or active sites of SAMHD1. Furthermore, 

the removal of the SAM domain increased nucleic acid binding which could be due 
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to fewer steric interactions and increased nucleic acid access to binding sites within 

the HD domain. However, these hypotheses require testing, for example by 

examining interactions with nucleic acids of different lengths and containing guanine 

nucleotides at different positions, before any definitive conclusions can be made. 

Nonetheless, several reports describe a function of SAMHD1 in homologous 

recombination and DNA repair (Daddacha et al., 2017, Mlcochova et al., 2018, 

Jauregui and Landau, 2018, Cabello-Lobato et al., 2017) and therefore it is credible 

that the observed SAMHD1 nucleic acid interactions are the result of a bonafide 

activity. 

 Future Directions 

SAMHD1 identified as an HIV-1 restriction factor in 2011 and to date almost 400 

articles have been published which have studied the fundamental biochemistry of 

SAMHD1 regarding its functionality in innate immunity, maintenance of cellular 

homeostasis, nucleotide metabolism, HIV-1 restriction and cancer suppression. 

Nonetheless, many important questions regarding SAMHD1 biology remain. 

 

Directly relevant to the research presented within this thesis and in light of research 

identifying SAMHD1 functionality in DNA repair, it appears that nucleic acid 

interactions may be an important biological function of SAMHD1. Furthermore, a 

symptom of the autoimmune disease AGS, in which SAMHD1 function is impaired, 

includes an elevated interferon response as a result of increased stimulatory nucleic 

acids – indicating some potential nucleic acid interactions. Whilst the work presented 

in this study suggests that it is unlikely that SAMHD1 has any viral sequence 

specificity, further work investigating SAMHD1 binding to different viral and non-viral 

sequences could be performed to confirm this. These could be pursued in a more 

quantitative manner for example using isothermal titration calorimetry or 

fluorescence anisotropy. To investigate if the observed binding is a result of non-

specific binding to SAMHD1, for example the guanine base binding in AL1, nucleic 

acid sequences with specific bases in defined positions could be compared. 

Quantitative competition assays could be performed with allosteric activators of 

SAMHD1, X-ray crystallographic trials of SAMHD1 bound to nucleic acid could be 
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carried out and different SAMHD1 constructs could be produced with the aim of 

identifying the SAMHD1-nucleic acid binding site within the HD domain.  

 

Regarding SAMHD1 restriction, to complement the Vpx rescue assay, an 

investigation of levels of viral cDNA and RNA using qRT-PCR and qPCR could be 

pursued to give a direct insight into levels of viral nucleic acids within the cell with 

and without the presence of SAMHD1.  

 

It was shown in this study that small changes in the chemical structure of dNTP 

analogues have significant effects on SAMHD1 activity and hypotheses have been 

made to describe these various changes. To gain detailed insights into how these 

(and additional) dNTP analogues interact with SAMHD1, crystallisation trials could 

be carried out. Whilst it has been postulated that SAMHD1 sensitises cancer cells to 

nucleoside-analogue derivatives through the depletion of competing dNTPs 

(Kohnken et al., 2015), studies have also demonstrated that SAMHD1 can also 

reduce the activity of commonly used drugs in cancer cells, for example cytarabine 

(Ara-C) which is an essential component of chemotherapy treatment for acute 

myeloid leukaemia. Additional studies have demonstrated that loss of SAMHD1 

activity through genetic depletion, mutational inactivation of its triphosphohydrolase 

activity or targeted proteasomal degradation can subsequently rescue the toxicity of 

these drugs to cancer cells (Schneider et al., 2017a). Furthermore, it has been 

demonstrated that manipulating cellular SAMHD1 activity can significantly enhance 

or decrease the anti-HIV-1 efficacy of nucleotide analogue reverse transcription 

inhibitors. In addition, a variety of other nucleotide-based analogues, not normally 

considered antiretroviral drugs, such as the anti-herpes drugs Aciclovir and 

Ganciclovir have the potential to be used as potent anti-HIV-1 compounds in 

differentiated myeloid cells (Ordonez et al., 2017). In light of these studies, 

biochemical and structural investigations to investigate SAMHD1 dNTP analogue 

interactions could be carried out to complement cellular studies to investigate the 

treatment of cells in healthy and disease states with nucleoside analogues that could 

be used to enhance or inhibit the activity of SAMHD1 in a form of “adjuvant” 

treatment. The newly developed dNTP measurement assay could be utilised as a 

read-out of the efficiency of SAMHD1 to hydrolyse dNTPs in cells and the two-colour 
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restriction assay could assess HIV-1 replication in the presence of prospective 

therapeutic leads. 

 

Overall, SAMHD1 is an intricate enzyme with fundamental cellular activities that 

extend to viral restriction. The importance of SAMHD1 functions are clear as 

misregulation of this enzyme has the potential to result in severe autoimmune 

disease and can contribute towards cancer. This study has addressed the dichotomy 

in the field regarding which activity is responsible for HIV-1 restriction and provides 

further details of triphosphohydrolase, nucleic acid binding activities of SAMHD1. 

This research also contributes a step towards a deeper understanding of the 

enzymatic activity of SAMHD1 and its interaction with activators and substrates. 

Furthermore, new techniques such as the NMR assay and cellular dNTP 

measurement assay have been developed that can be applied to further SAMHD1 

studies. However, complete details of how SAMHD1 phosphorylation, assembly and 

these activities are regulated are yet to be determined. Furthermore, the biology of 

the SAM domain and SAMHD1 interactions with other proteins remain open areas 

of research. 

 

Since the discovery of SAMHD1, a substantial amount of research has been carried 

out investigating SAMHD1 providing insights into its activity, novel functions and 

almost as many new questions as answers. Research into SAMHD1 has progressed 

significantly, but still remains in its early stages, particularly concerning cancer and 

autoimmunity. However, each new discovery furthers our knowledge and presents 

the potential for therapeutic opportunities.  
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 Appendix 

 Results 1: Supplementary Information 

 

Supplementary Table 8.1: Nucleic acid substrates for in vitro nuclease assays. 

ssRNA, ssDNA, dsRNA, dsDNA, duplexes (24 bases/bp) and 98mer ssRNA and ssDNA nucleic 

acids (sequences derives from S Pombe Ter I RNA, a gift from Dr Simon Pennell, The Francis 

Crick Laboratory) were used as substrates for SAMHD1 in vitro nuclease assays. All sequences 

besides 98mer DNA and 93mer RNA are taken from the HIV-1 GAG gene sequence. Two duplex 

substrates were used with the opposite strand radiolabelled (as indicated by *) to monitor the 

degradation of RNA and DNA in a duplex. 0.5µM nucleic acid substrates were incubated with 

30µM SAMHD1. 
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Supplementary Table 8.2: Calculated rates for SAMHD1 nuclease activity. 

The rates of hydrolysis (pmoles min-1) for ssRNA (93mer and 24mer) were calculated using the 

slope of graphs presented in Supplementary Figure 8.1. These rates were converted to nM s-1 

and the total concentration of substrate used to calculate the kcat (s-1). The kcat (s-1) is the rate in 

nM s-1 divided by the nM concentration of substrate in the reaction.  

 

 

 

 

Supplementary Figure 8.1: The rate of hydrolysis ssRNA substrates. 

Levels of radiolabel incorporated within fixed and dried SDS-PAGE gels were quantified using a 

phosphorimager. Using the image analysis software ImageQuant, the intensities of the top 

substrate bands over time were quantified. These intensities were normalised to the total 

substrate amount within the reaction to calculate a rate of hydrolysis over time. To get a value for 

the kcat, the rate in nM s-1 was divided by the nM concentration of substrate in the reaction as this 

assay was performed under single turnover conditions. 
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Supplementary Figure 8.2: Nuclease activity with increasing protein concentration. 

Urea denaturing gel electrophoresis analysis of increasing concentrations of SAMHD1 incubation 

with a 24mer ssRNA substrate. Only a minimal increase in nuclease activity is observed upon a 

300 fold increase in SAMHD1 concentration. 
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Supplementary Figure 8.3: Nuclease activity of SAMHD1 D137N and Q548A. 

Urea denaturing gel electrophoresis analysis of SAMHD1 D137N (left) and SAMHD1(Q548A) 

right incubation with ssRNA 24 bases in length. Assays were performed with SAMHD1 protein 

purification with affinity, streptactin agarose; and SEC, Superdex 200. The length of each 

oligonucleotide in the ladder is indicated, (0 to 90) time of incubation with SAMHD1, (NPC) no 

protein control. Nuclease activity can be observed in both samples (red arrows). 
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 Results 2: Supplementary Information 

 

Supplementary Table 8.3: Nucleic acids substrates for SAMHD1 binding. 

ssRNA, ssDNA, dsRNA, dsDNA, duplexes (24 bases/bp) and 98mer ssRNA and ssDNA nucleic 

acids were used as substrates for SAMHD1 in vitro EMSAs. 98mer DNA and 93mer RNA are 

non-viral sequences, PPT nucleic acids are taken from the poly-purine tract of the HIV-1 genome, 

all other sequences are from the HIV-1 GAG gene. 
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Supplementary Figure 8.4: SAMHD1 mutant protein purifications. 

SDS-PAGE analysis of purification steps. SAMHD1 mutants were cloned within a pET 52b vector 

to produce a fusion protein with an N-terminal Strep II-tag, joined via a 3C protease cleavage site. 

These proteins were expressed in Rosetta cells and purified using streptactin affinity purification, 

washed with three 100 mL successive wash steps with wash buffer and eluted from the column 

using rhinovirus 3C protease proteolytic cleavage. Pooled protein was further purified using gel 

filtration. Gel filtration fractions were analysed with SDS-PAGE to visualise bands corresponding 

to the expected molecular weight of SAMHD1 and pooled. 
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 Results 3: Supplementary Information 

 

Supplementary Figure 8.5: Standard curves for dNTP incorporation assay. 

The amounts of radiolabelled dNTP incorporated into the primer extension templates (see 2.16) 

were dependent on amounts of dNTP within the reaction. To produce standard curves to use for 

measuring cellular dNTP levels, known concentrations of dNTPs were used to incorporate 

radiolabelled dNTPs into a primer template. Levels of incorporated radioactive label were 

measured using a scintillation counter.  
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Supplementary Figure 8.6: Measurement of wild type SAMHD1 dNTP hydrolysis by 1D 

proton NMR. 

NMR Data recorded from a wild type SAMHD1 (wtSAMHD1) hydrolysis reaction containing an 

equimolar mixture (top left), or individual dNTP reaction mixtures (top right) of 1 mM dATP, dCTP, 

dGTP and TTP and 200 µM GTP activator. In each panel, the integral of the substrate and product 

peak resonances from each deoxynucleoside is plotted against time. Initial rates of hydrolysis 

were determined from slopes (red lines) derived from the data measured in the first 5 -10 % of 

the reaction. (Bottom) A table showing the derived kcat values for GTP stimulated SAMHD1 

hydrolysis of dNTPs in either combined or individual reactions. 
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Supplementary Figure 8.7: Measurement of SAMHD1(D137N) dNTP hydrolysis by 1D 

proton NMR. 

NMR Data recorded from a SAMHD1 mutant (D137N) hydrolysis reaction containing an equimolar 

mixture (top left), or individual dNTP reaction mixtures (top right) of 1 mM dATP, dCTP, dGTP 

and TTP and 200 µM GTP activator. In each panel, the integral of the substrate and product peak 

resonances from each deoxynucleoside is plotted against time. Initial rates of hydrolysis were 

determined from slopes (red lines) derived from the data measured in the first 5 -10 % of the 

reaction. (Bottom) A table showing the derived kcat values for GTP stimulated SAMHD1 hydrolysis 

of dNTPs in either combined or individual reactions. 
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Supplementary Figure 8.8: Measurement of SAMHD1(Q548A) dNTP hydrolysis by 1D 

proton NMR. 

NMR Data recorded from a SAMHD1 mutant (Q548A) hydrolysis reaction containing an equimolar 

mixture (top left), or individual dNTP reaction mixtures (top right) of 1 mM dATP, dCTP, dGTP 

and TTP and 200 µM GTP activator. In each panel, the integral of the substrate and product peak 

resonances from each deoxynucleoside is plotted against time. Initial rates of hydrolysis were 

determined from slopes (red lines) derived from the data measured in the first 5 -10 % of the 

reaction. (Bottom) A table showing the derived kcat values for GTP stimulated SAMHD1 hydrolysis 

of dNTPs in either combined or individual reactions. 
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Supplementary Figure 8.9: Measurement of SAMHD1(R333A) dNTP hydrolysis by 1D 

proton NMR. 

NMR Data recorded from a SAMHD1 mutant (R333A) hydrolysis reaction containing an equimolar 

mixture (top left), or individual dNTP reaction mixtures (top right) of 1 mM dATP, dCTP, dGTP 

and TTP and 200 µM GTP activator. In each panel, the integral of the substrate and product peak 

resonances from each deoxynucleoside is plotted against time. Initial rates of hydrolysis were 

determined from slopes (red lines) derived from the data measured in the first 5 -10 % of the 

reaction. (Bottom) A table showing the derived kcat values for GTP stimulated SAMHD1 hydrolysis 

of dNTPs in either combined or individual reactions. 
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Supplementary Figure 8.10: Measurement of SAMHD1(R372D) dNTP hydrolysis by 1D 

proton NMR. 

NMR Data recorded from a SAMHD1 mutant (R372D) hydrolysis reaction containing an equimolar 

mixture (top), of 1 mM dATP, dCTP, dGTP and TTP and 200 µM GTP activator. In each panel, 

the integral of the substrate and product peak resonances from each deoxynucleoside is plotted 

against time. Initial rates of hydrolysis were determined from slopes (red lines) derived from the 

data measured in the first 5 -10 % of the reaction. (Bottom) A table showing the derived kcat values 

for GTP stimulated SAMHD1 hydrolysis of dNTPs in either combined or individual reactions. 
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Supplementary Figure 8.11: 1D Proton NMR analysis of SAMHD1 and SAMHD1 mutant 

dNTP hydrolysis vs enzyme concentration. 

(Top) The rate of dNTP hydrolysis (nmole s-1) was measured for increasing concentrations of wild 

type SAMHD1 (wtSAMHD1) or SAMHD1 mutants (R333A, D137N, R372D and Q548A). 

Hydrolysis reactions contained an equimolar mixture of 1 mM dATP, dCTP, dGTP and TTP and 

200 µM GTP activator. SAMHD1 protein concentrations were between 0.5-10 µM. (Bottom) Table 

of results showing the rate of dNTP hydrolysis (nmole s-1) for wild type SAMHD1 and each 

SAMHD1 mutant. N/A applies to concentrations of protein, which did not produce a measurable 

change in the NMR spectra of substrates over time due to very low rates of dNTP hydrolysis. The 

dNTP triphosphohydrolase activity of SAMHD1 mutants R333A, D137N and R372D can all be 

rescued at higher protein concentrations, whereas SAMHD1 Q548A cannot.  
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Supplementary Figure 8.12: wwPDB validation of SAMHD1 Q548A (109-626) Structure. 

Percentile scores (ranging between 0-100) for global validation metrics of the SAMHD1 Q548A 

(109-626) structure are shown in this graphic. 
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 Results 4: Supplementary Information. 

 

Supplementary Figure 8.13: The chemical shifts of Rp-2'-Deoxyguanosine-5'-O-(1-

Thiotriphosphates). 
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Supplementary Figure 8.14: The chemical shifts of Sp-2'-Deoxyguanosine-5'-O-(1-

Thiotriphosphates). 
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Supplementary Figure 8.15: The chemical shifts of 2'-deoxynucleoside-5'-[(α,β)-

methyleno]triphosphates. 
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Supplementary Figure 8.16: The chemical shifts of 2’-Deoxynucleoside-5’-[(α,β)-

imido]triphosphates. 
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Supplementary Figure 8.17: The capacity of dNpCH2pp dNTP analogues to promote 

SAMHD1 tetramerisation. 

Figure kindly provided by Dr Elizabeth R Morris (The Francis Crick Institute). The 

MALLS tract of apo-SAMHD1 is shown in red, GTP-activated SAMHD1 in blue and 

reactions GTP and dNpCH2pp in black. Peaks that elute at a retention time of 

approximately 15 minutes are those of monomeric SAMHD1. Peaks that elute 

between 12-13 minutes represent tetrameric SAMHD1.   
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