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ABSTRACT 

SAMHD1 is multifunctional enzyme with dual roles in dNTP regulation and DNA repair. 

As a dNTP hydrolase (dNTPase), SAMHD1 is a key player in processes that rely on dNTPs 

including DNA synthesis and repair, cell cycle control, and innate immunity. In addition 

to this canonically recognized role as a dNTPase, SAMHD1 also binds DNA independently 

of catalytic activity. This DNA-binding function promotes DNA repair through recruitment 

of repair machinery at double-strand breaks and stalled replication forks. In light of these 

distinct but equally critical functions, it is meaningful to ask how SAMHD1 balances its 

dual roles as a multifunctional enzyme. This balance may be influenced by the numerous 

post-translational modifications (PTMs) that fine-tune SAMHD1 activity. Although these 

modifications have significant effects on cellular outcomes, the underlying mechanisms by 

which many of these PTMs alter SAMHD1 function is unknown. In this dissertation I 

address the effect of SAMHD1 regulation by phosphorylation, a critical open question that 

has perplexed the field for nearly a decade. I find that phosphorylation regulates SAMHD1 

function by directing subcellular localization, with consequences for protein oxidation and 

cell cycle regulation. I also address the emerging function of SAMHD1 as a DNA-binding 

protein that promotes DNA repair. I find that DNA binds in the SAMHD1 regulatory site, 

revealing for the first time the structural basis of the SAMHD1-DNA complex. Taken 

together these findings contribute to the growing body of knowledge concerning the 

regulation of SAMHD1’s dual roles by PTMs with implications for cell cycle regulation, 

viral restriction, and DNA repair. 
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CHAPTER 1 

INTRODUCTION 

 

SAMHD1 (Sterile Alpha Motif and HD-Domain-Containing Protein 1) is a multifunctional 

enzyme, a unique class of proteins that perform mechanistically independent functions1,2. 

These “multitasking” enzymes switch between roles and have diverse effects on biological 

processes. The multifunctional enzyme SAMHD1 performs two distinct but equally 

critical functions. As a dNTP hydrolase (dNTPase) SAMHD1 regulates cellular levels of 

dNTPs, the building blocks of DNA3,4. SAMHD1 also functions as a DNA-binding protein 

that promotes DNA repair through protein-DNA and protein-protein interactions5–11. These 

dNTPase and DNA-binding functions place SAMHD1 at the intersection of numerous 

cellular pathways.  

 

Intriguingly, these functions require SAMHD1 to switch between the catalytic dNTPase 

and non-catalytic DNA-binding mechanisms. Like other multifunctional enzymes, 

SAMHD1 likely does not perform these functions at the same time. Rather, a complex 

regulatory network of post-translational modifications (PTMs) may tip the scales towards 

dNTPase or DNA-binding functions (Figure 1.1). These PTMs fine-tune SAMHD1 

function and could act as a molecular “function-switch” between these discrete roles. 

 



3 

 

As of the time of this thesis, this function-switching mechanism is unclear. SAMHD1 

regulation is a complex question, and the varied effects of individual and combined PTMs 

are only beginning to be understood. This review will outline SAMHD1 participation in 

both dNTP-dependent and dNTP-independent pathways and discuss the known 

mechanisms of SAMHD1 regulation by post-translational modification. 

 

 

 

Figure 1.1. Post-Translational Modifications (PTMs) may tip the scales between SAMHD1 

function as a dNTPase and as a DNA-binding protein. 

 

 

I. SAMHD1 FUNCTIONS 

 

SAMHD1 as a dNTPase – The four canonical dNTPs – dATP, dCTP, dGTP, and dTTP – 

are the building blocks of DNA12. SAMHD1 hydrolyzes all four canonical dNTPs at the α-
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phosphate to yield deoxynucleoside and inorganic triphosphate3,4. This dNTPase activity 

exerts a powerful influence on cellular functions that rely on dNTPs. Imbalanced dNTP 

pools are associated with severe consequences including genomic instability, loss of cell 

cycle control, cancer formation, and cell death13–17. SAMHD1 has thus been implicated in 

cellular processes including DNA repair, cell proliferation and cell cycle regulation, viral 

restriction, innate immunity, telomere maintenance, and the development of various 

cancers17–19.  

 

SAMHD1 as a Nucleic Acid-Binding Protein – SAMHD1 binds to single-stranded RNA and 

DNA with high affinity in vitro and in vivo5–7,9. This function is independent of catalytic 

activity, and SAMHD1 does not need to be a functional dNTPase to bind nucleic acids5–7. 

This function is becoming increasingly recognized as a key mediator of DNA repair8,10,11. 

As a DNA-binding protein, SAMHD1 binds to damaged DNA and promotes DNA repair 

through protein-protein interactions and recruitment of repair machinery8,10,11. DNA repair 

pathways are critical for overall survival and homeostasis; if lost or dysregulated, 

repercussions can include genomic instability, cell death, and tumorigenesis20.  

 

II. CELLULAR PATHWAYS INVOLVING ONE OR BOTH SAMHD1 

FUNCTIONS 

 

DNA Mutagenesis and Repair 

SAMHD1 is a key regulator of cellular dNTP levels, the maintenance of which is critical 

for DNA synthesis12–15,21. Nucleotide dysregulation can have disastrous cellular 
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consequences including genomic instability and a mutator phenotype13–15,21. During DNA 

synthesis, for example, the fidelity of DNA polymerase is highly sensitive to dNTP 

concentration12,14,21. Increased dNTP pools decrease DNA polymerase proofreading 

efficiency, while imbalanced dNTP pools can cause misincorporation of the overabundant 

nucleotide12–14,16,21. Nucleotide depletion can cause misinsertion of ribonucleoside 

monophosphates (rNMPs) as well as induce fork stalling and genomic instability, 

especially at hard-to-replicate sequences and fragile sites21. Overall, the genetic 

consequences of dysregulated dNTP pools include chromosomal abnormalities, DNA 

breakdown, sensitivity to DNA-damaging agents, and cell death13–16.  Genomic instability 

and increased spontaneous mutation are driving factors of oncogenesis, and indeed 

dysregulated dNTP levels have been implicated in cancer development, progression, and 

poor clinical outcome16,17,21–23. 

 

In addition to influencing the accumulation of DNA damage, dNTP pools also influence 

the ability of the cell to respond to this damage after it occurs.  In yeast, prokaryotes, and 

eukaryotes, nucleotide levels rise following treatment with DNA damaging agents in order 

to provide the dNTPs necessary for repair24,25. At double-stranded breaks (DSBs), this 

fluctuation in dNTP levels influences the choice of repair pathway22. The two predominant 

repair mechanisms, homologous recombination (HR) and non-homologous end joining 

(NHEJ), have different requirements for dNTPs22.  HR involves extensive DNA synthesis, 

and thus has an increased requirement for dNTPs22. NHEJ, in contrast, involves minimal 

DNA synthesis and is therefore less reliant on dNTP levels22. This influence on pathway 

choice is reflected during antibody class-switching when SAMHD1 accumulates at 



6 

 

recombination sites and promotes repair by NHEJ, presumably by lowering dNTP levels26. 

During end joining, the presence of SAMHD1 leads to shorter repair junctions and prevents 

long insertions at break sites26,27.  

 

SAMHD1 also regulates DNA repair independently of catalytic activity as a dNTPase. 

SAMHD1 binds to single-stranded DNA (ssDNA) and accumulates at sites of DNA 

damage5–11. SAMHD1 localizes to DSBs and stalled replication forks, both of which are 

known to contain single-stranded intermediates8,10,11. Following ssDNA binding at sites of 

DNA damage, SAMHD1 recruits critical DNA repair proteins including CtIP and MRE-

11 8,10,11. SAMHD1 localization to damage sites and recruitment of partner proteins has 

been shown to promote homologous recombination at DSBs and the rescue of stalled 

replication forks10,11. While the precise mechanism by which SAMHD1 promotes DNA 

repair is still being explored, it has been established that DNA repair does not rely on the 

dNTPase function10,11. 

 

Cell Cycle Control 

Nucleotide regulation is also closely linked to cell cycle status. The need for dNTPs 

changes throughout the cell cycle; cells in G0/G1 suppress dNTPs to inhibit DNA 

synthesis, cells in S-phase require plentiful dNTPs to replicate the entire genome, and cells 

in mitosis need a diminished but adequate supply of dNTPs to perform DNA repair16,28,29. 

Cellular nucleotide levels fluctuate accordingly to reflect these changing needs. 
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Nucleotide levels are regulated throughout the cell cycle through the combined regulation 

of SAMHD1 and ribonucleotide reductase (RNR), which catalyzes the rate-limiting step 

of de novo dNTP synthesis22,24,30. During G0/G1, cells are not actively dividing and have 

the lowest need for dNTPs12,13. Accordingly, RNR is inactive at this time and new dNTPs 

are not introduced to the cellular supply22,30–32. During this same phase, SAMHD1 is active 

and catalyzes dNTP degradation17. SAMHD1 dNTPase activity may be further upregulated 

during G0/G1 by increased levels of protein acetylation, which enhances the dNTPase 

activity33. As a result of tandem RNR downregulation and SAMHD1 upregulation, dNTP 

levels are at their lowest during G0/G112,13. Dysregulation at this phase has a profound 

effect on cell cycle progression. In yeast, elevated dNTP levels during G1 prevent entry 

into S-phase through a currently unknown mechanism21,34. In mammalian cells, silencing 

of SAMHD1 recapitulates this phenotype by increasing dNTP levels, accumulation in G1, 

and impaired G1/S transition35–37. 

 

The need for dNTPs is greatest during S-phase, when human cells are tasked with 

replicating over three billion base pairs of DNA22,38. To accommodate the high rates of 

DNA synthesis, dNTP levels rise approximately 10-fold during S-phase12,13,22. This effect 

may be partially explained by decreased amounts of SAMHD1. In cultured human 

fibroblasts, SAMHD1 expression is lowest during S-phase when dNTP pools are at their 

highest36. This effect appears to be cell-type specific, as SAMHD1 expression is stable 

across the cell cycle in other cell types including including CD4+ T-cells and monocytes39–

41. S-phase progression is highly sensitive to dNTP levels; insufficient dNTP pools can 

cause replication fork stalling and arrest while increased dNTPs are associated with 
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decreased length of S-phase, uncontrolled proliferation, and cellular transformation16,21,23. 

In line with these findings, SAMHD1 dysregulation is associated with stalled replication 

forks and activation of the ATR-CHK1 pathway during the S-phase DNA-damage 

checkpoint11,40. 

 

Viral Replication 

Viruses rely on a robust supply of dNTPs from the infected host to replicate their own 

genomes during viral infection16. Retroviruses are especially sensitive to host dNTP levels 

during the reverse transcription stage of infection42. An adequate dNTP supply is required 

to convert the retroviral RNA genome to DNA; dNTP levels below the threshold for 

reverse transcription do not support viral DNA accumulation and successful infection16. 

As a mediator of host cell dNTP levels, SAMHD1 is a potent restriction factor in myeloid 

and resting T-cells against the retrovirus HIV-143–46. SAMHD1 dNTPase activity is 

proposed to block HIV-1 infection by limiting the dNTP supply below the threshold 

required for reverse transcription, and loss of SAMHD1 is associated with viral DNA 

accumulation and increased susceptibility to infection5,44,46,47. While SAMHD1 was first 

identified as a restriction factor that inhibits HIV-1, SAMHD1 has since been shown to 

restrict other retroviruses and DNA viruses that rely on host dNTPs for genome replication.  

Retroviruses – In addition to HIV-1, SAMHD1 also restricts the retroviruses feline 

immunodeficiency virus (FIV), bovine immunodeficiency virus (BIV), murine leukemia 

virus (MLV), equine infectious anemia virus (EIAV), Mason-Pfizer monkey virus 

(MPMV), and human T-lymphotrophic virus type-1 (HTLV-1)5,48,49.  
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DNA Viruses – SAMHD1 restricts hepatitis B virus (HBV) which contains a DNA 

genome but replicates through an RNA intermediate and performs reverse 

transcription50,51. In addition, SAMHD1 restricts the DNA viruses vaccinia, herpes simplex 

virus 1 (HSV-1), and human cytomegalovirus (HCMV)52–56. These viruses do not perform 

reverse transcription but instead rely on dNTPs to duplicate their DNA genomes.  

RNA Viruses – Recent evidence suggest that SAMHD1 is also involved in the host 

defense against the RNA viruses enterovirus 71 (EV71) and vesicular stomatitis virus 

(VSV)57. The dNTP-independent mechanism of action is still under investigation. 

 

Nucleotide levels may also influence HIV-1 infection via integration of the newly reverse-

transcribed viral DNA into the host genome58. The HIV-1 viral integrase does not fully 

integrate the viral genome into the host DNA, and instead leaves two single-stranded gaps 

with 5’-end mismatched viral DNA flaps that are repaired by host cell machinery58. This 

repair is reliant on dNTP levels and is restricted in human macrophages and monocytes 

with low dNTP concentrations58. 

 

Other Emerging Functions of SAMHD1 

Recent evidence has implicated both the dNTPase and DNA-binding functions of 

SAMHD1 in the maintenance of telomeres. Telomerase activity, which regulates telomere 

length, is highly sensitive to dGTP concentration16.  SAMHD1 localizes to telomeres and 

has been further associated with telomere maintenance through DNA binding and repair19. 
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These dNTPase and DNA-binding functions may contribute to cancer development, as 

telomerase activity and telomere length are determinants of cellular transformation16,19.   

 

Similar to retroviruses, LINE-1 (long interspersed nuclear element-1) retroelements rely 

on dNTPs and reverse transcription to replicate59.  SAMHD1 has also been shown to 

restrict LINE-1 retroelements by mediating dNTP levels60,61. 

 

III. SAMHD1 REGULATION BY POST-TRANSLATIONAL MODIFICATION 

 

The diverse cellular functions of SAMHD1 are regulated by a network of post-translational 

modifications (PTMs), summarized in Figure 1.2. These modifications occur in response 

to diverse stimuli and have a range of effects on dNTP levels and cellular homeostasis. 

This review will discuss what is currently known about post-translational modifications of 

SAMHD1, and how PTMs may contribute to SAMHD1 function-switching.  
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Modification Residue(s) Modified By Effect on Function 
Phosphorylation T592 CyclinA2 and CDK1/2 Inhibits viral restriction 

Oxidation C341 
C350 
C522 

H2O2 Inhibits dNTPase activity 

SUMOylation K469 
K595 
K622 

E1, E2, and E3 enzymes K595: required for viral 
restriction 

Acetylation K405 ARD1 Enhanced dNTPase 
activity, ability to progress 

through G1/S transition 
Ubiquitination  CRL4DCAF1 E3 ubiquitin ligase 

complex, mediated by Vpx 
Proteasomal degradation 

 

Figure 1.2. SAMHD1 Post-Translational Modifications. Top: model of regulatory sites, where 

the modified amino acid is known. Bottom: summary of known post-translational modifications. 
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Oligomerization 

SAMHD1 function is heavily influenced by oligomeric state. The catalytically active 

tetramer performs dNTPase activity, while monomers and/or dimers bind to DNA7,62,63. 

 

Oligomerization is induced by sequential binding of regulatory nucleotides62,63. In solution, 

SAMHD1 exists in a monomer-dimer equilibrium62–64. Each SAMHD1 monomer contains 

two regulatory sites (here denoted RS1 and RS2) totaling eight regulatory sites per 

tetramer62,64–66. A guanine nucleotide (GTP or dGTP) first binds in RS1 of each monomer 

and drives the oligomeric equilibrium towards a dimer comprised of two SAMHD1 

molecules and two (d)GTP molecules62,64–66. While GTP and dGTP are both able to 

promote dimerization in vitro, GTP is most likely to be the activator in vivo64,67. In cells, 

dGTP comprises only about 10% of the total dNTP pool and GTP is approximately 1000 

times more abundant than dGTP67,68.  

 

Following (d)GTP-induced dimerization, any dNTP can then occupy each RS2 to promote 

tetramerization as a dimer of dimers (Figure 1.3a)62,64,66,69,70. The phosphate tails of the 

RS1-bound (d)GTP and RS2-bound dNTP are further stabilized by a bridging Mg2+ ion62,66. 

In the final tetrameric form, each regulatory site is at the interface of three monomers 

providing extensive hydrogen-bonding interactions to stabilize the SAMHD1 tetramer 

(Figure 1.3b)65,66,69. 
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Figure 1.3. SAMHD1 forms a nucleotide-induced tetramer. A. The SAMHD1 tetramer forms 

from two SAMHD1 dimers. B. The regulatory site is occupied by nucleotides. Here, GTP occupies 

RS1 and dTTP occupies RS2. The RS1 site primarily lies at the dimer interface, while the RS2 site 

interacts with three molecules of SAMHD1. A Mg2+ ion (dark gray sphere) bridges the phosphate 

tails of the two nucleotides. 
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SAMHD1 tetramerization promotes catalytic activity through a conformational change that 

forms the substrate-binding pocket62,65. During tetramerization, the α-helix formed by 

residues 352-378 shifts approximately 3 Å towards the active site to interact with and 

stabilize the dNTP substrate (Figure 1.4)62,65. In contrast, the region 463-476 moves away 

from the active site to allow substrate entry (Figure 1.4)66. Substrate binding is further 

enhanced by a Mg2+ ion that is coordinated by residues of the HD tetrad (H167, H206, 

D207, and D311)62. This tetramerization-induced conformational shift and metal 

coordination thus forms the catalytically active SAMHD1 dNTPase.  

 

Figure 1.4. SAMHD1 tetramerization induces conformational changes. Regions of the 

SAMHD1 dimer (yellow) and tetramer (dark gray) are shown. The α-helix 351-378 shifts towards 

the active site, bringing side chains R366, H370, and Q375 in hydrogen-bonding distance of the 

nucleotide substrate. The region 463-476 shifts away from the active site to allow substrate entry. 
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While it’s well-accepted in the literature that SAMHD1 is activated by nucleotide binding 

and oligomerization, recent work suggests other, non-canonical methods of SAMHD1 

activation. In the search for a small-molecule inhibitor of SAMHD1, Mauney et al. 

developed a high-throughput drug screen that did not employ nucleotide activators71. In the 

absence of (d)GTP, SAMHD1 displayed moderate activity against dATP and an artificial 

substrate when Mg2+ was replaced with Mn2+ 71. These data suggest a potential alternative 

method of SAMHD1 dNTPase activity that does not rely on nucleotide-mediated 

activation. More recently, a mixed-occupancy SAMHD1 tetramer has been reported in 

which one RS1/RS2 site is filled by single-stranded nucleic acid and the other three 

regulatory sites are filled by GTP/dNTP72. This species also displays moderate dNTPase 

activity and may be involved in viral restriction72. 

 

Ubiquitination 

The discovery of SAMHD1 as a viral restriction factor in 2011 was due in large part to its 

ubiquitination and degradation. Prior to this point, HIV-2 and most simian 

immunodeficiency virus (SIV) strains were known to evade the host immune response 

through expression of the viral accessory protein Vpx73,74. The Vpx protein was predicted 

to cause the degradation of an unknown host restriction factor and thereby mediate 

successful infection 73,74. In 2011, the host restriction factor that is degraded by Vpx 

expression was determined to be SAMHD143–45. 
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 Vpx hijacks the host CRL4DCAF1 E3 ubiquitin ligase complex to polyubiquitinate a C-

terminal region of SAMHD143–45,75,76. This polyubiquitination targets SAMHD1 for rapid 

proteasomal degradation43–45,75,76. SAMHD1 degradation relies on a nuclear proteasome, 

as SAMHD1 that is localized to the cytoplasm by deletion of its NLS is protected from 

Vpx-mediated degradation77–79. SAMHD1 degradation allows dNTP levels to rise above 

the threshold necessary for viral reverse transcription to occur44,45. This event allows the 

accumulation of full-length viral cDNA and thus sensitizes cells to viral infection44,45,73,74.  

 

While Vpx-mediated ubiquitination is a well-established mechanism that allows HIV-2 and 

SIV to overcome cellular defenses, recent work has implicated SAMHD1 ubiquitination in 

other viral pathways. Both human cytomegalovirus (HCMV) and enterovirus 71 (EV71) 

induce SAMHD1 ubiquitination and degradation to promote viral infection56,57. 

 

Acetylation 

SAMHD1 was recently discovered to be acetylated at K405 by the enzyme ARD133. 

Acetylation at this residue enhances dNTPase activity33. Like other methods of SAMHD1 

regulation, SAMHD1 acetylation is linked to cell cycle dynamics. SAMHD1 acetylation is 

most predominant in G0/G1 of the cell cycle, when dNTP levels are at their lowest12,33. 

Additionally, SAMHD1 acetylation was shown to be important for G1/S transition33. This 

may have to do with the known inhibitory effect of elevated dNTP levels on the G1/S 

transition discussed previously (see: Cell Cycle Control)21. While acetylation of SAMHD1 

is an emerging area of study, it has been linked with cancer cell proliferation33. 
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SUMOylation 

SAMHD1 modification by SUMOylation is emerging as a major regulator of viral 

restriction80,81. Large-scale screens detected conjugation to SUMO proteins (small 

ubiquitin-like modifiers) primarily at SAMHD1 lysines 469, 595, and 62282,83. While the 

role of polysumoylation at K469 and K622 remains unknown, monosumoylation at K595 

promotes antiviral function against HIV-1 and Epstein-Barr Virus (EBV)80,81. SUMO-

deficient SAMHD1 loses its antiviral activity while retaining dNTPase function, indicating 

a more complex mechanism of antiviral function than simple suppression of dNTP levels80. 

This pattern of retaining dNTPase function while losing antiviral activity is reminiscent of 

SAMHD1 modification by phosphorylation at T592 (discussed below: Phosphorylation). 

Intriguingly, K595 is located within the CDK-targeting phosphorylation motif 592TPQK595 

that directs protein phosphorylation at T59280.  

 

SAMHD1 also contains multiple surface-exposed SIM sites (SUMO-interaction motifs) 

that non-covalently interact with SUMO moieties80. SIM2, which encompasses residues 

488-491 and is located near K595, is also important for antiviral function80. Mutation of 

SIM2 decreased SUMOylation at K595, indicating that this site might stabilize the SUMO-

charged E2-conjugating enzyme during the SUMOylation process80. Mutation of SIM2 

also causes loss of antiviral function, raising the possibility that this site is a scaffold for 

interaction with inter- or intra-molecular SUMO moieties80. 
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SAMHD1 SUMOylation is emerging as an important factor in antiviral restriction. 

Furthermore, SUMOylation is highly associated with chromatin structure and DNA repair, 

introducing the possibility that SAMHD1 SUMOylation also plays a role in its repair 

function at double-strand breaks84. 

 

Oxidation 

SAMHD1 undergoes reversible protein oxidation at three cysteine residues which form a 

“redox switch”85,86.   Reactive oxygen species (ROS) are first encountered by C522 and 

result in a final disulfide bond between C341 and C35085,86.  This oxidation event causes a 

conformational change that prevents protein tetramerization and accordingly inhibits 

catalytic activity85,86. SAMHD1 oxidation also promotes DNA-binding, potentially by 

favoring the monomer/dimer oligomeric state (Simermeyer, unpublished)7. To date, 

SAMHD1 oxidation has been shown to play a role in growth factor signaling and viral 

restriction pathways85,86.   

Growth Factor Signaling – It is now generally established that many growth factors 

transmit cellular signals through ROS generation and oxidation of downstream effector 

proteins87–92. SAMHD1 is one such effector protein85. Interestingly, growth factor 

stimulation also causes SAMHD1 to translocate from the nucleus to the cytoplasm, 

although the purpose of this localization event is currently unclear85.   

Viral Restriction – Redox regulation is also important for antiviral function86.  Mutation 

of C341 or C522, which prevents protein oxidation, reduces the anti-HIV function of 

SAMHD1 even though these mutants are catalytically active in vitro and restrict dNTPs in 
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cells86. This supports the idea that SAMHD1 oxidation is critical for restriction of HIV-1, 

but through a pathway that is more complex than simple dNTP regulation. 

In sum, the role of SAMHD1 oxidation is still largely undefined. While SAMHD1 

oxidation is clearly important for growth factor signaling and viral restriction, the 

mechanisms underlying these processes remain elusive. Specifically, how SAMHD1 

oxidation exerts an effect on cellular localization, growth factor signaling, DNA binding, 

and viral restriction is unclear at this time. 

 

Phosphorylation 

SAMHD1 is phosphorylated at threonine 592 (T592) by the CyclinA2-CDK1/2 

complex35,39,93,94. Association with the Cyclin/CDK complex is predominantly facilitated 

by interaction with CyclinA295. Critical cyclin-interacting regions of SAMHD1 include a 

putative cyclin-binding motif (amino acids 450-455) and a di-hydrophobic amino acid 

motif (L620/F621)40,95. 

 

Notably, phosphorylated SAMHD1 is unable to restrict HIV-1 infection39,93,94. This finding 

has intrigued the field for nearly a decade, as initial studies did not detect any obvious 

defects that would cause phosphorylated SAMHD1 to lose antiviral function. 

Phosphorylated SAMHD1 is catalytically active, able to form functional tetramers, and 

equally sensitive to Vpx-induced degradation as unphosphorylated protein39,93,94,96. Further 

work has established that phosphorylated SAMHD1 does not have altered turnover or 

degradation kinetics, and binds DNA similarly to unphosphorylated protein7,97. Thus, a 
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mechanistic explanation for how phosphorylation ablates the antiviral effect of SAMHD1 

remains an open question.  

 

SAMHD1 phosphorylation state does not only control sensitivity to HIV-1 infection. 

Phosphorylated SAMHD1 is also an inefficient restrictor of hepatitis B virus (HBV) and 

human cytomegalovirus (HCMV)51,54,55,98. HCMV, in fact, exploits SAMHD1 

phosphorylation status to create more favorable conditions for infection. The HCMV 

accessory protein pUL97 increases SAMHD1 phosphorylation in infected cells to 

overcome SAMHD1-mediated restriction54,55. Thus, SAMHD1 phosphorylation is a potent 

mediator of viral restriction. 

 

In addition to viral restriction, phosphorylation is tightly linked with cell cycle status. 

Phosphorylated SAMHD1 is only detected in cycling cells and is regulated by cell cycle-

dependent enzymes: CyclinA2-CDK1/2 phosphorylates SAMHD1 in early S-phase, and 

phosphatase PP2A removes the phosphate during mitotic exit35,39,40,93–95,97,99. Thus, cycling 

cells contain phosphorylated SAMHD1 and are significantly more susceptible to viral 

infection than non-cycling cells39,93,94. This effect is not due to a loss of dNTPase activity, 

as SAMHD1 is capable of regulating cellular dNTPs throughout the cell cycle97.  

 

Phosphorylation represents a critical but poorly understood mechanism of SAMHD1 

regulation. SAMHD1 function in innate immunity is heavily dependent on phosphorylation 

state, yet little is known about how this occurs.  
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IV. SIGNIFICANCE OF THIS STUDY 

 

While SAMHD1 has been identified as a target of numerous PTMs, the mechanistic effect 

of many of these modifications is unknown. This lack of knowledge is compounded by the 

fact that PTMs can interact in unexpected ways. Previous studies primarily focused on a 

single PTM in isolation, an approach that does not accurately represent the dynamic 

cellular environment. SAMHD1 is regulated by a network of regulatory PTMs, and more 

work is needed to untangle these complex relationships. 

 

As a multifunctional enzyme, SAMHD1 has distinct roles as a catalytic dNTPase and as a 

non-catalytic DNA-binding protein. These disparate functions may be differentially 

regulated by PTMs. While SAMHD1 PTMs have primarily been studied for their effect on 

dNTPase activity, these modifications also have the potential to regulate DNA-binding. A 

better understanding of SAMHD1 regulation by PTMs is critical to begin to identify 

“function-switches” between dNTPase and DNA-binding activities. 

 

This work aims to address these deficits in our understanding of SAMHD1 regulation by 

post-translational modification. Both the dNTPase and DNA-binding functions are 

explored, and multiple biochemical and cellular approaches are taken to elucidate 

SAMHD1 function.  
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Guiding Questions: 

This work is guided by three specific research questions that address the broad goal of 

uncovering the link between the dual roles of SAMHD1 and its regulation by PTMs:  

 

1. How does phosphorylation mechanistically alter SAMHD1 function? 

2. How does SAMHD1 phosphorylation alter cell cycle dynamics? 

3. What is the structural basis for the DNA-binding function of SAMHD1? 

 

Study Outline: 

In Chapter II, I discuss the process by which phosphorylation alters SAMHD1 function 

and cell cycle dynamics. SAMHD1 phosphorylation has a drastic effect on cellular 

processes and yet does not alter dNTPase activity, DNA binding, or protein 

turnover7,93,94,97. Thus, the molecular basis of SAMHD1 regulation by phosphorylation is 

a puzzling open question in the field. Work in this thesis sets out to answer this question 

through biochemical and cellular methods. This work outlines the discovery that 

phosphorylation directs SAMHD1 subcellular localization, which in turn influences 

protein function and S-phase progression. These findings bring to light the 

compartmentalization of SAMHD1 functions and raise new questions about the role of 

protein localization in other pathways including DNA repair and autoimmunity. 
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Chapter II also addresses the interdependence of SAMHD1 regulation. Although 

SAMHD1 PTMs are orthogonal and interacting, they are often studied in isolation. This 

approach limits the ability to form an accurate picture of SAMHD1 regulation in a dynamic 

cellular environment. This work takes a holistic view of SAMHD1 regulation and studies 

SAMHD1 oxidation and phosphorylation in tandem. During the cellular response to 

growth factor signaling, SAMHD1 phosphorylation directs exposure to ROS and the 

resulting protein oxidation. This finding connects SAMHD1 PTMs and highlights the need 

for a comprehensive approach to SAMHD1 regulation. 

 

Chapter III examines the structural basis of SAMHD1 binding to DNA. A significant 

question in the field asks how SAMHD1’s dual functions as a dNTPase and DNA-binding 

protein are balanced. These functions are independent and may be mutually exclusive, as 

the inactive SAMHD1 dimer has increased affinity for nucleic acids and DNA binding 

inhibits dNTPase activity5,7. By solving the structure of SAMHD1 bound to single-stranded 

DNA, work in this thesis allows for structural comparisons between dNTPase and DNA-

bound forms of the enzyme. Furthermore, this work shows that oxidized SAMHD1 can 

participate in DNA-binding, which is significantly different from the dNTPase activity 

which is inhibited by oxidation. Thus, this work outlines the first mechanistic insights into 

a potential function-switch between dNTPase and DNA-binding functions. 
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SAMHD1 PHOSPHORYLATION AT T592 REGULATES 

CELLULAR LOCALIZATION AND S-PHASE PROGRESSION 
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ABSTRACT 

 

SAMHD1 activity is regulated by a network of mechanisms including phosphorylation, 

oxidation, oligomerization, and others. Significant questions remain about the effects of 

phosphorylation on SAMHD1 function and activity. We investigated the effects of a 

SAMHD1 T592E phosphorylation mimic on its cellular localization, catalytic activity, and 

cell cycle progression. We found that the SAMHD1 T592E is a catalytically active enzyme 

that is inhibited by protein oxidation. SAMHD1 T592E is retained in the nucleus at higher 

levels than the wild-type protein during growth factor-mediated signaling. This nuclear 

localization protects SAMHD1 from oxidation by cytoplasmic ROS. The SAMHD1 T592E 

phosphomimetic further inhibits the cell cycle S/G2 transition. This has significant 

implications for SAMHD1 function in regulating innate immunity, antiviral response and 

DNA replication. 
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INTRODUCTION 

 

SAMHD1 is a dNTP triphosphohydrolase (dNTPase) that hydrolyzes the alpha linkage of 

dNTPs1,2.  It has emerged as a central component of several critical biological functions 

that depend on dNTP regulation, such as DNA replication and repair, cell cycle 

progression, and regulation of the innate immune response3.  Its importance is underscored 

by the fact that mutations in the SAMHD1 gene lead to the severe autoimmune disease 

Aicardi-Goutieres syndrome (AGS) and have been identified as a contributing factor to 

several cancers, including chronic lymphocytic leukemia (CLL), colon cancer, and lung 

cancer3. SAMHD1 is also a viral restriction factor that suppresses retroviruses such as HIV-

1, and several DNA viruses by lowering cellular dNTP concentrations needed for viral 

reverse transcription or DNA replication1,2,4–17.  In order to coordinate its diverse biological 

roles, SAMHD1 activity is regulated by several orthogonal mechanisms including protein 

tetramerization, phosphorylation, oxidation, acetylation, and sumoylation18–26. 

 

SAMHD1 is phosphorylated at residue threonine 592 (T592) by CDK1/2 and cyclin 

A8,19,21,27,28 and dephosphorylated by phosphatase PP2A in a cell cycle dependent 

fashion29,30. Phosphorylated SAMHD1 fails to restrict HIV replication9,19–21,31. The effects 

of phosphorylation on catalytic activity are still under debate, however. Some evidence 

suggests phosphorylation negatively modulates SAMHD1 dNTPase activity, and 

correlates SAMHD1 phosphorylation with elevated intracellular dNTP pools8,9,27,32–34. 

Other studies find no effect of phosphorylation of SAMHD1 on catalytic activity20,21,30,31. 
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SAMHD1 catalytic activity is inhibited by oxidation during growth factor-mediated 

signaling by reactive oxygen species (ROS)22,26.   It is now generally established that ROS 

play a critical role in transmitting cell signals in response to growth factors, including 

lysophosphatidic acid (LPA)35–40. SAMHD1 contains three cysteine residues that sense 

ROS and participate in a “redox switch” resulting in reversible catalytic inhibition22,26. 

Additionally, growth factor stimulation by LPA causes SAMHD1 translocation from the 

nucleus to the cytoplasm where it accumulates in its oxidized form22. 

 

SAMHD1 is a nuclear protein directed by a nuclear localization sequence (NLS) on the N-

terminus23,41–43. However, evidence now suggests that SAMHD1 subcellular localization 

is closely linked to protein function.  Translocation from the nucleus to the cytoplasm has 

been observed as a response to growth factor stimulation and also a mechanism to suppress 

LINE-1 retroelements22,44. SAMHD1 subcellular localization is further linked to retroviral 

restriction through its degradation by the HIV-2 and simian immunodeficiency virus (SIV) 

nuclear accessory protein Vpx4–6. Vpx relies on a nuclear E3 ubiquitin ligase to target 

SAMHD1 for proteasomal degradation; cytoplasmic SAMHD1 does not interact with the 

nuclear machinery and is protected from this degradation pathway23,41–43. SAMHD1 that is 

localized to the cytoplasm by deletion of the NLS is fully capable of restricting HIV-1 

infection42,43,45.  

 

Significant open questions remain regarding SAMHD1 regulation by post-translational 

modifications, such as how they affect catalytic activity and cellular localization, as well 

as if they are interdependent on one another. Here we show that SAMHD1 phosphorylation 
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directs protein localization in the cellular response to LPA stimulation. Phosphorylation 

prevents LPA-induced SAMHD1 translocation from the nucleus and the resulting 

cytoplasmic oxidation, preserving catalytic activity. As a catalytically active and nuclear 

dNTPase, phosphorylated SAMHD1 prevents normal S-phase progression and exit. Our 

results demonstrate the interdependence of SAMHD1 phosphorylation, cellular 

localization, and oxidation, and the subsequent downstream effects on cell cycle dynamics. 

 

RESULTS 

 

SAMHD1 T592E phosphomimetic does not translocate out of the nucleus after 

growth factor stimulation.  

Given that SAMHD1 has been previously shown to translocate from the nucleus in 

response to growth factor signaling, and that post-translational modifications can be 

involved in protein trafficking, we tested the potential effects of T592 phosphorylation on 

SAMHD1 cellular localization. We expressed YFP-tagged variants of full-length 

SAMHD1 including the phosphomimetic (T592E), phospho-insensitive (T592A), or wild-

type SAMHD1 in unsynchronized HEK293 and PC3 cell lines and determined SAMHD1 

localization by fluorescence microscopy. The T592E variant has been used extensively as 

a phosphomimetic to investigate its effects on SAMHD1 function and 

activity19,20,31,45,46. These experiments were done in PC3 cells, in which we previously 

showed that SAMHD1 translocates to the cytoplasm in response to LPA treatment, and 

HEK293 cells as an additional non-cancerous cell line22 
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Only about 12% of cells expressing the fluorescent T592E SAMHD1 phosphomimetic 

showed localization of the protein in the cytoplasm in both PC3 and HEK293 

unstimulated cells (Figure 2.1A,B). The phosphorylation-insensitive T592A SAMHD1 

was localized outside of the nucleus approximately two-fold more often than T592E 

SAMHD1 (PC3 p = 2.0586e-05, HEK293 p = 0.000124, Fisher’s exact test) (Figure 

2.1A,B).   Wild-type SAMHD1, which is regulated by endogenous cellular mechanisms 

and is likely a mixture of phosphorylated and unphosphorylated protein, displayed an 

intermediate level of localization to the cytoplasm compared to T592A or T592E 

SAMHD1. Stimulation of HEK293 cells expressing SAMHD1 variants with the growth 

factor LPA resulted in an increase of WT SAMHD1 in the cytoplasm after 10 minutes (p 

= 0.049855, Fisher’s exact test) (Figure 2.1B).  In contrast, T592E SAMHD1 did not 

increase in the cytoplasm after treatment, nor did the T592A SAMHD1, which already 

had increased localization to the cytoplasm. This analysis does not measure changes to 

the fluorescence intensity in the cytoplasm post-stimulation and only takes into 

consideration the number of cells containing cytoplasmic SAMHD1 (Figure 2.1B). 

 

Using cell fractionation, we also observed that T592E SAMHD1 remained nuclear 

following treatment with LPA in SKOV3 cells (Figure 2.1C). SKOV3 cells were chosen 

as they respond to LPA stimulation by generating ROS 35,37,47.Cells stably expressing N-

terminal HA-tagged SAMHD1 mutants were stimulated or not with LPA and fractionated 

into cytoplasmic and nuclear fractions. The nuclear fraction of both WT and T592A 
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SAMHD1 decreased following stimulation, which in contrast to T592E SAMHD1 did not 

decrease following LPA treatment.  

 

Figure 2.1. SAMHD1 phosphorylation affects localization. A. Fluorescent confocal microscopy 

of PC3 and HEK293 cells expressing YFP-SAMHD1 (green) with DAPI stain (blue). B. Percentage 

of YFP-positive cells with cytoplasmic SAMHD1. Error bars represent 95% highest density 
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intervals. * p < 0.05, *** p < 0.001, Fisher’s exact test. A minimum of 200 cells per time point 

were counted from 3 (HEK293) or 4 (PC3) independent experiments. C. Cytoplasmic and nuclear 

fractionation of SKOV3 cells expressing HA-SAMHD1. Lamin A/C and GAPDH serve as loading 

and fractionation controls. Densitometry was performed to determine the ratio of post-treatment to 

pre-treatment nuclear SAMHD1 after normalizing to the Lamin A/C loading control. Blot is 

representative of three independent experiments. 

 

T592 mutations affect SAMHD1 oxidation after treatment with growth factor.  

Many growth factor signaling pathways, including LPA signaling, transmit signals by 

generating ROS to oxidize downstream target proteins35–40. We previously showed that 

growth factor stimulation causes cytoplasmic localization and oxidation of 

SAMHD122.  In light of the result that T592 mutations affect SAMHD1 localization, we 

hypothesized that preventing translocation to the cytoplasm also inhibits growth factor-

mediated oxidation in the cytoplasm. We next tested whether the SAMHD1 variants 

could be oxidized in response to LPA stimulation.  To label oxidized proteins, we used 

the dimedone-based probe DCP-Bio1 that forms a covalent adduct with cysteine sulfenic 

acid, an intermediate of cysteine oxidation48.  

 

PC3 and HEK293 cells transiently expressing HA-tagged variants of SAMHD1 (WT, 

T592A, or T592E) were treated with LPA and harvested in the presence of DCP-Bio1 to 

label oxidized proteins22.  Labeled proteins were purified by affinity capture of the biotin 

tag and separated by SDS-PAGE. Immunoblotting for the HA-tag allowed visualization of 
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oxidized SAMHD122,48.  Oxidation of the wild-type SAMHD1 and T592A-SAMHD1 

proteins was detected within 30 minutes of growth factor treatment (Figure 2.2). In 

contrast, no oxidation of the T592E SAMHD1 was detected by the probe after stimulation 

with growth factor.  As a control, the C522A SAMHD1 protein that is oxidation-insensitive 

was also not detected by the probe post growth-factor treatment (Figure 2.2). Taken 

together, these results suggest that the phosphomimetic SAMHD1 mutant affects both 

protein translocation and oxidation in response to growth factor stimulation. 

 

 

Figure 2.2. SAMHD1 T592E is not oxidized in cells.  PC3 and HEK293 cells expressing HA-

SAMHD1 were treated with the growth factor, LPA, over time and harvested in the presence of 

DCP-Bio1 to capture proteins with cysteine sulfenic acids. Western blots of pulldowns probed with 

α-HA antibodies show oxidized SAMHD1 in cells expressing wild-type or T592A variant.  No 

oxidized SAMHD1 appears in cells expressing the T952E or oxidation insensitive C522A variants. 

Blot is representative of at least 3 replicates. 
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Phosphomimetic SAMHD1 is catalytically active and inhibited by oxidation.  

Taking into consideration the lack of oxidized T592E in cells, we next wanted to determine 

if the absence of the T592E oxidation in cells was an artifact of the mutation that might 

have disturbed protein structure or activity. We hypothesized that the absence of T592E 

oxidation was due to protein localization rather than a biochemical inability to be oxidized. 

To determine if T592E SAMHD1 is catalytically active and susceptible to inactivation by 

H2O2, we measured the hydrolysis of dNTP substrates by SAMHD1 proteins in the 

presence of increasing concentrations of hydrogen peroxide in vitro using an HPLC-based 

assay22. In the absence of hydrogen peroxide the wild-type, T592E, and C522A SAMHD1 

proteins hydrolyze dATP to dA with similar activity (Fig 2.3).  Consistent with previous 

data, C522A SAMHD1 exhibits higher baseline levels of catalytic activity, likely due to its 

resistance to low levels of contaminating oxidants22. Upon addition of increasing 

concentrations of hydrogen peroxide, the catalytic activity of wild-type and T592E 

SAMHD1 proteins decreases while the oxidation-insensitive C522A mutant retains 

catalytic activity (Figure 2.3). This result confirms that T592E SAMHD1 is both 

catalytically active and sensitive to inhibition by oxidation.  It also indicates that the lack 

of oxidized T592E SAMHD1 in response to growth factor treatment in the cellular assay 

is not due to a biochemical insensitivity to oxidation. 
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Figure 2.3. SAMHD1 T592E is catalytically active and sensitive to oxidation. Catalytic activity 

was of SAMHD1 wild-type, T592E, and C522A were measured in vitro as a function of increasing 

hydrogen peroxide concentrations. The T592E variant shows nearly identical activity and 

sensitivity to peroxide inhibition as wild-type protein.  As a control, the C522A SAMHD1, which 

is insensitive to oxidation, remains active even at high concentrations of peroxide. Activity was 

determined by the percentage of dATP that was converted to the product dA. Hydrogen peroxide 

concentration is presented on a logarithmic scale. The mean of three independent experiments are 

plotted, error bars represent standard error of the mean (SEM). Data were normalized to WT at 0 

µM H2O2 for analysis and p-values between genotypes were generated by Tukey-Kramer post-hoc 

test. n.s. p > 0.5 at each time point comparing WT and T592E, *** p < 0.001 at each time point 

comparing WT and C522A. 

 

Phosphomimetic SAMHD1 affects cell proliferation.  

Given the role of SAMHD1 as a dNTPase that regulates dNTP availability during DNA 

replication, we hypothesized that phosphorylated SAMHD1, which remains in the 

nucleus where it is protected from inactivation by oxidation, would inhibit S-phase 

progression and cell cycle dynamics. 
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We measured the DNA content of unsynchronized PC3 cells expressing wild-type or 

T592E SAMHD1 by flow cytometry to analyze cell cycle distribution. Cells expressing 

wild-type SAMHD1 displayed a typical profile of DNA content that remains consistent 

throughout S-phase and has a clear definition between S-phase and G2/M (Figure 2.4). In 

contrast, cells expressing the T592E SAMHD1 displayed an upward slope of cells in S-

phase that merged into the 2n DNA peak (Figure 2.4A,B), suggesting an accumulation in 

late S-phase or early G2/M-phase of the cell cycle.  Quantification of the area under these 

peaks reveals a statistical significance between the number of cells having 1n and 2n DNA 

(Fig 2.4B). Given the unusual accumulation of cells in late S-phase merging into the 2n 

DNA peak, we looked to see whether the cells expressing T592E were entering mitosis. 

We measured the level of mitosis-related protein phospho-Histone H3, which is present 

during late G2 and early M-phase and indicates the presence of cells that have successfully 

completed S-phase (Figure 2.4C). Phospho-Histone H3 was present in PC3 cells 

expressing wild-type but not T592E SAMHD1. Taken together, these results indicate that 

phosphomimetic SAMHD1 causes inefficient progression through S-phase and defective 

exit from S-phase into mitosis.   

 

To determine whether the accumulation of cells in late S-phase is accompanied by 

proliferative differences, we measured the growth rate of cells stably expressing either 

wild-type or T592E SAMHD1 (Figure 2.4D). Expression of T592E SAMHD1 decreased 

the growth rate of PC3 and SKOV3 cells (PC3 p = 5.73e-07, SKOV3 p = 4.35e-10 by day 

5, two-way ANOVA and Tukey’s post-hoc test). This result indicates that the accumulation 
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of cells expressing phosphomimetic SAMHD1 at the S/G2 transition is associated with 

decreased proliferation. 

 

 
Figure 2.4. SAMHD1 T592E affects cell cycle progression. A. DNA histogram of PC3 cells 

stably expressing WT or T592E SAMHD1 (10,000 events per histogram). Cells expressing wild-

type SAMHD1 show a typical cell cycle distribution. In contrast, cells expressing T592E SAMHD1 

indicate an accumulation in late S-phase (red arrow). Graphs are representative of three 

independent experiments. B. Quantification of DNA content by flow cytometry. The proportion of 

cells in each phase was determined by the Dean-Jett-Fox model. Graphs represent the mean of WT 

n=14 and T592E n=15 from three independent experiments. Error bars represent 95% confidence 

intervals. * p < 0.05, *** p < 0.001, Tukey-Kramer post-hoc test. C. Expression of phosphorylated 

Histone H3 can be detected in PC3 cells stably expressing wild-type SAMHD1, but not T592E 

SAMHD1, suggesting fewer cells expressing T592E are undergoing mitosis. Expression of HA-

SAMHD1 was probed by anti-HA antibody. Samples are from the same blot. D. Cells stably 

expressing wild-type SAMHD1 grow faster than those expressing T592E SAMHD1.  Relative fold 



52 

 

change of SKOV3 cells was measured by SRB stain assay. Points represent the mean and error bars 

represent the standard deviation of 10 technical replicates. Relative fold change of PC3 cells was 

measured by counting with trypan blue. Points represent the mean and error bars represent the 

standard deviation of three technical replicates. * p < 0.05, *** p < 0.001, Tukey-Kramer post-hoc 

test. 

 

 

DISCUSSION 

 

Here, we demonstrate a link between SAMHD1 phosphorylation, cellular localization, and 

protein oxidation.  We observe that most of the T592E phosphomimetic protein is retained 

in the nucleus following LPA-mediated signaling, whereas a significantly increased 

proportion of the non-phosphorylated protein localizes to the cytoplasm. We also show that 

the T592E protein fails to become oxidized in cells in response to LPA treatment. 

Additionally, our data reveal that phosphomimetic T592E SAMHD1 is an active dNTPase 

that is sensitive to inhibition by oxidation in vitro. Our results further indicate that 

phosphorylation retains SAMHD1 in the nucleus where it inhibits S/G2 transition and 

decreases cell proliferation. 

 

While SAMHD1 is considered a nuclear protein23,42,49,50, there is increasing evidence 

pointing to the importance of SAMHD1 translocation to the cytoplasm for its function44,51. 

For example, nucleocytoplasmic shuttling of SAMHD1 is necessary for LINE-1 

retroelement (L1) suppression, and mutants that fail to suppress L1 replication cannot 
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export out of the nucleus44. Other work finds that expression of SAMHD1 T592A strongly 

inhibits L1 retrotransposition, while the T592D phosphomimetic does not51. Our finding 

that phosphorylation regulates SAMHD1 nuclear localization unifies these data and 

supports the mechanism of phosphorylation of SAMHD1 regulating L1 suppression.   

 

Linking SAMHD1 nucleocytoplasmic shuttling to phosphorylation also provides a 

potential explanation for the loss of retroviral restriction upon SAMHD1 phosphorylation. 

SAMHD1 restricts retroviruses at the level of reverse transcription6,7,11,14,17, and SAMHD1 

localized to the cytoplasm through mutation or deletion of its NLS is capable of restricting 

retroviruses42,43.  Phosphorylation of SAMHD1 at T592 ablates SAMHD1 viral 

restriction19,20,45, but does not affect its catalytic activity as we and others have 

observed20,30,31,45, suggesting there is another mechanism of inactivation. Our finding that 

phosphorylated SAMHD1 is retained in the nucleus, away from reverse transcription in the 

cytoplasm, is a potential explanation for this phenomenon. 

 

SAMHD1 has defined nuclear roles as well, including in DNA repair and maintenance of 

dNTP levels for DNA replication. These nuclear roles are fundamentally coupled to cell 

cycle dynamics, as DNA replication and repair by homologous recombination both occur 

during S-phase. SAMHD1 is phosphorylated during S-phase by Cyclin A2/CDK1 and 

dephosphorylated by PP2A during M-phase8,19,19,21,27–29. The T592E SAMHD1 

phosphomimetic has enhanced nuclear DNA-repair function at stalled replication forks 

compared to phosphorylation-insensitive protein46 and phosphorylated SAMHD1 
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increases after treatment with agents that induce DNA double-strand breaks52. Consistent 

with this DNA repair function and our observation that phosphomimetic SAMHD1 slows 

S-phase progression, phosphorylated SAMHD1 may retain the enzyme in the nucleus for 

DNA repair and function as part of a check point to prevent cell cycle progression until 

proper DNA replication or repair is completed.   

 

Based on these data, we propose a model in which phosphorylation of SAMHD1 

spatiotemporally regulates protein function (Figure 2.5). We propose that SAMHD1 

localization is in an equilibrium between nuclear import and export with the balance 

dictated by the particular needs of the cell for regulating innate immunity, antiviral 

response, and DNA replication. The NLS controls nuclear import and the phosphorylation 

state, in part, controls export. In this model, non-phosphorylated SAMHD1 can be shuttled 

to the cytoplasm for immune regulation such as L1 suppression.  Under conditions of 

growth factor stimulation, cytoplasmic localization also allows further regulation of 

SAMHD1 catalytic activity by protein oxidation. Retroviral restriction may also be 

dependent on SAMHD1 localization to the cytoplasm. 
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Figure 2.5. Proposed model of SAMHD1 localization and cellular function. We propose that 

phosphorylation directs subcellular localization, which in turn directs cellular function. In our 

model, phosphorylated SAMHD1 is retained in the nucleus where it is able to participate in nuclear 

functions. Unphosphorylated SAMHD1 can be stimulated to leave the nucleus, where it can be 

oxidized in response to growth factor-stimulated ROS. 

 

The relationship between SAMHD1, dNTP levels, and cell cycle regulation is complex and 

not yet fully understood. This complexity is reflected in SAMHD1 regulation by a network 

of orthogonal post-translational modifications including phosphorylation, oxidation, 

oligomerization, acetylation, and sumoylation 3,24,25. These modifications are 

interdependent, as we show here in the context of protein phosphorylation and oxidation. 

Our data underscore the need to consider these orthogonal modifications in the context of 

one another to unravel the dynamic network of SAMHD1 regulation. 
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MATERIALS AND METHODS 

 

Reagents  

RPMI, DMEM, and FBS were from Invitrogen. Hygromycin B and puromycin were from 

Gibco. Primary antibodies used were anti-HA (Cell Signaling Technology, catalog number 

C29F4), anti-pHistoneH3 (S10) (Abcam, catalog number ab14955), anti-LaminA/C (BD 

Biosciences, catalog number 612162), anti-GAPDH (Sigma-Aldrich, catalog number 

CB1001), and anti-β-actin (Santa Cruz Biotechnology, Inc., catalog number sc-1616).  

Secondary HRP-conjugated antibodies used were goat anti-rabbit (Cell Signaling 

Technology, catalog number 7074S) horse anti-mouse (Cell Signaling Technology, catalog 

number 7076S) and donkey anti-goat (Santa Cruz Biotechnology, Inc., catalog number sc-

2020). Chemiluminescence reagent for Western blotting was SuperSignal™ West Pico 

PLUS.  Mounting media for fluorescence microscopy was ProLong® Gold Antifade 

Reagent with DAPI.  LPA supplied in chloroform was from Avanti Polar Lipids {Acyl-

linked 18:1 lysophosphatidic acid [1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (sodium 

salt)]}. For sulfenylation studies, DCP-Bio1 was from by Xoder Technologies (Winston 

Salem, NC), sepharose CL-4B resin was from Sigma, and high capacity streptavidin 

agarose resin was from Thermo Scientific.  Propidium iodide and the nucleotides GTP and 

dATP were from Invitrogen. 
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Plasmids 

For bacterial expression, the full-length human SAMHD1 gene was amplified using PCR 

and cloned into a modified pET28 expression vector (pLM303-SAMHD1) that contained 

an N-terminal his-MBP tag and an intervening rhinovirus 3C protease cleavage site. 

Threonine to alanine (T592A), threonine to glutamic acid (T592E), and cysteine to alanine 

(C522A) mutations were synthesized and sequenced by GenScript, using the pLM303-

SAMHD1 expression vector as a template. For mammalian expression, the full-length 

human SAMHD1 gene with an N-terminal HA-tag was cloned into the pcDNA3.1(+) 

Hygro plasmid. T592A, T592E, and C522A mutations were synthesized and sequenced by 

GenScript. For fluorescence microscopy SAMHD1 mutants were cloned from 

pcDNA3.1(+)Hygro into pEYFP-C1 (Clontech) by GenScript. 

 

Cell Culture and LPA Treatment 

PC3 cells (ATCC) and HEK293 cells (ATCC) were grown, maintained, and treated at 

37 °C with 5% CO2.  PC3 cells were maintained in RPMI 1640 medium supplemented with 

10% fetal bovine serum, L-glutamine, penicillin, and streptomycin. Where indicated, 

serum-starvation was conducted for 36 hours with RPMI 1640 serum-free medium 

supplemented with L-glutamine, penicillin, and streptomycin.  HEK293 cells were 

maintained in DMEM medium supplemented with 10% fetal bovine serum, L-glutamine, 

penicillin, and streptomycin.  Transfection into PC3 or HEK293 cells was performed with 

2 µg of plasmid DNA, Opti-MEM reduced serum medium, and FuGENE® 6 Transfection 

Reagent per the manufacturer’s instructions. Cells stably expressing transfected constructs 
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were selected with Hygromycin B at 400 µg/mL. LPA, supplied in chloroform, was dried 

under a stream of argon, resuspended to a concentration of 1 mM in phosphate buffered 

saline (PBS) containing 1% fatty acid-free bovine serum albumin (BSA), and then diluted 

into culture medium to a final concentration of 1 µM.  

 

Cell Growth 

SKOV3 cells stably expressing WT or T592E SAMHD1 were plated at 4,000 cells per well 

in 96-well plates and allowed to grow for the indicated number of days. Cells were fixed 

in 50% trichloroacetic acid for 1 hour at 4°C. Cells were rinsed 5 times with deionized 

water and allowed to dry completely. Cells were incubated in 0.4% sulforhodamine B 

sodium salt (Sigma) in 1% acetic acid for 10 minutes to stain and washed 5 times with 1% 

acetic acid. Dye was solubilized in 10mM non-pH adjusted Tris-base and absorbance was 

measured at 564 nm. PC3 cells stably expressing WT or T592E SAMHD1 were plated at 

75,000 cells per 35mm dish and allowed to grow for the indicated number of days. Cells 

were removed from the plates with trypsin. Live cells were distinguished from dead cells 

by the addition of 100µL of 0.4% trypan blue solution (Sigma) per 900 µL of cells. Cells 

were counted on a glass hemocytometer. For both methods, statistical analysis was 

performed by two-way ANOVA and significance was determined by Tukey-Kramer post-

hoc test using RStudio (R Version 4.0.2, RStudio Version 1.1.453)53.  
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Western Blotting 

For Western blotting, cells were plated at 2.5×105 cells per dish in 35-mm dishes, treated 

or not with LPA, washed with cold, calcium-free PBS, scraped into lysis buffer (50 mM 

Tris-HCl, 100 mM NaCl, 2 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM 

PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 50 mM NaF, and 1 mM sodium 

vanadate), and centrifuged to remove cell debris after one freeze/thaw cycle. Protein 

concentration was measured (Pierce BCA protein assay) and samples (typically 20 μg 

protein/lane) were resolved on SDS polyacrylamide gels, then transferred to nitrocellulose 

membranes, probed with protein-specific antibodies and visualized using SuperSignal™ 

West Pico PLUS chemiluminescence reagent. Densitometry was analyzed by ImageJ 

software. 

 

Fluorescence Microscopy 

PC3 or HEK293 cells were transiently transfected with YFP-SAMHD1 mutants as 

described above and allowed to rest for 24 hours.  Cells (~5x104 cells per well) were plated 

in 4-well chamber slides with removable wells and allowed to grow for 48 hours before 

stimulation with 1 µM LPA (Nunc™ Lab-Tek™ II Chamber Slide™ System). Cells were 

then fixed for 15 minutes with 10% formalin, washed 3 times with wash buffer (2% FBS, 

0.1 M glycine, PBS-T), permeabilized for 15 minutes with 0.1% Triton-X100 in PBS-T, 

and washed 3 times with PBS-T.  After removing the chamber wells, cells were mounted 

under coverslips with ProLong® Gold Antifade Reagent with DAPI.  Images were 

collected with an Olympus FV1200 Spectral Laser Scanning Confocal Microscope with an 
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Olympus IX83 inverted platform. Identifying labels were removed from the images and 

given to two independent researchers to count the number of fluorescent cells and the 

number of fluorescent cells with cytoplasmic SAMHD1 per frame. A minimum of 200 

cells per time point were counted from 3 (HEK293) or 4 (PC3) independent experiments. 

Statistical analysis was performed by Fisher’s exact test using RStudio (R Version 4.0.2, 

RStudio Version 1.1.453)53. 

 

Cytoplasmic/Nuclear Fractionation 

Cells stably expressing WT, T592A, or T592E SAMHD1 were plated in 100 mm dishes 

and stimulated with 1 µM LPA as described. To harvest, cells were scraped into 300 µL of 

Lysis Buffer I (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1 mM DTPA, 

0.05% NP-40, 0.5% sodium deoxycholate, 2 mM DTT, 20 mM β-glycerophosphate, 1 mM 

PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 50 mM NaF, and 1 mM sodium 

vanadate). Cells were incubated on ice for 10 minutes to lyse the cytoplasmic membrane 

and centrifuged (2 min, 10,000xg). The supernatant was collected as the cytoplasmic 

fraction and the pellet contained the cell nuclei. The pellet was washed with PBS and 

resuspended in 100 µL Lysis Buffer IV (20 mM Tris-HCl pH 7.4, 300 mM NaCl, 5 mM 

MgCl2, 0.2 mM DTPA, 1% Triton X-100, 1% SDS, 0.5% sodium deoxycholate, 2 mM 

DTT, 20 mM β-glycerophosphate, 1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 

50 mM NaF, and 1 mM sodium vanadate). Samples were sonicated to lyse the nuclear 

membrane and centrifuged (10 min, 10,000xg). The supernatant containing nuclear 

proteins was transferred to a new tube. Protein concentrations were determined by BCA 

assay. 
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DCP-Bio1 Labelling and Affinity Capture 

Labeling of cysteine sulfenic acids was performed as previously described with slight 

modifications22,37. Briefly, PC3 or HEK293 cells (~5x105) transiently expressing HA-

SAMHD1 mutants were grown in 100 mm plates for 48 hours and treated with LPA for 

the indicated time points as described above. Cells were scraped into freshly prepared lysis 

buffer containing DCP-Bio1 (50 mM Tris-HCl, 100 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 1 mM PMSF, 50 mM sodium fluoride, 10 mM sodium vanadate, 10 µg/mL 

aprotinin, 10 µg/mL leupeptin, 200 U/mL catalase, 1 mM DCP-Bio1, 10 mM N-

ethylmaleimide, 10 mM iodoacetamide).  Harvested cells were incubated on ice for 30 

minutes to chemically label cysteine sulfenic acids and were immediately stored at -80°C.  

For affinity capture and elution of the labeled proteins, samples were thawed, centrifuged 

to clear cell debris, and cleared using a BioGel P6 spin column to remove unreacted DCP-

Bio1.  Total protein (200 µg) was diluted in PBS containing 2 M urea, precleared with 

Sepharose CL-4B beads (Sigma), applied to plugged columns containing high capacity 

streptavidin-agarose beads from Pierce, and then incubated overnight at 4 °C. Multiple 

stringent washes of the beads were performed (at least 4 column volumes and two washes 

each) using, in series, 1% SDS, 4 M urea, 1 M NaCl, 10 mM DTT, 50 mM ammonium 

bicarbonate and water, before elution with Laemmli sample buffer (50 mM Tris-HCl, pH 

8, containing 2% SDS and 1 mM EDTA) (1 µL/4 µL starting lysate). Samples were 

analyzed by Western blot as described above. 
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SAMHD1 dNTPase Activity 

Recombinant proteins were expressed in Escherichia coli using a modified pET28 

expression vector (pLM303) containing a His6-MBP sequence fused to the N-terminus of 

SAMHD1 as previously described22.  Protein was purified by column chromatography in 

the following steps: purification by amylose column, cleavage of the His6-MBP tag by 

PreScission Protease (GE LifeSciences), purification by heparin column, and further 

purification by size-exclusion column.  SAMHD1 dNTPase assays were performed as 

previously described22.  Briefly, purified protein was first incubated with the indicated 

concentration of hydrogen peroxide for 30 minutes at room temperature.  The reaction 

mixture contained 500 nM SAMHD1 in reaction buffer (20 mM Tris pH 7.5, 5 mM MgCl2, 

100 mM NaCl, 0.1 µM EDTA).  The reaction was initiated upon addition of 50 µM of GTP 

to initiate dimerization and 500 µM dATP to initiate tetramerization and act as a substrate.  

Reactions proceeded for 10 minutes followed by quenching with EDTA (final 

concentration 10 mM). The dA reaction product was analyzed using ion pair reverse phase 

chromatography on a Waters HPLC system. A CAPCell PAK C18 column (Shiseido Fine 

Chemicals) was equilibrated with 20 mM NaH2PO4 pH 7.0, 5 mM tetra n-butyl ammonium 

phosphate, and 5% methanol. Reactants and products were eluted with a linear gradient of 

methanol from 5% to 50%. Eluent peaks were measured at A254, and quantification was 

performed using the Empower Software to integrate the area under each reaction 

component peak. Statistical analysis was performed by calculating the mean of three 

independent experiments and normalizing each data point to the untreated WT value. A 

two-way ANOVA was performed with genotype comparison by Tukey-Kramer post-hoc 

test using RStudio (R Version 4.0.2, RStudio Version 1.1.453)53. 
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Flow Cytometry 

For flow cytometry, PC3 cells stably expressing WT or T592E SAMHD1 were plated at 

5×105 cells per dish in 100 mm dishes, and allowed to grow for 24 hours before switching 

to serum-free media for 36 hours.  Cells were treated or not with LPA and collected at each 

time point by trypsinizing cells off the plate.  Cells were centrifuged, resuspended in PBS 

with 1% FBS to wash, and centrifuged again to collect.  Samples were resuspended in 500 

µL of PBS with 1%FBS, added dropwise to ice-cold ethanol while slowly vortexing, and 

stored at -20°C. To analyze, cells were centrifuged, washed in ice-cold PBS with 1% FBS, 

and resuspended in flow solution (100 mM NaCl, 3.6 mM trisodium citrate, 0.6% NP-40, 

0.05 mg/mL propidium iodide, 0.1 mg/mL RNAse).  Samples were incubated in the dark 

at 37°C until analysis on a BD FACSFortessa X-20 analyzer. Results were analyzed by 

FloJo software using the Dean-Jett-Fox model. The mean of n=14 WT samples and n=15 

T592E samples was calculated. Statistical analysis was performed by two-way ANOVA 

and intergroup comparison by Tukey-Kramer post-hoc test using RStudio (R Version 4.0.2, 

RStudio Version 1.1.453)53 

 

CONFLICTS OF INTEREST 

 

The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 



64 

 

ACKNOWLEDGEMENTS 

 

This work was supported through funding by NIH T32 GM095440 support (SB), and the 

Comprehensive Cancer Center of Wake Forest University National Cancer Institute Cancer 

Center Support Grant P30CA012197. The authors would like to thank Dr. Sean Simpson 

for his assistance with flow cytometry. 

 

  



65 

 

REFERENCES 

 

1. Powell RD., Holland PJ., Hollis T., Perrino FW. Aicardi-Goutieres syndrome gene 

and HIV-1 restriction factor SAMHD1 is a dGTP-regulated deoxynucleotide 

triphosphohydrolase. J Biol Chem. 2011;286:43596–600. doi: 

10.1074/jbc.C111.317628. 

2. Goldstone DC., Ennis-Adeniran V., Hedden JJ., et al. HIV-1 restriction factor 

SAMHD1 is a deoxynucleoside triphosphate triphosphohydrolase. Nature. 

2011;480:379–82. doi: 10.1038/nature10623. 

3. Mauney CH., Hollis T. SAMHD1: Recurring roles in cell cycle, viral restriction, 

cancer, and innate immunity. Autoimmunity. 2018;51:96–110. doi: 

10.1080/08916934.2018.1454912. 

4. Berger A., Sommer AFR., Zwarg J., et al. SAMHD1-deficient CD14+ cells from 

individuals with Aicardi-Goutières syndrome are highly susceptible to HIV-1 

infection. PLoS Pathog. 2011;7:e1002425. doi: 10.1371/journal.ppat.1002425. 

5. Hrecka K., Hao C., Gierszewska M., et al. Vpx relieves inhibition of HIV-1 infection 

of macrophages mediated by the SAMHD1 protein. Nature. 2011;474:658–61. doi: 

10.1038/nature10195. 

6. Laguette N., Sobhian B., Casartelli N., et al. SAMHD1 is the dendritic- and myeloid-

cell-specific HIV-1 restriction factor counteracted by Vpx. Nature. 2011;474:654–7. 

doi: 10.1038/nature10117. 



66 

 

7. Lahouassa H., Daddacha W., Hofmann H., et al. SAMHD1 restricts HIV-1 by 

reducing the intracellular pool of deoxynucleotide triphosphates. Nat Immunol. 

2012;13:223–8. doi: 10.1038/ni.2236. 

8. Pauls E., Ruiz A., Badia R., et al. Cell Cycle Control and HIV-1 Susceptibility Are 

Linked by CDK6-Dependent CDK2 Phosphorylation of SAMHD1 in Myeloid and 

Lymphoid Cells. JI. 2014;193:1988–97. doi: 10.4049/jimmunol.1400873. 

9. Wittmann S., Behrendt R., Eissmann K., et al. Phosphorylation of murine SAMHD1 

regulates its antiretroviral activity. Retrovirology. 2015;12. doi: 10.1186/s12977-015-

0229-6. 

10. Chen Z., Zhu M., Pan X., et al. Inhibition of Hepatitis B virus replication by 

SAMHD1. Biochemical and Biophysical Research Communications. 

2014;450:1462–8. doi: 10.1016/j.bbrc.2014.07.023. 

11. Sommer AFR., Rivière L., Qu B., et al. Restrictive influence of SAMHD1 on 

Hepatitis B Virus life cycle. Sci Rep. 2016;6:26616. doi: 10.1038/srep26616. 

12. Hollenbaugh JA., Gee P., Baker J., et al. Host Factor SAMHD1 Restricts DNA 

Viruses in Non-Dividing Myeloid Cells. PLOS Pathogens. 2013;9:e1003481. doi: 

10.1371/journal.ppat.1003481. 

13. Kim ET., White TE., Brandariz-Núñez A., Diaz-Griffero F., Weitzman MD. 

SAMHD1 Restricts Herpes Simplex Virus 1 in Macrophages by Limiting DNA 

Replication. Journal of Virology. 2013;87:8. 



67 

 

14. Gramberg T., Kahle T., Bloch N., et al. Restriction of diverse retroviruses by 

SAMHD1. Retrovirology. 2013;10:26. doi: 10.1186/1742-4690-10-26. 

15. Kim ET., Roche KL., Kulej K., et al. SAMHD1 Modulates Early Steps during 

Human Cytomegalovirus Infection by Limiting NF-κB Activation. Cell Reports. 

2019;28:434-448.e6. doi: 10.1016/j.celrep.2019.06.027. 

16. Businger R., Deutschmann J., Gruska I., et al. Human cytomegalovirus overcomes 

SAMHD1 restriction in macrophages via pUL97. Nature Microbiology. 

2019;4:2260–72. doi: 10.1038/s41564-019-0557-8. 

17. Sze A., Belgnaoui SM., Olagnier D., Lin R., Hiscott J., van Grevenynghe J. Host 

Restriction Factor SAMHD1 Limits Human T Cell Leukemia Virus Type 1 Infection 

of Monocytes via STING-Mediated Apoptosis. Cell Host & Microbe. 2013;14:422–

34. doi: 10.1016/j.chom.2013.09.009. 

18. Ji X., Wu Y., Yan J., et al. Mechanism of allosteric activation of SAMHD1 by dGTP. 

Nat Struct Mol Biol. 2013;20:1304–9. doi: 10.1038/nsmb.2692. 

19. Cribier A., Descours B., Valadão ALC., Laguette N., Benkirane M. Phosphorylation 

of SAMHD1 by Cyclin A2/CDK1 Regulates Its Restriction Activity toward HIV-1. 

Cell Reports. 2013;3:1036–43. doi: 10.1016/j.celrep.2013.03.017. 

20. Welbourn S., Dutta SM., Semmes OJ., Strebel K. Restriction of virus infection but 

not catalytic dNTPase activity is regulated by phosphorylation of SAMHD1. J Virol. 

2013;87:11516–24. doi: 10.1128/JVI.01642-13. 



68 

 

21. White TE., Brandariz-Nuñez A., Valle-Casuso JC., et al. The Retroviral Restriction 

Ability of SAMHD1, but Not Its Deoxynucleotide Triphosphohydrolase Activity, Is 

Regulated by Phosphorylation. Cell Host Microbe. 2013;13. doi: 

10.1016/j.chom.2013.03.005. 

22. Mauney CH., Rogers LC., Harris RS., et al. The SAMHD1 dNTP 

Triphosphohydrolase Is Controlled by a Redox Switch. Antioxidants & Redox 

Signaling. 2017;27:1317–31. doi: 10.1089/ars.2016.6888. 

23. Hofmann H., Logue EC., Bloch N., et al. The Vpx Lentiviral Accessory Protein 

Targets SAMHD1 for Degradation in the Nucleus. J Virol. 2012;86:12552–60. doi: 

10.1128/JVI.01657-12. 

24. Lee EJ., Seo JH., Park J-H., et al. SAMHD1 acetylation enhances its deoxynucleotide 

triphosphohydrolase activity and promotes cancer cell proliferation. Oncotarget. 

2017;8:68517–29. doi: 10.18632/oncotarget.19704. 

25. Martinat C., Cormier A., Tobaly-Tapiero J., et al. SUMOylation of SAMHD1 at 

Lysine 595 is required for HIV-1 restriction in non-cycling cells. BioRxiv. 

2020:2020.06.04.133439. doi: 10.1101/2020.06.04.133439. 

26. Wang Z., Bhattacharya A., White T., et al. Functionality of Redox-Active Cysteines 

Is Required for Restriction of Retroviral Replication by SAMHD1. Cell Rep. 

2018;24:815–23. doi: 10.1016/j.celrep.2018.06.090. 

27. Yan J., Hao C., DeLucia M., et al. CyclinA2-Cyclin-dependent Kinase Regulates 

SAMHD1 Protein Phosphohydrolase Domain *. Journal of Biological Chemistry. 

2015;290:13279–92. doi: 10.1074/jbc.M115.646588. 



69 

 

28. St. Gelais C., Kim SH., Ding L., et al. A Putative Cyclin-binding Motif in Human 

SAMHD1 Contributes to Protein Phosphorylation, Localization, and Stability. J Biol 

Chem. 2016;291:26332–42. doi: 10.1074/jbc.M116.753947. 

29. Schott K., Fuchs NV., Derua R., et al. Dephosphorylation of the HIV-1 restriction 

factor SAMHD1 is mediated by PP2A-B55α holoenzymes during mitotic exit. Nature 

Communications. 2018;9:2227. doi: 10.1038/s41467-018-04671-1. 

30. Tramentozzi E., Ferraro P., Hossain M., Stillman B., Bianchi V., Pontarin G. The 

dNTP triphosphohydrolase activity of SAMHD1 persists during S-phase when the 

enzyme is phosphorylated at T592. Cell Cycle. 2018;17:1102–14. doi: 

10.1080/15384101.2018.1480216. 

31. Bhattacharya A., Wang Z., White T., et al. Effects of T592 phosphomimetic 

mutations on tetramer stability and dNTPase activity of SAMHD1 can not explain the 

retroviral restriction defect. Scientific Reports. 2016;6:31353. doi: 

10.1038/srep31353. 

32. Arnold LH., Groom HCT., Kunzelmann S., et al. Phospho-dependent Regulation of 

SAMHD1 Oligomerisation Couples Catalysis and Restriction. PLoS Pathog. 

2015;11:e1005194. doi: 10.1371/journal.ppat.1005194. 

33. Tang C., Ji X., Wu L., Xiong Y. Impaired dNTPase Activity of SAMHD1 by 

Phosphomimetic Mutation of Thr-592. J Biol Chem. 2015;290:26352–9. doi: 

10.1074/jbc.M115.677435. 



70 

 

34. Ruiz A., Pauls E., Badia R., et al. Cyclin D3-dependent control of the dNTP pool and 

HIV-1 replication in human macrophages. Cell Cycle. 2015;14:1657–65. doi: 

10.1080/15384101.2015.1030558. 

35. Saunders JA., Rogers LC., Klomsiri C., Poole LB., Daniel LW. Reactive Oxygen 

Species Mediate Lysophosphatidic Acid Induced Signaling in Ovarian Cancer Cells. 

Free Radic Biol Med. 2010;49:2058–67. doi: 10.1016/j.freeradbiomed.2010.10.663. 

36. Oakley FD., Abbott D., Li Q., Engelhardt JF. Signaling components of redox active 

endosomes: the redoxosomes. Antioxid Redox Signal. 2009;11:1313–33. doi: 

10.1089/ars.2008.2363. 

37. Klomsiri C., Rogers LC., Soito L., et al. Endosomal H2O2 production leads to 

localized cysteine sulfenic acid formation on proteins during lysophosphatidic acid-

mediated cell signaling. Free Radic Biol Med. 2014;71:49–60. doi: 

10.1016/j.freeradbiomed.2014.03.017. 

38. Sundaresan M., Yu ZX., Ferrans VJ., Irani K., Finkel T. Requirement for generation 

of H2O2 for platelet-derived growth factor signal transduction. Science. 

1995;270:296–9. doi: 10.1126/science.270.5234.296. 

39. Bae YS., Kang SW., Seo MS., et al. Epidermal Growth Factor (EGF)-induced 

Generation of Hydrogen Peroxide: Role in EGF Receptor-Mediated Tyrosine 

Phosphorylation. J Biol Chem. 1997;272:217–21. doi: 10.1074/jbc.272.1.217. 

40. Chen Q., Olashaw N., Wu J. Participation of reactive oxygen species in the 

lysophosphatidic acid-stimulated mitogen-activated protein kinase kinase activation 

pathway. J Biol Chem. 1995;270:28499–502. doi: 10.1074/jbc.270.48.28499. 



71 

 

41. Wei W., Guo H., Han X., et al. A novel DCAF1-binding motif required for Vpx-

mediated degradation of nuclear SAMHD1 and Vpr-induced G2 arrest. Cell 

Microbiol. 2012;14:1745–56. doi: 10.1111/j.1462-5822.2012.01835.x. 

42. Brandariz-Nuñez A., Valle-Casuso JC., White TE., et al. Role of SAMHD1 nuclear 

localization in restriction of HIV-1 and SIVmac. Retrovirology. 2012;9:49. doi: 

10.1186/1742-4690-9-49. 

43. Schaller T., Pollpeter D., Apolonia L., Goujon C., Malim MH. Nuclear import of 

SAMHD1 is mediated by a classical karyopherin α/β1 dependent pathway and 

confers sensitivity to VpxMAC induced ubiquitination and proteasomal degradation. 

Retrovirology. 2014;11:29. doi: 10.1186/1742-4690-11-29. 

44. Du J., Peng Y., Wang S., et al. Nucleocytoplasmic shuttling of SAMHD1 is 

important for LINE-1 suppression. Biochemical and Biophysical Research 

Communications. 2019;510:551–7. doi: 10.1016/j.bbrc.2019.02.009. 

45. White TE., Brandariz-Nuñez A., Valle-Casuso JC., et al. Contribution of SAM and 

HD domains to retroviral restriction mediated by human SAMHD1. Virology. 

2013;436:81–90. doi: 10.1016/j.virol.2012.10.029. 

46. Coquel F., Silva M-J., Técher H., et al. SAMHD1 acts at stalled replication forks to 

prevent interferon induction. Nature. 2018;557:57. doi: 10.1038/s41586-018-0050-1. 

47. Rogers LC., Davis RR., Said N., Hollis T., Daniel LW. Blocking LPA-dependent 

signaling increases ovarian cancer cell death in response to chemotherapy. Redox 

Biol. 2018;15:380–6. doi: 10.1016/j.redox.2018.01.002. 



72 

 

48. Nelson KJ., Klomsiri C., Codreanu SG., et al. Use of Dimedone-Based Chemical 

Probes for Sulfenic Acid Detection: Methods to Visualize and Identify Labeled 

Proteins. Methods Enzymol. 2010;473. doi: 10.1016/S0076-6879(10)73004-4. 

49. Goncalves A., Karayel E., Rice GI., et al. SAMHD1 is a nucleic-acid binding protein 

that is mislocalized due to aicardi-goutières syndrome-associated mutations. Hum 

Mutat. 2012;33:1116–22. doi: 10.1002/humu.22087. 

50. Guo H., Wei W., Wei Z., et al. Identification of critical regions in human SAMHD1 

required for nuclear localization and Vpx-mediated degradation. PLoS One. 

2013;8:e66201. doi: 10.1371/journal.pone.0066201. 

51. Herrmann A., Wittmann S., Thomas D., et al. The SAMHD1-mediated block of 

LINE-1 retroelements is regulated by phosphorylation. Mob DNA. 2018;9:11. doi: 

10.1186/s13100-018-0116-5. 

52. Clifford R., Louis T., Robbe P., et al. SAMHD1 is mutated recurrently in chronic 

lymphocytic leukemia and is involved in response to DNA damage. Blood. 

2014;123:1021–31. doi: 10.1182/blood-2013-04-490847. 

53. RStudio Team. RStudio: Integrated Development for R. Boston, MA: RStudio, PBC; 

n.d. 

 



73 

 

CHAPTER 3 

STRUCTURE OF SAMHD1 BOUND TO SINGLE-STRANDED 
DNA 

 

Stephanie Batalis  



74 

 

ABSTRACT 

 

SAMHD1 has been extensively characterized as a dNTPase that regulates cellular dNTP 

levels. However, more recent research has revealed that SAMHD1 has an additional 

function in binding to DNA to promote DNA repair. While the dNTPase function has been 

rigorously studied over the past decade, significantly less is known about the DNA-binding 

function. In particular, the binding site, key amino acids, and sequence requirements of the 

DNA ligand have not been previously described. Here, I present a structure of the 

SAMHD1 dimer bound to single-stranded DNA that was solved by protein crystallography 

and X-ray diffraction. I found that DNA binds by inserting a guanine base into the 

SAMHD1 (d)GTP regulatory site. Either one or two bases can form protein-DNA contacts, 

depending on the location of the guanine in the DNA sequence. In contrast to the dNTPase 

function which can only occur when SAMHD1 is reduced at C341 and C350, the 

SAMHD1-DNA complex crystallized in both reduced and oxidized states. Additionally, I 

found that the SAMHD1-DNA complex coordinates two metal ions in each active site. For 

the first time, the structures presented here reveal the molecular basis for SAMHD1 binding 

to single-stranded DNA with significant implications for future research into SAMHD1-

mediated DNA repair. 
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INTRODUCTION 

 

SAMHD1 is a multifunctional enzyme with catalytic and non-catalytic roles. The most 

extensively studied role has been the deoxynucleotide triphosphate hydrolase (dNTPase) 

activity of SAMHD1 that lowers cellular dNTP levels1,2. This function is implicated in 

cellular processes that rely on dNTPs including DNA replication, viral infection, and innate 

immunity3,4.  

 

The dNTPase function is partially regulated by the cellular concentration of its own 

substrate through nucleotide-induced oligomerization. The active form of the enzyme is a 

homotetramer that is induced by sequential nucleotide binding at two adjacent regulatory 

sites, here termed RS1 and RS25–7. A guanine nucleotide (dGTP or GTP) binds in RS15–7. 

Two molecules of SAMHD1, each with a (d)GTP occupying RS1, are able to form 

interchain interactions that form and stabilize the SAMHD1 dimer5–7. While dGTP and 

GTP can both promote SAMHD1 dimerization, GTP exists in significant excess within 

cells and is the most likely in vivo activator8,9.  

 

Once the SAMHD1 dimer has formed, any dNTP can bind in RS25,8,10,11. Binding in RS2 

requires interchain contacts between two SAMHD1 dimers, resulting in a tetramer that 

forms as a dimer of dimers5,8,10,11. The RS2 binding site is coordinated by amino acid side 

chains from three molecules of SAMHD1 and a Mg2+ ion that bridges the RS1 and RS2 
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nucleotides5,8,10,11. Thus, nucleotide binding promotes a long-lived SAMHD1 

tetramer3,12,13.   

 

All four of the SAMHD1 molecules in the tetramer contain both RS1 and RS2 binding 

sites. Each molecule also contains an active site comprised of the catalytic tetrad (H167, 

H206, D207, D311) and a catalytic Mg2+ ion5,6. Thus, a SAMHD1 tetramer contains a total 

of four active sites, four catalytic Mg2+ ions, four bridging Mg2+ ions, and eight regulatory 

sites, four of which are filled by (d)GTP and four of which are filled with any dNTP5,8,10,11.  

 

The structural relationship between the inactive SAMHD1 dimer and the active SAMHD1 

tetramer is well-characterized. Tetramerization induces conformational changes that 

orchestrate the substrate-binding pocket and active site for catalysis. The active site is 

located near the dimer-dimer interface, which undergoes large structural rearrangements 

upon tetramerization5,6. The α-helix (351-378), for example, shifts approximately 3 Å upon 

tetramerization5,6. This shift positions the α-helices from opposing dimers to make 

extensive hydrogen-bonding interactions and stabilizes the dimer-dimer interface5,6. This 

3 Å shift also affects the SAMHD1 active site, as the same α-helix forms one side of the 

substrate-binding pocket after tetramerization5,6. Furthermore, C-terminal regions 463-476 

and 501-514 block the active site in the dimer but move away upon tetramerization to allow 

substrate entry8. In addition to these active site rearrangements, tetramerization initiates 

substantial ordering of previously disordered regions5.  
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SAMHD1 has another emerging, non-catalytic role as a mediator of DNA repair. 

SAMHD1 localizes to double-strand breaks (DSBs) and stalled replication forks and is 

required for resection and repair14–16. This DNA repair function relies on DNA binding and 

recruitment of DNA repair proteins including MRE-11 and CtIP15,16. DNA repair does not 

require SAMHD1 to be an active dNTPase, and catalytically inactive SAMHD1 mutants 

can promote both DSB repair and replication fork progression15,16. These functions may 

even be mutually exclusive, as DNA binding has been shown to inhibit the dNTPase 

function17. In line with these findings, the SAMHD1 monomer binds nucleic acids with a 

higher affinity than the catalytically active tetramer18. 

 

While the structural basis of dNTPase function is well-studied, significantly less is known 

about the structural basis of SAMHD1 binding to DNA. The purpose of this work is to 

probe the structure of DNA-bound SAMHD1 in order compare the dNTPase and DNA-

binding functions. Here, we present the structure of SAMHD1 bound to a single-stranded 

DNA 5-mer. From this structure, we identify the basis of ssDNA binding to the SAMHD1 

regulatory site. We find that a DNA 3’ guanine base inserts into RS1 and that an additional 

3’ nucleotide can occupy RS2. In both cases, ssDNA binding induces SAMHD1 to 

crystallize as a dimer even when both regulatory sites are filled with ssDNA bases. We 

additionally find that two metal ions, rather than one, occupy the active site. These results 

introduce a mechanistic basis for SAMHD1 binding to DNA and begin to untangle the 

complex structural relationship between dNTPase and DNA-binding functions. 
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RESULTS 

 

We determined the structure of the SAMHD1 catalytic core (residues 113-626) in complex 

with a single-stranded DNA 5mer (Table 3.1). Two DNA sequences were used, one with 

the sequence CATTG and one with the sequence CATGT. The structure of SAMHD1 

bound to the 5mer CATTG is denoted here as SAMHD1(CATTG) and the structure of 

SAMHD1 bound to the 5mer CATGT is denoted as SAMHD1(CATGT).  

 

Table 3.1. Data collection and refinement statistics 

 SAMHD1(CATTG) SAMHD1(CATGT) 

Data collection   

Space group P 1 21 1 P 1 21 1 

Cell dimensions     

    a, b, c (Å) 75.43, 179.68, 78.89 75.12, 179.94, 79.79 

    α, β, γ  (°)  90.00, 109.00, 90.00 90.00, 108.95, 90.00 

Resolution (Å) 50-2.85 (2.93-2.85) * 50-2.57 (2.66-2.57) 

Rpim 0.10 (0.93) 0.078 (0.36) 

I / σI 8.1 (1) 12.4 (2.22) 

Completeness (%) 99.2 (99.4) 98.6 (98.2) 

Redundancy 6.8 (6.5) 6.2 (5.8) 

CC1/2 0.98 (0.55) 0.98 (0.68) 
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Refinement   

Resolution (Å) 2.82 2.6 

No. reflections 47336 60439 

Rwork / Rfree 0.199/0.238 0.205/0.243 

No. atoms 14668 14917 

    Protein 14279 14289 

    Ligand/ion 194 236 

    Water 195 392 

Average B-factor (Å2) 58.0 52.0 

Wilson’s B-factor (Å2) 55.8 37.8 

R.m.s. deviations   

    Bond lengths (Å) 0.009 0.005 

    Bond angles (°) 0.933 0.723 

Ramachandran   

    Favored 97.7 97.5 

    Allowed 2.24 2.5 

    Outliers  0.06 0 

*Values in parentheses are for highest-resolution shell. 

 

DNA Binds in the SAMHD1 Regulatory Site 

Both SAMHD1-DNA complexes crystallized in P1 21 1 space groups with two complexes 

in the asymmetric unit (Figure 3.1, chains A, B, C, D). Each SAMHD1 dimer contains two 
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molecules of bound ssDNA (Figure 3.1). Notably, these DNA molecules are bound in the 

previously described regulatory sites at the dimer interfaces (Figure 3.1).  

 

Figure 3 .1. The SAMHD1-DNA complex forms two dimers within the asymmetric unit. Four 

molecules of SAMHD1 and four molecules of DNA are found in the asymmetric unit of the crystal. 

These molecules are organized as two dimers, each containing two molecules of DNA. Red arrows 

indicate DNA binding sites. Shown here: SAMHD1(CATTG). Green spheres indicate metal ions, 

which here are likely Ca2+ due to crystallography conditions. 
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The structures reveal that the GTP-binding regulatory site (RS1) is occupied by a guanine 

base during DNA-binding in both the SAMHD1(CATTG) and SAMHD1(CATGT) 

structures (Figure 3.2A). When the DNA-bound structures are superimposed with the 

structure of GTP-bound SAMHD1 (PDB ID: 4rxo)11, the DNA guanine base aligns with 

the base and sugar of the GTP molecule (Figure 3.2A, compare dark gray GTP to light gray 

DNA).  

 

In the SAMHD1(CATGT) structure, the DNA sequence contains an additional thymine 

base located 3’ of the RS1-bound guanine, and this base occupies the RS2 regulatory site 

(Figure 3.2B). In a superposition of SAMHD1(CATGT) with the tetramer structure 

containing GTP in RS1 and dTTP in RS2 (PDB ID: 4tnq)8, both the DNA guanine base 

and the 3’ thymine base align with the bases and sugars of the GTP and dTTP molecules 

(Figure 3.2B, compare dark gray GTP/dTTP to light gray DNA).  

 

Regions 276-284, 505-516, 530-547, and 583-626 are disordered in the structures, similar 

to previously solved structures of the SAMHD1 dimer2,11. 
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Figure 3.2. DNA Binds in the SAMHD1 Regulatory Site. SAMHD1(CATTG) (left) and 

SAMHD1(CATGT) (right) are shown as cartoons. The DNA is represented by light gray 

molecules. Nucleotides from the SAMDH1 regulatory sites have been modeled in dark gray. Top: 

GTP (dark gray) from the GTP-induced SAMHD1 dimer (PDB ID: 4rxo). Bottom: GTP and 

dTTP (dark gray) from the GTP/dTTP-induced SAMHD1 tetramer (PDB ID: 4tnq). 
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Interactions Between DNA and SAMHD1 

In both DNA complexes, the guanine nucleotide is coordinated within RS1 by multiple 

hydrogen-bonding interactions (Figure 3.3A,B) including amino acids D137, Q142, and 

R145 that interact with the guanine base (Figure 3.3A,B). These same residues interact 

with (d)GTP during nucleotide-induced SAMHD1 dimerization5. Amino acid K116 further 

contributes to hydrogen-bonding with the phosphate 5’ of the guanine base, while the 

carbonyl of the protein backbone of V117 interacts with the 3’ hydroxyl of the ribose 

(Figure 3.3A).  

 

In the SAMHD1(CATGT) structure the occupancy of an additional base in RS2 introduces 

further DNA-protein contacts (Figure 3.3B). The 3’ oxygen of the terminal nucleotide is 

stabilized by both the amide nitrogen of the peptide bond at N119 and by the carbonyl 

oxygen of the peptide bond at V156 from the opposing monomer (Figure 3.3B). 

 

A. B. 
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Figure 3.3. DNA interacts with protein side chains. Interactions between SAMHD1 residues. 

Side chains from one monomer are yellow and opposing monomer are blue. A. 

SAMHD1(CATTG). B. SAMHD1(CATGT).  

 

DNA Binding Does Not Induce SAMHD1 Tetramerization 

Both SAMHD1-DNA complexes crystallize as dimers. The AD and BC dimers display 

extensive interactions at the dimer interface, burying approximately 1,800 Å2 surface area 

per subunit similar to previously solved structures of the SAMHD1 dimer (Figure 3.1)11,19. 

This is in contrast to the dimer-dimer interface (between chains AB and CD), which does 

not form the tightly associated SAMHD1 tetramer8. The SAMHD1 tetramer buries 

approximately 4,700 Å2  total surface area at the dimer-dimer interface, while the 

SAMHD1-DNA complexes only bury approximately  1,100 Å2 total surface area at this 

interface8,19. 

 

Furthermore, the dimer status of the SAMHD1-DNA complexes is supported by structural 

alignments with the previously solved SAMHD1 dimer and tetramer structures (Figure 

3.4A,B). Both the RMSD and TM-scores of each alignment were calculated, in which a 

low RMSD value (typically below 2.5-3 Å) or TM-score close to 1 indicate minimal 

divergence between structures20,21. In each case, RMSD values and TM-scores indicate 

greater structural similarity of the SAMHD1-DNA complexes to the SAMHD1 dimer than 

to the SAMHD1 tetramer (Figure 3.4A,B). 
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Notably, the two SAMHD1-DNA structures align well with each other even though DNA 

in SAMHD1(CATTG) only occupies RS1 and DNA in SAMHD1(CATGT) occupies both 

RS1 and RS2 (Figure 3.4C). 

 

 

Figure 3.4. DNA-bound SAMHD1 forms dimers. A. The SAMHD1 tetramer (dark gray) or B. 

the SAMHD1 dimer (light gray) aligned with SAMHD1(CATTG) (gold) and SAMHD1(CATGT) 

(pale yellow). RMSD and TM-scores for each alignment are presented. C. DNA-bound SAMHD1 

structures aligned with each other. RMSD and TM-scores are presented for the alignment between 

the two SAMHD1-DNA complexes. 

 

DNA Interacts with Two, Rather than Three, Molecules of SAMHD1 

While the SAMHD1-DNA complexes display extensive interactions at the dimer interface, 

they are lacking key interactions at the dimer-dimer interface that form during nucleotide-

A. B. C. 
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mediated tetramerization. In previously solved structures of the SAMHD1 tetramer, 

nucleotides in the regulatory site make contact with three chains of the SAMHD1 tetramer5. 

The (d)GTP in RS1 primarily interacts with the two chains of the SAMHD1 dimer, while 

the dNTP in RS2 contacts residues from the third chain at the dimer-dimer interface (Figure 

3.5A, purple chain C). The DNA bound structures reveal that when DNA occupies the 

regulatory site, amino acids from the third chain at the tetramer interface are not within 

hydrogen-bonding distance (Figure 3.5B,C). This is true for both SAMHD1(CATTG) 

where the DNA only occupies RS1 and for SAMHD1(CATGT) where the DNA occupies 

both RS1 and RS2 (Figure 3.5B,C). This difference may be due to the chemical differences 

between dNTPs and DNA. SAMHD1 side chains primarily contact the triphosphate of the 

RS2-bound dNTP, and the lack of an available triphosphate during DNA-binding may 

explain the loss of protein-ligand interactions (Figure 3.5A). In any case, the tetramer 

interface formed by nucleotide binding in the regulatory site is not formed by DNA 

binding. 

 

Figure 3.5. DNA does not interact with the third chain at the dimer-dimer interface. Distances 

between residues from the third chain and the nucleotides or DNA are shown. Third-chain residues 

are indicated in purple. A. SAMHD1 tetramer (PDB ID: 4tnq). B. SAMHD1(CATTG). C. 

SAMHD1(CATGT).  
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B. 

A. 

C. 



88 

 

DNA-Bound SAMHD1 Oxidation at C341-C350 

Disulfide bonds formed between C341 and C350 may also contribute to crystallization of 

the SAMHD1-DNA complex as a dimer. Residues C341 and C350 are connected by a 

hairpin and can form disulfide bonds in the presence of reactive oxygen species (Figure 

3.6)22. Our structures reveal a mixture of oxidation states at these residues, as shown by the 

presence or absence of electron density for a disulfide bond. In the SAMHD1(CATGT) 

complex all four chains are oxidized in the disulfide form, however, only one chain of the 

SAMHD1(CATTG) complex forms a disulfide bond (Figure 3.6).  

 

Figure 3.6. Oxidation state of C341-C350. A representative example is shown of the loop 

between C341 and C350 in its reduced (left) or oxidized (right) state. Dark gray mesh represents 

2Fo-Fc map shown at σ = 1.0, where σ is the contour level. 

 



89 

 

DNA-Bound SAMHD1 Coordinates Two Active-Site Metals 

Both the SAMHD1(CATTG) and SAMHD1(CATGT) structures reveal the presence of 

two metal ions in the active site (Figure 3.7A). Based on crystallization conditions, these 

metals are likely Ca2+. These metals correspond with the A and B sites of catalytic metals 

in two-metal catalysis23. In the DNA structures, metal B is coordinated by residues of the 

HD tetrad H167, H206, D207, and D311 and a water molecule (Figure 3.7A). Metal A is 

also coordinated by D207 as well as two additional histidines H210 and H233 and two 

water molecules (Figure 3.7A). In both structures, the distance between metals A and B is 

between 3.4 and 4.0 Å, averaging approximately 3.7 Å. This distance is consistent with the 

proposed inter-metal spacing of 3.5 Å for an active nuclease24,25. The water molecule W1, 

coordinated by metal A and H210, is in position to potentially be the nucleophilic water 

(Figure 3.7B). In a two-metal catalytic mechanism, W1 could be deprotonated by H210 to 

form an active nucleophile. When the dNTP substrate is modeled into the active site, W1 

is in position to perform an in-line nucleophilic attack on the α-phosphate of the dNTP 

substrate (Figure 3.7B). 
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Figure 3.7. The SAMHD1-DNA complexes coordinate two metals in the active site. A. Active 

site residues (green), Ca2+ metal ions A and B (black spheres) and water molecules (blue spheres). 

Black dashed lines represent hydrogen-bonding interactions. B. dNTP substrate (from PDB ID: 

4tnq) modeled into the active site of the SAMHD1-DNA complex. Red arrow denotes potential 

nucleophilic attack mechanism. Shown here: SAMHD1(CATGT). 

 

 

A. 

B. 
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DISCUSSION 

 

These structures demonstrate the molecular basis of SAMHD1 binding to DNA. The 

structures reveal that single-stranded DNA binds in the SAMHD1 regulatory site by 

inserting a guanine base into RS1. We further find that when the guanine base is located 

one nucleotide upstream of the 3’ end, a terminal 3’ nucleotide can occupy RS2. While 

DNA can occupy both RS1 and RS2 regulatory sites, DNA-binding does not induce 

SAMHD1 to crystallize as a tetramer under the conditions tested here. This may be due in 

part to protein oxidation at C341 and C350. Additionally, our structures reveal a binuclear 

two-metal coordination at the SAMHD1 active site which has not been previously 

observed. 

 

The RS1 site accommodates a guanine DNA base, potentially directing SAMHD1 

accumulation at G-rich sequences. Telomeres are G-rich repeats of the sequence 

TTAGGG, and SAMHD1 has been shown to associate with telomeres26. GC-rich regions 

also promote R-loop formation and may be associated with increased instance of double-

stranded breaks27,28. Accordingly, SAMHD1 has been implicated in both preventing R-

loops and in DNA repair at double-strand breaks14–16,29. The ability to accommodate an 

additional base 3’ of the guanine may also provide insight into SAMHD1 binding sites. 

The SAMHD1(CATGT) structure reveals that the 3’ base is positioned in such a way that 

the 3’ hydroxyl is inserted into a pocket at the dimer interface. If an additional 3’ base were 

present, the DNA would likely be sterically hindered from occupying the RS2 site. Thus, 

it is likely that both RS1 and RS2 can only be occupied if the RS1-occupied guanine base 
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is located one nucleotide upstream of the 3’ end. This may increase the affinity for 3’ ends, 

further supporting the role of SAMHD1 as a DNA-repair protein at break sites. 

 

The binding of oxidized SAMHD1 to DNA points to a potential “function-switch” between 

DNA-binding and dNTPase functions through protein oxidation. SAMHD1(CATGT) is 

fully oxidized and SAMHD1(CATTG) is partially oxidized, as seen by the presence of 

disulfide bonds between C341 and C350. Our group and others have previously shown that 

protein oxidation between these two cysteines prevents SAMHD1 tetramerization22,30. In 

light of the fact that SAMHD1 binds to DNA as a dimer, protein oxidation may thus 

promote DNA-binding over formation of the catalytically active tetramer. This observation 

reveals a potential mechanism by which SAMHD1 may be directed between its diverse 

cellular roles. 

 

These structures further indicate that two metal ions are coordinated in the SAMHD1 active 

site, consistent with other HD domain-containing proteins31. The HD domain superfamily 

is massive and spans all three domains of life32. Among those that have been structurally 

characterized, HD domain-containing enzymes can coordinate one, two, or three metals in 

the active site31. A phylogenetic analysis by the Pandelia group revealed that the presence 

of two additional histidine residues is indicative of a binuclear center33. In contrast to the 

classical HD domain structure H(X20-30)…HD(X60-140)…D, proteins that contain the 

domain architecture H…HD…H…H…D are more likely to coordinate two metals in the 

active site33. In the structures presented here, H210 and H233 appear to be these two 
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additional histidines. The active site of the SAMHD1-DNA complex strongly resembles 

the two-metal HD domain protein BH1327, a putative hydrolase from Bacillus halodurans 

(Figure 3.8). 

 

Figure 3.8. Comparison of the two-metal center from our SAMHD1-DNA complex and HD 

domain protein BH1327. A. The active site of SAMHD1(CATGT) with Ca2+ ions (dark gray 

spheres) and water molecules (blue spheres). Left: A dNTP substrate (from PDB: 4tnq) is modeled 

into the active site of the SAMHD1-DNA complex. B. The active site of BH1327 (PDB ID: 2o08) 

with Fe(III) ions (orange). Left: including a co-crystallized dGDP molecule.  

 

The functionality of the site A metal in our structures is further supported by studies of 

SAMHD1 catalytic activity. Many studies have revealed that mutation of residues in the 

classical HD tetrad (H167, H206, D207, and D311) diminishes dNTPase activity2,5,8,18,34,35. 

A. 

B. 
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However mutation of either H210 or H233, the two additional histidines that we identified 

to coordinate metal A, also abolishes catalytic activity10,36. Additionally, although the 

majority of published SAMHD1 structures report a single metal in the active site, a recent 

study proposes three active-site metals37. 

 

Recent work by Yu, et al. determined the structure of SAMHD1 bound to a 

phosphorothioate modified DNA oligonucleotide38. Consistent with our data, the complex 

forms a dimer with a DNA guanine base binding in the RS1 site38. However, a comparison 

of the SAMHD1 structure in complex with the phosphorothioate DNA and our structures 

reveals some telling differences. Notably, in the phosphorothioate DNA structure the base 

located 3’ of the RS1-bound guanine does not occupy RS238. This may point to the 

importance of the location of the guanine base in the DNA sequence. In the structure 

SAMHD1(CATGT), the RS1-bound guanine is located one base upstream of the 3’ end. 

In phosphorothioate structure, RS1-bound guanine is located one base downstream of the 

5’ end38. This comparison further confirms the hypothesis that both of the RS1 and RS2 

binding sites are only filled when a guanine is present one nucleotide upstream of the 3’ 

end. 

 

In summary, this work provides a structural basis for SAMHD1 binding to DNA in the 

SAMHD1 regulatory site. Furthermore, this work raises intriguing questions about the 

structure-function relationship of the SAMHD1-DNA complex. In particular, how 

SAMHD1 accumulates at DNA break sites and promotes DNA repair is an open question 
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in the field. Additionally, the possibility that protein oxidation serves as a “function-

switch” between the dual roles of SAMHD1 bears further investigation. Resolving these 

questions comprises a major area of future research with potential implications for genetic 

stability, aging, and cancer development and treatments. 

 

MATERIALS AND METHODS 

 

Purification of Recombinant SAMHD1 

The human SAMHD1 protein used for crystallization contains the catalytic core (residues 

113-626). Recombinant protein was expressed in Escherichia coli using a modified pET28 

expression vector (pLM303) containing a His6-MBP sequence fused to the N-terminus of 

SAMHD1 as previously described22.  Briefly, One Shot BL21 Star (DE3) Chemically 

Competent cells (ThermoFisher Scientific) transformed with the expression plasmid were 

grown at 37°C to OD600 = 0.6, induced with 300 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) for 10 minutes at 37°C, and cooled on ice for overnight expression at 16°C. Protein 

was purified by column chromatography in the following steps: purification by amylose 

column, cleavage of the His6-MBP tag by PreScission Protease (GE LifeSciences), 

purification by heparin column, and further purification by size-exclusion column. Protein 

was concentrated to 10 mg/mL and stored at -80°C in storage buffer (50 mM Tris pH 7.5, 

200 mM NaCl, 2 mM MgCl2, 2 mM DTT, 0.1 mM EDTA, 5% glycerol). 
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Protein Crystallization 

SAMHD1-DNA complexes were crystallized by the sitting drop vapor diffusion technique. 

Protein was buffer-exchanged into buffer containing 20 mM Tris pH 7.5 and 300 mM NaCl 

by spinning through a column packed with Bio-Gel P-6 Gel Medium (Bio-Rad). Prior to 

crystallization, the DNA complex was formed by diluting protein to 5 mg/mL in gel 

filtration buffer and incubating with 220 µM DNA (Integrated DNA Technologies) and 1 

mM MgCl2.  

 

Crystals were prepared by sitting drop vapor diffusion method. One µL each of protein-

DNA complex and reservoir solution was added to a CrystalEX microplate (Corning) 

containing 100 µL of reservoir solution. Reservoir solution contained 100 mM Tris-HCl 

pH 7.5, 150 mM CaCl2, 20% PEG 3350, and 4% 2-methyl-2,4-pentanediol (MPD) for 

cryo-preservation. Crystals grew at room temperature within one week. Crystals were 

mounted on a nylon loop and flash-frozen in liquid nitrogen. 

 

X-Ray Data Collection 

Data sets were collected at the Stanford Synchrotron Radiation laboratory (SSRL) on 

beamline 12-2 using a Pilatus 6M detector. The data statistics are summarized in Table 1. 
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Phasing and Refinement 

Diffraction data were processed and integrated using HKL3000. Structures were solved by 

maximum likelihood molecular replacement with the SAMHD1 dimer (PDB ID: 3u1n) as 

the search model using the program PHASER and model building was done with Coot. 

The model was refined in PHENIX (version 1.18.2_3874) with iterative rounds of 

phenix.refine and clashes and stereochemical parameters were identified using MolProbity. 

The refinement statistics are summarized in Table 1. Buried surface areas were calculated 

using the Protein Interfaces, Surfaces, and Assemblies (PISA) service of the European 

Bioinformatics Institute (EBI) (Version 1.48)19. TM-scores were generated using the TM-

score online server provided by the Zhang Lab here: 

https://zhanglab.ccmb.med.umich.edu/TM-score/. The online tool calculates TM-scores 

using the equation described in the lab’s 2004 publication20. Pymol (version 2.3.4) was 

used to make structural figures.  
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CHAPTER 4 

CONCLUDING REMARKS 

 

In 2011, SAMHD1 was characterized as a dNTPase that regulates cellular dNTP levels1,2. 

This function exerts a powerful control over cellular homeostasis, as dNTP concentration 

is implicated in genomic stability, cell cycle control, and oncogenesis3–5. More recent work 

identifies SAMHD1 as a DNA-binding protein that is involved in DNA repair, especially 

at stalled replication forks and double-strand breaks (DSBs)6–11. This reclassification as a 

multifunctional enzyme raises an important question: How is SAMHD1 regulated to 

balance the need for its dNTPase versus DNA-binding roles? 

 

SAMHD1 is regulated by a network of orthogonal post-translational modifications (PTMs) 

that may tip the scales towards one of its dual roles. SAMHD1 PTMs are numerous and 

include phosphorylation, protein oxidation, acetylation, ubiquitination, and SUMOylation, 

among others12–22. These PTMs “fine-tune” enzyme function and have significant impacts 

on SAMHD1 function, including in the antiviral response, cell cycle regulation, and cancer 

progression12–14,16,17,20,21. These PTMs have historically been studied in the context of the 

dNTPase role. However, these same PTMs may further act as a “function-switch” between 

dNTPase and DNA-binding functions. Addressing this question will require a more 

thorough understanding of the biochemical effects of individual and combined SAMHD1 

PTMs.  
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The overlying goal of this thesis was to interrogate the link between the dual functions of 

SAMHD1 and its regulation by PTMs. I narrowed down this overarching goal by focusing 

on the three guiding questions that were presented in the introduction to this thesis:  

 

1. How does phosphorylation mechanistically alter SAMHD1 function?  

2. How does SAMHD1 phosphorylation alter cell cycle dynamics?  

3. What is the structural basis for the DNA-binding function of SAMHD1? 

 

In these concluding remarks I will discuss my findings in regards to these questions, how 

these findings advance the field, and new questions that were raised as a result of this study. 

 

I. RESULTS AND ADVANCEMENTS TO THE FIELD 

 

SAMHD1 Regulation by Phosphorylation 

Chapter 2 of this work answers guiding questions 1 and 2. I found that phosphorylation at 

T592 does not affect SAMHD1 dNTPase function but rather regulates subcellular 

localization. During growth factor signaling, phosphorylated SAMHD1 remains in the 

nucleus where it is protected from protein oxidation in the cytoplasm. This spatiotemporal 

regulation has implications for SAMHD1 function. A phosphomimetic mutant of 
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SAMHD1, which I found to be catalytically active and nuclear, prevents normal 

progression through the S/G2 transition and decreases cellular proliferation.  

 

This finding has major implications for future research, as SAMHD1 phosphorylation has 

significant effects on cellular pathways including viral restriction and DNA repair10,12,13,23. 

For close to a decade, the field has been attempting to uncover how phosphorylation 

impacts cellular outcomes without affecting dNTPase function, DNA-binding, 

oligomerization, or degradation6,13,14,24–26. This question has been a significant barrier to 

progress, as SAMHD1 regulation is a critical gap in knowledge for studies of innate 

immunity and SAMHD1 restriction of HIV-1. The finding that phosphorylated SAMHD1 

is retained in the nucleus provides an elegant insight into how subcellular localization may 

impact function.  

 

This work further advances the field by emphasizing the interdependence of individual 

PTMs. Work in this thesis reveals a relationship between two SAMHD1 PTMs: 

phosphorylation and oxidation. SAMHD1 phosphorylation directly impacts protein 

oxidation through subcellular localization, linking two previously unconnected regulatory 

mechanisms. These results frame SAMHD1 PTMs as an interrelated regulatory network 

rather than isolated events or mechanisms. The recognition of SAMHD1 regulation as 

orthogonal and interconnected will better allow future researchers to untangle the 

intricacies of SAMHD1 function in diverse cellular processes. 
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Structure of SAMHD1 bound to DNA 

In chapter 3 I addressed guiding question 3 by crystallizing the HD domain of SAMHD1 

bound to DNA. I found that DNA binds by taking advantage of the SAMHD1 

oligomerization regulatory site. A DNA guanine base inserts into the RS1 regulatory site, 

and binding in the RS2 site is likely determined by the proximity of the guanine base to the 

3’ end of the DNA. I further found evidence of two active-site metal ions, indicating the 

possibility of a binuclear active site. 

 

This work provides the field with the first structural basis of SAMHD1 binding to DNA. 

The DNA-binding function has recently emerged as a critical but poorly-understood 

component of DNA repair pathways, particularly of homologous recombination at DSBs9. 

SAMHD1 accumulates at break sites in a mechanism that likely relies on SAMHD1 

binding to single-stranded DNA. Until now, however, the manner in which SAMHD1 

binds to DNA was unknown. These studies also highlight the finding that oxidized 

SAMHD1 is capable of binding to DNA, putting protein oxidation at the forefront of the 

search for a potential “function-switch” between the dual roles of SAMHD1. 

 

II. ADDITIONAL QUESTIONS 

 

While the work in this thesis resolved several scientific questions regarding SAMHD1 

function and regulation, it brought others to light. I have identified the following questions 

as being the critical next steps to guide future research. 
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1. Does SAMHD1 phosphorylation direct protein localization and function in other 

cellular pathways? 

In this work, I showed that phosphorylation directs SAMHD1 subcellular localization in 

response to growth factor stimulation, and that subcellular localization directly impacts 

SAMHD1 function. The scope of this study did not explore whether phosphorylation 

directs subcellular localization in response to other cellular stimuli. It is meaningful to ask 

whether this same effect occurs in other contexts, for example during viral infection or 

DNA damage. SAMHD1 phosphorylation directly impacts both of these pathways, and 

protein localization may provide an explanation for these results10,12,13,23.  

 

2. How do other SAMHD1 PTMs interact to regulate protein function? 

While this work describes a relationship between SAMHD1 phosphorylation and 

oxidation, the relationship between other SAMHD1 PTMs is unexplored at this time. 

SAMHD1 PTMs may interact in unexpected ways to fine-tune enzyme function; 

simultaneous modifications may combine to be additive, detractive, synergistic, or to have 

some other unexpected outcome. Substantial work is needed to untangle this complex web 

of potential interactions. A particularly intriguing example is the relationship between 

SAMHD1 phosphorylation at T592 and SUMOylation at K595. These regulatory sites are 

separated by only three amino acids, and initial studies reveal interplay between these 

PTMs20. Both phosphorylation and SUMOylation have a major effect on viral restriction 

without affecting dNTPase activity12–14,20. In fact SAMHD1 must be both SUMOylated 
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and dephosphorylated in order to restrict viral infection20. However, the mechanistic basis 

for this phenomenon is unknown. Clearly, studying either of these mechanisms in isolation 

does not depict a clear picture of SAMHD1’s role in antiviral immunity. 

 

3. Does protein oxidation truly serve as a function-switch between SAMHD1 dNTPase and 

DNA-binding functions? 

In the search for a “function-switch” between the dNTPase and DNA-binding functions of 

SAMHD1, oxidation at C341 and C350 is an intriguing candidate. I found that SAMHD1 

crystallizes bound to DNA in both its reduced and oxidized state. This is a significant 

difference from the dNTPase function, which is strongly inhibited by protein oxidation15,16. 

While this work showed that oxidized SAMHD1 binds to DNA under crystallographic 

conditions, it did not test binding affinities under biological conditions. However, work 

being done by my colleague Theresa Simermeyer indicates that not only does oxidized 

SAMHD1 bind to DNA under biological conditions, but it actually has a higher binding 

affinity than reduced SAMHD1 (Simermeyer, unpublished). This result may be linked to 

oligomerization state, as oxidized SAMHD1 cannot form the catalytically competent 

tetramer but can form the DNA-binding dimer. Thus, protein oxidation may serve to 

promote DNA-binding while inhibiting dNTPase activity. 

 

4. Does SAMHD1 have increased binding affinity for DNA ends? 

This work reveals that the SAMHD1 binding to DNA is dependent on the presence of 

guanine in the DNA sequence. Additional protein-DNA contacts are made if the guanine 
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base is located one nucleotide upstream of the 3’ end. This finding highlights the possibility 

that SAMHD1 may have increased binding affinity for 3’ ends. However, this hypothesis 

has not been tested as of the time of this thesis. If SAMHD1 does in fact have increased 

affinity for 3’ ends, it’s intriguing to further speculate as to the effect this would have on 

the DNA repair process. SAMHD1 accumulates at DNA double-stranded breaks (DSBs), 

but the mechanism that drives this accumulation is unknown at this time9,11. An increased 

affinity for the short, single-stranded overhangs that form during the repair process may 

help to explain SAMHD1 recruitment to DNA break sites. 

 

In closing, this work reveals insights into SAMHD1 function and regulation while 

highlighting potential areas of future research. SAMHD1 is a multifunctional enzyme with 

two distinct but critical functions. The balance between these functions may be regulated 

by PTMs, although extensive work is still needed to untangle the complex interplay of 

these mechanisms. The findings presented here contribute to the growing body of 

knowledge concerning regulation of SAMHD1 as a multifunctional enzyme, and continued 

research has the potential to revolutionize the understanding and treatment of SAMHD1-

associated disease states including autoimmune disease, viral infection, and cancer. 
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