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Abstract

Sterile Alpha Motif and HD Domain Protein 1 (SAMHD1) is a unique enzyme that has important 

roles in nucleic acid metabolism, viral restriction, and the pathogenesis of autoimmune diseases 

and cancer. Although much attention has been focused on its dNTP triphosphohydrolase activity in 

viral restriction and disease, SAMHD1 also binds to single-stranded RNA and DNA. Here we 

utilize a UV crosslinking method using 5-bromodeoxyuridine-substituted oligonucleotides 

coupled with high-resolution mass spectrometry (HRMS) to identify the binding site for single-

stranded nucleic acids (ssNA) on SAMHD1. Mapping cross-linked amino acids on the surface of 

existing crystal structures demonstrated that the ssNA binding site lies largely along the dimer-

dimer interface, sterically blocking the formation of the homotetramer required for dNTPase 

activity. Surprisingly, the disordered C-terminus of SAMHD1 (residues 583–626) was also 

implicated in ssNA binding. An interaction between this region and ssNA was confirmed in 

binding studies using the purified SAMHD1 583–626 peptide. Despite a recent report that 

SAMHD1 possesses polyribonucleotide phosphorylase activity, we did not detect any such activity 

in the presence of inorganic phosphate, indicating that nucleic acid binding is unrelated to this 

proposed activity. These data suggest an antagonistic regulatory mechanism where the mutually 

exclusive oligomeric state requirements for ssNA binding and dNTP hydrolase activity modulate 

these two functions of SAMHD1 within the cell.
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Interest in Sterile Alpha Motif and HD Domain Protein 1 (SAMHD1) was initially sparked 

by the observation that mutations at this locus cause Aicardi-Goutières Syndrome (AGS)1, 

an autoimmune disease known to result from disrupted nucleic acid metabolism2. Further 

studies found that SAMHD1 is also a potent restriction factor of HIV-1 infection in 

macrophages and dendritic cells3,4, bolstering the connection between SAMHD1 and 

immune responses. The first inkling of its mechanism came from the discovery that the HD 

domain of SAMHD1 has GTP-dependent dNTP triphosphohydrolase activity, capable of 

catalyzing the hydrolysis of all four canonical dNTPs to the deoxynucleoside and 

triphosphate5,6. Subsequent biochemical studies elucidated a complicated activation 

mechanism where the binding of activating nucleoside triphosphates to two activator sites on 

each monomer (A1 and A2) drives formation of the active dNTPase tetramer7,8. 

Remarkably, the activated form of SAMHD1 has twelve bound nucleotides: four dNTPs at 

each of its four catalytic sites and eight activating nucleotides bound to A1 and A2 activator 

sites8. Several crystallographic studies of the isolated HD domain from SAMHD1, including 

structures of the apo dimer5 and various dNTP-bound tetramers9,10, support this activation 

mechanism.

The dNTPase activity of SAMHD1 is widely believed to result in restriction of DNA viruses 

and retroviruses by depleting the dNTP pools required for viral DNA synthesis, particularly 

in resting immune cells that do not carry out host DNA replication11,12. SAMHD1 has also 

been shown to inhibit the replication of endogenous human LINE-1 retroelements via a 

mechanism that requires an intact dNTP hydrolase active site13,14. It is speculated that the 

constitutive production of interferon alpha in a AGS patients stems from an immune reaction 

to intracellular retroelement replication intermediates, providing a plausible mechanistic link 

between SAMHD1 dysfunction and autoimmunity2.

In addition to its dNTP hydrolase activity, it has been reported by two groups that SAMHD1 

has single-stranded (ss) DNA or RNA exonuclease activity15,16. Ryoo et al. reported that the 

restriction of HIV-1 infection by SAMHD1 stems from an active site-dependent RNA 

exonuclease activity rather than dNTP pool depletion16. However, recent work in our 

laboratory showed that no DNA or RNA exonuclease activity could be attributed to the 

SAMHD1 active site17, consistent with several earlier reports5,18. Subsequent work by Ryoo 

et al has asserted that the discrepant results arise from SAMHD1 having a 

polyribonucleotide phosphorylase activity rather than a conventional hydrolytic ribonuclease 

activity (i.e. inorganic phosphate is the nucleophile rather than water)19. An understanding 
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of possible additional functions of SAMHD1 is important because it has been reported that 

dNTPase deficient mutants are still capable of restricting infection of HIV-116.

The structural basis and biological function of the ssNA binding activity of SAMHD1 

remains enigmatic. Despite the availability of many structures and sequences of HD proteins 

for structural and phylogenetic comparison, little insight into the nucleic acid binding site is 

provided. To address this shortcoming, we used photochemical crosslinking20 of SAMHD1 

to 5-bromodeoxyuridine-containing ssDNA to identify the nucleic acid binding site of full-

length human SAMHD1 using mass spectrometry. The crosslinking results indicate that 

ssDNA binding prevents the formation of SAMHD1 tetramers by binding to the dimer-dimer 

interface on free monomers and dimers thereby inhibiting the dNTPase activity of the 

enzyme. Further, we were unable to measure any polyribonucleotide phosphorylase activity 

in the presence of phosphate and ssRNA, indicting that the SAMHD1 complexes with ssNA 

do not possess such an activity. In light of this mechanism of ssNA binding, possible cellular 

functions are considered.

METHODS

Oligonucleotides

The BrdU-containing DNA oligonucleotide was ordered from Eurofins. All other DNA 

oligonucleotides were obtained from IDT. The FAM-labeled RNA 40mer was obtained from 

IDT, and the unlabeled RNA 90mer was produced by in vitro transcription with T7 RNA 

polymerase. For the sequences of all DNA and RNA used, see Supplementary Table S1.

Cloning and Purification of SAMHD1 Variants

The SAMHD1 variant constructs were generated by QuikChange Mutagenesis of the 

published bacterial expression plasmid8. All mutations were confirmed by Sanger 

sequencing. Unless otherwise noted, proteins were expressed as N-terminal His10 fusions in 

E. Coli, purified with Ni-NTA affinity resin, cleaved from the tag with PreScission Protease, 

and further purified by Mono S cation exchange chromatography, as described previously8.

A C-terminal peptide corresponding to residues 583–626 of SAMHD1 was generated by 

polymerase chain amplification, followed by ligation into pGEX-6p-1 to generate a plasmid 

for the expression of GST fusion proteins. The pGEX-6p-1 plasmids were transformed into 

BL21DE3 E. Coli, grown at 37 °C to an OD of 0.5, reduced to 22 °C, and induced with 0.25 

mM IPTG, grown for an additional 24 hours, and the pellets isolated by centrifugation. The 

cells were lysed as described previously8, then purified by glutathione sepharose affinity 

resin. The GST tag was cleaved by treatment with PreScission Protease, the free tag and 

protease were removed by glutathione sepharose resin, purified by Superdex-200 size 

exclusion chromatography, and the pure peptide was concentrated using a 3 kDa MWCO 

centrifugal concentrator. The peptide was stored at −80 °C in buffer containing 50 mM Tris-

HCl pH 7.5, 50 mM KCl, 1 mM EDTA, 1 mM DTT, 10% glycerol.
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UV Crosslinking

The crosslinking reactions were carried out on ice in 1 cm by 1 cm quartz cuvettes on a UV 

transilluminator equipped with 6 USHIO 8W UV-B (306 nm) lamps. The buffer consisted of 

50 mM HEPES pH 7.5, 50 mM KCl, and 1 mM EDTA, with 1 mM MgCl2 substituted for 

EDTA in reactions with nucleotides. The protein and BrdU DNA were added to a final 

concentration of 5 µM each. For analytical reactions, the solution was exposed to UV light 

for a given period of time, then quenched by removal and dilution into SDS loading buffer. 

For the preparative scale reactions, a 1 mL volume reaction was exposed to UV light for 2 

minutes, then prepared for mass spectrometry analysis.

Trypsin Digestion

The UV-crosslinked samples (or uncrosslinked controls) were adjusted to 1 M urea, reduced 

with 5 mM DTT at 55 °C for 30 minutes, cooled to room temperature and alkylated with 14 

mM iodoacetamide for 1 hour in the dark, then quenched with 10 mM DTT for 15 minutes 

at room temperature in the dark. To 360 µg of SAMHD1, 10 µg of trypsin was added and the 

reaction was incubated at 37 °C overnight.

Fe3+-IDA Enrichment of Crosslinked Peptides

Fe3+-IDA resin was prepared from uncharged IDA resin (Bio-Rad) as described 

previously21. The tryptic peptides from above were diluted five-fold in 100 mM acetic acid, 

then run through 2 mL of Fe3+-IDA resin. The flow-through was run through the resin an 

additional two times to ensure complete binding, and the resin was washed in turn with 10 

mL of: 100 mM acetic acid, 3:1 100 mM acetic acid:acetonitrile, 1:1 100 mM acetic 

acid:acetonitrile, 1:3 100 mM acetic acid:acetonitrile. The DNA-crosslinked peptides were 

eluted from the resin with 10 mL elutions of: pH 10.5 aqueous NH4OH, 1:1 pH 10.5 

aqueous NH4OH:acetonitrile, and twice more with pH 10.5 aqueous NH4OH. The elutions 

were pooled and evaporated to dryness.

Nuclease Digestion of DNA-Peptide Conjugates

The eluted DNA-peptide and free DNA species from the Fe3+-IDA resin were resuspended 

in 0.5 mL of buffer consisting of 50 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM MgCl2, and 

0.5 mM TCEP. To this solution 2 µg of phosphodiesterase I from Crotalus adamanteus 
venom (USB), 5 U of shrimp alkaline phosphatase (NEB), and 10 U of Turbo DNase 

(Ambion) were added and the reaction was incubated at 37 °C overnight. The solution was 

then evaporated to dryness.

Liquid Chromatography-Mass Spectrometry Methods

The dried nuclease digestion was desalted using C18 cleanup columns containing 8 mg of 

C-18 resin (Pierce), according the manufacturer instructions. The eluted sample was 

evaporated to dryness, resuspended in 10% acetonitrile in water with 0.1% formic acid, and 

analyzed by liquid chromatography-mass spectrometry. The LC/MS analysis was performed 

on a Dionex Ultimate 3000 UHPLC with an Agilent Polaris C18 100 × 2 mm column 

coupled to a Thermo Scientific Q-Exactive orbitrap mass spectrometer. A gradient of 0.1% 

formic acid in water to 0.1% formic acid in acetonitrile was used. The mass spectrometer 
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was run with a Top-10 data-dependent acquisition in positive ion mode. The normalized 

collision energy was set to 27%, which resulted in robust fragmentation of the peptide bonds 

and consistent cleavage of the glycosidic bond in the crosslinked nucleotides, leaving a 

uracil modification in the fragment ions.

Mass Spectrometry Data Analysis

The raw mass spectrometry data was analyzed with Thermo Scientific Proteome Discoverer. 

The software was set to search for tryptic peptides of the recombinant SAMHD1 (containing 

an additional GPH tripeptide at the N-terminus), with a variable acetyl modification on the 

N-terminus and a static carbamidomethyl modification on cysteine residues. Up to two 

missed cleavages were allowed to account for decrease cleavage efficiency due to nearby 

crosslinked oligonucleotides. To identify crosslinked peptides, variable modifications 

corresponding to the dUpdT dinucleotide (530.10501 Da) or dUpdTpdT trinucleotide 

(834.15104 Da) were included. We did not observe any nucleoside or tetranucleotide 

modifications. Spectra with a parent ion mass corresponding to dinucleotide or trinucleotide-

modified peptide were manually inspected to identify fragment ions containing a uracil 

modification (110.01162 Da). Where applicable, these peaks were manually annotated on 

the spectra.

Gel Electrophoresis of SAMHD1-DNA Complexes

The SAMHD1-crosslinked and peptide-crosslinked BrdU DNA were separated from the free 

BrdU DNA on Bio-Rad TGX 4–20% acrylamide gels run in Tris-Glycine-SDS buffer. In the 

case of 32P-labeled samples, the gels were dried and exposed to storage phosphor screen 

overnight. The relative quantity of DNA in the free, peptide-crosslinked, and SAMHD1-

crosslinked bands was quantified by densitometry with ImageJ22. For silver stained gels, the 

previously published procedure was followed8.

Determination of Oligomeric State

To measure the relative levels of the monomeric, dimer, and tetrameric forms of SAMHD1, 

samples were crosslinked with glutaraldehyde, run on denaturing Novex bis-tris 4–12% 

acrylamide gels, and visualized with silver staining. This published procedure has been 

shown to agree well with analytical ultracentrifugation measurements of SAMHD1 

oligomers8. The relative quantity of monomer, dimer, and tetramer were quantified by 

densitometry with ImageJ22.

DNA Binding Measurements by Fluorescence Anisotropy

The binding of SAMHD1 to fluorescein (FAM)-labeled oligonucleotides was monitored 

through fluorescence anisotropy, as described previously17. The buffer was 50 mM HEPES 

pH 7.5, 50 mM KCl, 1 mM EDTA to stay consistent. Unless otherwise noted in the text, the 

concentration of oligonucleotide was fixed at 50 nM. The data were fit to a quadratic 

binding equation to account for ligand depletion17. No corrections for changes in the 

fluorescence intensity of the fluorophore labels were required based on the emission spectra 

of free and bound oligonucleotides. Previous studies have established that labeled and 

unlabeled oligonucleotides bind competitively and with similar C0.5 values17.
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Melting Temperatures for Mutant and Wild-type SAMHD1

SAMHD1 or variants (5 µM) in 50 mM HEPES-HCl pH 7.5, 50 mM KCl, and 1 mM EDTA 

were placed in sealed quartz cuvettes and the fluorescence (280 nm excitation, 330 and 350 

nm emission) was recorded as the sample was heated from 20 to 85 °C (2°C/min). The ratio 

of the emission at 350 nm to 330 nm was plotted as a function of temperature. The data were 

fit to a sigmoidal curve and the melt temperature was determined from the mid-point of the 

thermal transition.

dNTPase Activity Measurements of Mutant Proteins

For the wild-type and mutant proteins, the dNTP hydrolase measurements were made by 

RP-C18 TLC with 3H-labeled dGTP. The conditions were 50 mM HEPES pH 7.5, 50 mM 

KCl, 5 mM MgCl2, 1 mM dGTP, and 0.5 µM SAMHD1. The dGTP hydrolase rates were 

determined as described previously8, and normalized to the wild-type enzyme measured at 

the same time.

Polynucleotide Phosphorylase Activity Measurements

To assess for the presence of a 3’-5’ phosphorolysis activity of SAMHD1, a ssRNA 20mer 

was labeled with 32P on the 5’ end. Reactions were performed in 50 mM Tris-HCl pH 7.5, 

50 mM KCl, 5 mM MgCl2, with the addition of phosphate (as K2HPO4, pH 7.5) using 1 µM 

ssRNA 20mer and 0.5 µM SAMHD1. As a positive control, a reaction with 0.1 µM human 

polyribonucleotide phosphorylase was conducted using the same substrate and buffers 

(Sigma-Aldrich). The reactions were quenched at the indicated times by addition of one 

volume of formamide loading buffer, and the products were resolved by electrophoresis 

using a urea denaturing 20% polyacrylamide gel with detection by autoradiography. To 

confirm full-activity of the enzyme, parallel dNTPase activity measurements were made as 

described above under identical buffer conditions using the same SAMHD1 concentration 

with 1 mM 8-[3H] dGTP.

To directly assess whether phosphate is utilized in the degradation of RNA, we also carried 

out reactions in a buffer containing radiolabeled 32P inorganic phosphate (10 mM total 

phosphate, specific radioactivity = 100 mCi/mmol), 50 mM Tris-HCl pH 7.5, 50 mM KCl, 5 

mM MgCl2, and 5 µM SAMHD1 or 1 µM polynucleotide phosphorylase and 1 mg/mL of 

unlabeled poly(A) RNA (Sigma-Aldrich). At indicated times over an 8h period, reactions 

were quenched by spotting 1 µL on a PEI-Cellulose TLC plate. The plates were developed in 

1 M LiCl to separate the product nucleoside diphosphate from the phosphate substrate, 

dried, and visualized by autoradiography.

RESULTS

5-Bromodeoxyuridine (BrdU) Crosslinking Method

In previous studies of SAMHD1 binding to ssDNA, we found that ~60nt were required for 

highest affinity binding17. Accordingly, we designed a 59nt ssDNA containing thymidine 

and four BrdU bases evenly spaced throughout the sequence (BrdU-DNA). Upon irradiation 

with UV light, BrdU is excited to a triplet state which undergoes a radical-mediated reaction 

with nearby aromatic amino acids, ultimately forming a protein-DNA covalent bond 23.
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To confirm the specificity of this reaction, crosslinking was carried out with BrdU-DNA in 

the presence of SAMHD1 or BSA. BSA is an appropriate negative control because it has a 

similar amino acid composition and molecular weight of the SAMHD1 monomer, but does 

not have nucleic acid binding activity. When the BrdU-DNA is 5’-labeled with 32P, the free 

DNA and SAMHD1-crosslinked DNA are easily visualized by phosphorimaging after 

separation using SDS-PAGE (Fig. 1A). With increasing UV irradiation, a substantial fraction 

(~30%) of the total DNA migrated in cross-linked complexes with SAMHD1, while no 

crosslinking was observed with the BSA control protein using the same UV exposure time. 

Similar results were obtained using unlabeled oligonucleotide and silver staining to directly 

visualize the free protein and protein-DNA complex (Supplementary Fig. S1).

To further establish the specificity of crosslinking, UV exposure of SAMHD1 with 32P-

BrdU-DNA was performed in the presence of an equal concentration of unlabeled 90mer 

competitor ssDNA or ssRNA (Fig. 1B). Both ssDNA and ssRNA efficiently competed 

with 32P-BrdU-DNA for binding to SAMHD1 as revealed by reduced levels of crosslinking 

over time (Fig. 1C). These results are consistent with our previous studies indicating that 

ssDNA and ssRNA share the same binding site on SAMHD117. Thus, BrdU-containing 

ssDNA binds to the same region of SAMHD1 as native single-stranded nucleic acids.

High-Resolution Mass Spectrometry of SAMHD1-Nucleic Acid Complexes

In order to identify the amino acids of SAMHD1 that become cross-linked to BrdU-DNA, 

and thus are in the proximity of the nucleic acid binding site, we used mass spectrometry-

based proteomics (Fig. 2A). In this approach, a reaction of SAMHD1 and BrdU-DNA was 

exposed to UV light and digested with trypsin to yield peptides and peptide-DNA 

heteroconjugates. An Fe3+-IDA column was used to select for DNA-crosslinked peptides by 

taking advantage of the high-affinity of phosphates for Fe3+ ions21,24. The isolated peptide-

DNA heteroconjugates were digested with nucleases and phosphatase to yield peptides with 

di- (dUpdT) or tri-nucleotides (dUpdTpdT) at the original site of crosslinking. Subsequent 

analysis by liquid chromatography-mass spectrometry resulted in high quality, readily 

interpretable spectra. An example is shown in Fig. 2B, and the entirety of the spectra are 

provided and assigned in the Mass Spectrometry Supplement.

Overall, 17 sites of crosslinking could be unambiguously identified based on the parent ion 

mass and the presence of uracil (the fragmentation product of the original di- or tri-

nucleotide) in the b and y fragment ions. Nearly all of the crosslinks fell within the 

structured region of the HD domain (Fig. 2C). Two additional cross-linked amino acids 

(W598 and F621) were located in the disordered C-terminus (see below) and two were 

identified in the linker region between the HD and SAM domains (Y103, H111). In addition, 

a single site of crosslinking was identified in the amino terminal region of the SAM domain 

(W32). Since there are no structures of the full-length enzyme, it is not possible to know 

whether the site in the SAM domain is near the other sites of crosslinking in three-

dimensional space. Nevertheless, we have shown that deletion of the entire SAM domain 

had little effect on ssNA binding17, which at the very least indicates a non-essential 

interaction with this domain. We cannot eliminate the possibility that crosslinking of highly 

exposed aromatic groups in flexible regions of the protein may occur adventitiously after 
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crosslinking to the groups in the structured region of the HD domain (however, see below for 

C-terminus binding).

Mapping the Cross-linked Sites

Mapping the sites of crosslinking onto the dimer crystal structure of the SAMHD1 HD 

domain (PDB 3U1N) reveals that most are exposed aromatic groups that cluster at the 

dimer-dimer interface (orange residues in Fig. 3A)25. Consistent with the lack of 

crosslinking to BSA, specificity is evident because there are numerous surface aromatic 

amino acids on the solvent-exposed faces of the tetramer that showed no labeling (see 

Supplementary Fig. S2). Binding of ssNA at the dimer-dimer interface provides a structural 

explanation for our previous findings that (i) RNA binding inhibits dNTPase activity, and (ii) 

high dNTP concentrations that promote tetramerization inhibit ssNA binding17.

Since SAMHD1 exists as a ~1:2 mixture of monomers and dimers under the conditions of 

the crosslinking experiment8, the results do not provide a readout of whether ssNA binds to 

monomer, dimer or both forms of SAMHD1. However, our previous AFM and biochemical 

studies determined that a 57nt ssDNA can accommodate two SAMHD1 monomers17. Thus, 

two monomers could bind to the 59nt DNA used in the crosslinking studies, or alternatively, 

a preformed dimer. The second alternative is most probable because the dimer is more 

abundant under the conditions of the current study8 and there would be an entropic 

advantage for dimer binding as opposed to two monomers.

We mapped the electrostatic surface potential onto the dimer structure (PDB 3U1N) and 

found that the cross-linked aromatic amino acids cluster near grooves with positive charge 

potential (blue surfaces, Fig. 3B), which provides a compatible electrostatic environment for 

binding the polyanionic backbone of ssNA. Two plausible grooves for the binding of nucleic 

acids are indicated. One of the grooves exists in each monomer (groove 1, Fig. 3B), but the 

second groove is created upon dimer formation (groove 2, Fig. 3B), suggesting that the sites 

that flank groove 2 may only be crosslinked in the nucleic acid-bound dimer.

Biochemical Validation of Crosslinking Sites

To further confirm that ssNA binds specifically at the dimer-dimer interface, we performed 

the crosslinking reaction between BrdU-DNA and SAMHD1 in the presence of nucleotides 

(dATP, GTP, dGTPαS) that are known to induce varying amounts of tetramer and quantified 

the complexes after various times of UV irradiation using SDS-PAGE (Fig. 4A, 

Supplementary Fig. S3A)8. Based on our previous work, dATP is known to have little effect 

on oligomerization, but guanine nucleoside triphosphates are expected to promote 

tetramerization, with dGTPαS being most potent because it can bind to the A1 and A2 

activator sites as well as the catalytic site8,17. The UV crosslinking results in Figure 4A 

using dATP, GTP and dGTPαS match these expectations closely.

We also used our glutaraldehyde protein crosslinking method8 to measure the relative 

amounts of SAMHD1 monomer, dimer, and tetramer in the presence of each nucleotide 

(Supplementary Fig. S3B). As previously observed, the amount of tetramer increases from 

~25% of total SAMHD1 without any added nucleotides to ~85% in the presence of 1 mM 

dGTPαS (Fig. 4B). By comparing the BrdU crosslinking efficiency with level of tetramer 

Seamon et al. Page 8

Biochemistry. Author manuscript; available in PMC 2017 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



present (i.e Fig. 4A and 4B), it is clearly apparent that BrdU crosslinking is anti-correlated 

with tetramer formation. Thus, we conclude that the tetrameric form of SAMHD1 does not 

bind ssNA.

To confirm the sites of crosslinking directly, we generated mutant SAMHD1 proteins in 

which three (F337A, Y360A, Y521A; “3A”) or six (F329A, F337A, Y360A, H364A, 

Y521A, F545A; “6A”) of the cross-linked aromatic amino acids were replaced with an 

alanine residue that is not susceptible to BrdU crosslinking. Both the 3A and 6A proteins 

showed significantly less UV crosslinking with BrdU ssDNA, confirming the dimer 

interface as the target of ssNA binding (Fig. 4C, Supplementary Fig. S3C). Importantly, the 

loss of BrdU crosslinking was not attributable to gross destabilization of SAMHD1 by the 

mutations because the mutants were still able to dimerize in response to nucleotides 

(Supplementary Fig. S3D). In addition, we performed thermal melting assays by monitoring 

changes in tryptophan fluorescence to demonstrate that the 3A and 6A mutants were equally, 

or in some cases, even more stable than the wild-type enzyme in the absence of nucleotides 

(Supplementary Fig. 4A). As expected, the 3A and 6A proteins were not able to form 

tetramers in response to dGTPαS, because hydrophobic packing interactions at the interface 

have been disrupted26.

Charge Reversal Mutations at the Dimer-Dimer Interface Decrease ssNA Affinity

We noted that two patches of positively charged amino acids were in the vicinity of the 

cross-linked sites, suggesting that these residues might interact with the anionic 

phosphodiester backbone of nucleic acids (Fig. 3A, blue residues). To evaluate the 

contribution of these residues to ssNA binding, we generated the R333E/K336E (“RK”), 

R371E/R372E (“RR”), or R333E/K336E/R371E/R372E (“RKRR”) charge reversal 

mutations. As expected, the crosslinking between BrdU-DNA and these mutants was 

significantly compromised, with the most dramatic effect being observed for the quadruple 

mutant (Fig. 4D, Supplementary Fig. S3E). Because these mutations replace one surface 

charge with another, they are not expected to have a significant destabilizing effect on 

protein structure. This was confirmed in thermal melting assays where the RK, RR, RKRR, 

and wild-type proteins showed similar melting profiles (Supplementary Fig. S4B). Thus, 

these residues likely interact electrostatically with ssNA and further validate the location of 

the ssNA binding site delineated by UV crosslinking and mass spectrometry.

To directly measure the nucleic acid binding of the RK, RR, and RKRR variants, 

fluorescence anisotropy titrations were performed with 5’ fluorescein-labeled dT60 ssDNA 

(FAM-dT60). Competition binding experiments and electrophoretic mobility shift assays 

(EMSA) have previously established that the affinity of FAM-labeled ssNA’s measured in 

fluorescence anisotropy assays matches that of unlabeled DNA and that the fluorescence of 

the FAM label was not quenched by protein binding17. As expected from the BrdU 

crosslinking results, the mutations caused a graded decrease in the binding affinity for 

ssDNA, with the quadruple mutation again showing the most significant effect (Fig. 4E). 

The concentration of SAMHD1 required for half-maximal binding (C0.5), increased in the 

range 10 to 40-fold for these mutations: C0.5 = 0.7 ± 0.1 µM for wild-type SAMHD1; 7.6 

± 0.4 µM for RK; 15 ± 1 µM for RR and 30 ± 2 µM for RKRR. As expected, the dNTP 
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hydrolase activity of the charge-reversal mutations is also significantly decreased (Fig. 4F). 

As above with the 3A and 6A mutations, glutaraldehyde crosslinking studies showed that 

these mutants were significantly compromised in their abilities to form tetramer, as expected 

from their location at the dimer-dimer interface (Supplementary Fig. S3F). Thus, the binding 

site mutations recapitulate the effects of ssNA binding.

Disordered C-Terminus of SAMHD1 Binds ssDNA and RNA

In addition to the interactions between ssNA and the structured HD domain, we were 

intrigued that two cross-linked amino acids were identified in the unstructured C-terminus 

(W598, F621)(Fig. 2C). The C-terminal residues 583–626 are not observed in the crystal 

structure of the apo-SAMHD1 dimer (PDB ID 3U1N)5, and this region is also largely absent 

in the electron density maps for the nucleotide-bound tetramer (PDB code 4BZC)9. 

Although crosslinking of two aromatic groups in a flexible tail could occur adventitiously 

after tethering to the structured region of the protein (i.e. entropic facilitation), we 

investigated whether a truncated form of SAMHD1 lacking the residues 583–626 might have 

a different binding affinity using fluorescence anisotropy measurements of binding to FAM-

dT60 ssNA (Fig. 5A). The data were globally fit using a variable-stoichiometry quadratic 

binding equation17, which allowed for the determination of the binding affinity and an 

estimation of monomer binding site size in nucleotides (nt) (Fig. 5A). Despite the observed 

UV crosslinking to two aromatic residues in the C terminal region, the ssNA binding affinity 

for Δ583–626 was similar to the wild-type protein [C0.5 (wt) = 0.50 ± 0.1 µM; C0.5 (Δ583–

626) = 0.30 ± 0.04 µM] (Fig. 5B). However, the apparent binding site size decreased from 

20 ± 2 nt/monomer for the wild-type to 13 ± 1 nt/monomer for Δ583–626, suggesting an 

effect of the tail on the spacing of bound SAMHD1 on single strand nucleic acids (Fig. 5C). 

The deletion of residues 583–626 had essentially no effect on the capacity of SAMHD1 to 

oligomerize and caused only a modest two-fold reduction in the dNTP hydrolase rate, 

confirming that this region is not essential for the enzymatic dNTPase function of SAMHD1 

(Supplementary Fig. S5A, B). The observance of crosslinking of ssNA to the tail 

unambiguously establishes that the two entities are in proximity, but the absence of a 

measurable effect of the C-terminal truncation on ssNA binding suggests that the 

crosslinking may arise from weak or dynamic interactions of the flexible tail with the bound 

nucleic acid.

The 582–626 peptide consists of an equal number of positively charged (Lys + Arg) and 

negatively charged (Asp + Glu) amino acids, making it unlikely that the observed binding is 

driven by gratuitous non-specific electrostatic interactions. To directly test whether the 582–

626 peptide has a measurable binding affinity for single-stranded nucleic acids, the isolated 

582–626 peptide was expressed, purified, and its binding to the FAM-dT60 ssDNA was 

measured using fluorescence anisotropy methods (KD of 54 ± 5 µM) (Fig. 5D, black). To 

confirm that these results were also applicable to single-stranded RNA ligands (ssRNA), the 

fluorescence anisotropy titrations were repeated with a fluorescein-labeled ssRNA 40mer 

(Fig. 5E). The binding affinity to ssRNA was about 4-fold greater than ssDNA with KD = 17 

± 2 µM for the isolated 582–626 peptide. Of note, full-length SAMHD1 also has a higher 

binding affinity for ssRNA17, indicating that both the isolated tail and the HD domain share 

this preference. The binding of a disordered region to ssRNA has precedent in the structure 
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of the Tobacco Mosaic Virus binding to its RNA genome, but in this case the interaction is 

strongly mediated by positively-charged amino acids27. We further discuss the possible 

implications of nucleic acid binding to the C-terminal region in the Discussion.

In a final assessment of the functional properties of the isolated C-terminal tail we tested 

whether the 582–626 peptide could competitively inhibit UV crosslinking of wt SAMHD1 

to BrdU-DNA. Standard BrdU-DNA UV crosslinking reactions were performed using 

SAMHD1 in the presence of increasing concentrations of the peptide. As anticipated for 

competitive binding, as the peptide concentration was increased, the UV cross-linked 

complex between SAMHD1 and ssDNA decreased and a new band appeared corresponding 

to a cross-linked complex between the peptide and BrdU-DNA (Fig. 5F). We conclude that 

the isolated free peptide (i) binds ssNA, (ii) disrupts ssNA complexes with full-length 

SAMHD1, and (iii) becomes crosslinked to the BrdU-DNA in the same manner as when 

attached to the SAMHD1 protein.

Is ssRNA Binding Associated with a Polyribonucleotide Phosphorylase Activity of 
SAMHD1?

There have been conflicting reports that SAMHD1 possesses 3’-5’ exonuclease 

activity5,15–18,28. Moreover, a recent study has reported the detection of a polyribonucleotide 

phosphorylase activity of the enzyme in the presence of inorganic phosphate19. Although the 

ssNA binding site described above does not cluster near the known SAMD1 active site, 

which is consistent with our previous finding that SAMHD1 has neither nuclease or 

ribonuclease activity17, we felt compelled to investigate whether the newly proposed 

phosphorylase activity could be detected.

To test for phosphorylase activity, recombinant full-length SAMHD1 was extensively 

purified by sequential Ni-NTA affinity, cation exchange, and hydrophobic interaction 

chromotagraphy, as described previously17. In parallel reactions, the purified enzyme was 

tested for (i) dGTPase activity, and (ii) exoribonuclease or phosphorylase activity using a 

5’ 32P-labeled ssRNA 20mer substrate in reactions containing Tris buffer supplemented with 

increasing amounts of inorganic phosphate. Ribonuclease or phosphorylase activity was 

virtually undetectable in the presence of zero to 50 mM inorganic phosphate (both activities 

would result in the accumulation of 3’-truncated oligonucleotide products; Fig. 6A). In 

contrast, the dGTPase reactions showed robust activity in all buffer conditions tested as 

judged by resolving the 8-[3H] guanine nucleoside product from the 8-[3H] dGTP substrate 

by reversed-phase TLC (Fig. 6B). As we previously reported, the trace ribonuclease activity 

cannot be attributed to SAMHD1 because mutation of the essential active site residues 

His206 and Asp207 (H206A/D207A) showed an identical activity, which we attribute to 

trace contamination by a 3′-5′ exonuclease (Supplementary Fig. S6A)17. As a positive 

control, human polynucleotide phosphorylase was tested under the same conditions and 

showed substantial degradation of the 5’-32P-labeled RNA in the presence of phosphate (Fig. 

6C).

We also employed an orthogonal assay method to confirm that SAMHD1 does not use a 

phosphate nucleophile to degrade RNA by performing reactions with radioactive 32Pi and 

unlabeled poly(A) ssRNA (Fig. 6C). In this assay, attack of the radiolabeled phosphate 
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nucleophile at the phosphodiester backbone of the ssRNA substrate should produce a labeled 

adenine nucleotide diphosphate and an unlabeled n-1 oligonucleotide product. Using PEI-

cellulose thin layer chromatography to separate the ADP product from the inorganic 

phosphate substrate, purified human polyribonucleotide phosphorylase showed a time-

dependent increase in radioactive ADP resulting from phosphorolysis of the RNA by 32Pi 

(Fig. 6D). However, no products were observed even after eight-hours incubation of 0.5 µM 

SAMHD1 with 50 mM 32Pi and 1 mg/mL poly(A) ssRNA (Fig. 6D).

DISCUSSION

Functional Possibilities for Single-Strand Nucleic Acid Binding by SAMHD1

It is quite paradoxical that cells produce a potent enzyme capable of indiscriminately 

degrading all dNTPs to nucleoside and tripolyphosphate products. When nucleoside 

triphosphohydrolase activity is thermodynamically linked with hydrolysis of PPPi to 3Pi by 

cellular triphophosphatases, the overall process is exergonic and can only be reversed with 

great energetic expense by the cell29. Thus, it would be expected that the activity of 

SAMHD1 would be regulated at multiple levels. The possible functional roles for nucleic 

acid binding by SAMHD1 in cells remain poorly understood and the discussion below is 

intended to summarize the possibilities in the context of our in vitro findings. We consider 

distinct scenarios in non-dividing and dividing cells because of the large differences in 

dNTP pool levels in these cell types.

On the basis of these results and previous work17, a model for the interaction of SAMHD1 

with single-stranded nucleic acids is proposed (Fig. 7). The underlying facet of the model is 

that ssNA can bind to both monomer and dimer forms of SAMHD1, but not to nucleotide-

activated tetramers. A functional unit for nucleic acid binding consisting of two monomers 

(or a dimer) is consistent with the previous observation that (i) the binding affinity of 

SAMHD1 for ssDNA/ssRNA increases with ssNA length until two monomers (one dimer) 

can be accommodated (>40–50 nt) and, (ii) the major bound form in AFM images has the 

size of a dimer17. We therefore propose that SAMHD1 dimers serve as the regulatory branch 

point of its activities: if two dimers bind dNTPs at the A2 activator sites and catalytic sites 

they will form a dNTPase-competent tetramer, but if ssNA binds to SAMHD1, the complex 

is pulled into a terminal dimer form that has no dNTPase activity8,30.

There is precedent for regulation of human antiviral restriction factors and HD domain 

dNTPases by binding to single-stranded nucleic acids. A notable example is the HIV-1 

restriction factor APOBEC3G DNA cytidine deaminase (A3G), which is known to aggregate 

in catalytically inactive high molecular weight complexes with ribonucleic acids31. Like 

SAMHD1, A3G still retains restriction activity against HIV when its enzymatic activity is 

abolished by mutagenesis32,33 and it is known to bind both ssRNA and ssDNA with modest 

affinity. The current view is that A3G binds single strand HIV RNA when co-packaged 

within the viron where it slowly adopts a high-affinity oligomeric state that can block 

reverse transcription34. Single strand nucleic acid-mediated regulation of HD domain 

dNTPase activity has been previously observed with the E. coli dGTP triphosphohydrolase 

(ecGTPH), an HD domain homolog of SAMHD1 with a hexameric oligomeric state and a 

different dNTP specificity35,36. However, in the case of ecGTPH, ssNA binding was shown 
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to activate the triphosphohydrolase activity36. Our model suggesting that SAMHD1 can bind 

single strand nucleic acids in cells is also strongly supported by cellular fluorescence cross-

correlation microscopy experiments where SAMHD1 complexes with single-stranded DNA 

and RNA have been detected in human cells37.

In the case of non-dividing cells, where SAMHD1 is highly expressed and dNTP pools are 

low11,38,39, the enzyme is in the appropriate environment to bind single-stranded nucleic 

acids according to our findings. Consistent with this impoverished dNTP pool environment, 

it has been reported that HIV RNA immunoprecipitates with SAMHD1 in infected 

macrophages16. It is unclear whether this involves specificity for structural or sequence 

attributes of HIV nucleic acid, interactions with other binding proteins, or whether 

SAMHD1 nonspecifically associates with RNA when it is highly expressed and dNTP pools 

are low. The reported interaction with HIV RNA is somewhat enigmatic given that the 

preponderance of available data indicates that SAMHD1 is nuclear localized40,41. Indeed, 

the nuclear localization of SAMHD1 is better suited for inhibition of endogenous 

retroelement replication13,14. This may have relevance because one of the hallmarks of AGS 

is chronic interferon α production induced by dysregulated LINE element expression or 

continuous DNA damage2.

In addition to a potential role in viral restriction in terminally differentiated immune cells, 

single strand nucleic acid binding by SAMHD1 might also serve a physiological role in host 

nucleotide homeostasis42,43. A key question is how reversible regulation would be obtained 

in the presence of high concentrations of nucleic acids and dNTPs in the nucleus? 

Specificity for single stranded nucleic acids is expected to be facilitated by the genome 

architecture of mammalian cells that consists of duplex DNA compacted into the form of 

chromatin, which is not expected to bind SAMHD1. The transient generation of single-

stranded regions of DNA (and RNA) during DNA replication or transcription, could then 

provide opportunities for SAMHD1 to interact with either ssDNA or RNA. Although 

SAMHD1 is minimally expressed in early S phase in dividing cells42, it still persists at low 

levels and a function for ssDNA binding can be speculated based on the model in Figure 7: 

upon binding to single-stranded DNA generated at origins of replication during S phase, 

SAMHD1’s dNTP hydrolase activity would be down regulated, leading to an increase in 

local dNTP pool levels required for DNA replication. Regulation by such a mechanism 

would involve competitive effects between the local dNTP pool and ssDNA concentrations. 

Although cellular mRNA is also single-stranded, and would be expected to constitutively 

inhibit SAMHD1, such interactions may be inhibited by RNA secondary structure, binding 

of other proteins that possess greater affinity than SAMHD1 or other mechanisms that make 

mRNA generally less accessible. All of these possibilities require further experimentation to 

confirm their viability.

Additional roles for SAMHD1 in cancer and DNA repair have been suggested and some of 

these functions indicate a potential role for nucleic acid binding44. Inactivating mutations in 

the SAMHD1 gene, epigenetic silencing marks, and targeted knock-out of the enzyme have 

been associated with increased cellular proliferation43, reduced apoptosis43, as well as B cell 

lymphoma and other cancers44–46. Since it is generally accepted that transformed cells show 

dysregulated dNTP metabolism as compared with their normal counterparts47, it is not 
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surprising that cancer-associated mutants of SAMHD1 generally show reduced dNTPase 

activity in vitro46. The fact that SAMHD1 has been found to co-localize with 53bp1 at 

double-stranded DNA breaks suggests a further possible role in DNA repair and connection 

to oncogenesis44. Although the mechanism for recruitment of SAMHD1 to dsDNA breaks is 

unknown, the binding to resected ssDNA ends at sites of damage is one plausible 

mechanism. The recruitment could result from the direct binding of SAMHD1 to the 

damaged DNA, which could also be facilitated by additional protein-protein interactions.

Functions of the Carboxyl Terminal Tail of SAMHD1

The carboxyl terminal tail of SAMHD1 has been of significant interest since it was 

discovered that Thr592 was phosphorylated by cyclin dependent kinase48,49. However, the 

function of the tail has remained mysterious because phosphorylation or phosphomimetic 

mutation at this site has little effect on the in vitro dNTPase activity of the enzyme and we 

previously found no difference in the ssNA binding affinity of the T592E mutant17. 

Furthermore, removal of tail residues 582–626 in this study had no effect on nucleic acid 

binding and a mild effect on the dNTPase activity (Fig. 5B and Supplementary Fig. S5A). 

Nevertheless, the T592E mutation largely suppresses the restriction activity of SAMHD1 

with only a mild effect on dNTP pool levels, possibly suggesting a function of the tail that is 

unrelated to dNTPase activity48–51. In this regard, our crosslinking results demonstrating 

proximity of ssNA with the tail are intriguing. It seems most probable that the interaction of 

nucleic acids with the flexible tail are transient and dynamic and therefore contribute little to 

the observed ssNA binding affinity, which is consistent with the weak but measureable 

affinities of the isolated tail with ssDNA and ssRNA (Fig. 5D). In the context of the full-

length protein, it is also possible that the contribution of the tail to ssNA binding affinity is 

antagonized by competitive binding of the tail to the protein.

SAMHD1 is not a Polyribonucleotide Phosphorylase

Despite using the best methods available, we have not been able to experimentally link the 

nucleic acid binding activity of SAMHD1 with any exonuclease or polynucleotide 

phosphorylase activities. With respect to polyribonucletide phosphorylase activity, there are 

no HD domain proteins yet identified which possess this function despite the wide ranging 

activities of this superfamily of enzymes in biology52. Instead, PNPase activity is confined 

to a separate superfamily of proteins that are characterized by low Km values for the 

phosphate substrate (700 µM) and larger kcat values (~ 1 s−1)53. These kinetic parameters for 

a true PNPase are vastly superior to the previously reported PNPase activity of SAMHD119. 

We conclude from the studies described here and previously that SAMHD1 has no 

detectable exonuclease or PNPase activities.

Conclusion

The elucidation of the interfacial binding site of ssDNA and ssRNA on SAMHD1 supports 

the in vitro data previously obtained17, is consistent with a lack of nuclease or phosphorylase 

activity associated with the SAMHD1 active site17, and suggests a possible regulatory role 

for single-stranded nucleic acids in nucleotide homeostasis, viral infection and DNA repair 

processes. The model outlined here, and the nucleic acid binding-deficient mutants that have 
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been generated, will facilitate cellular studies of the role of this activity in the context of 

viral restriction, dNTP pool homeostasis, and DNA repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bromodeoxyuridine (BrdU) specifically crosslinks SAMHD1
(A) SAMHD1 or BSA (5 µM) and 32P-labeled BrdU-DNA (5 µM) were mixed, exposed to 

UV light for 0 to 2 minutes, and analyzed by SDS-PAGE. (B) SAMHD1 (5 µM) and 32P-

labeled BrdU DNA (5 µM) were UV irradiated in the presence or absence of unlabeled 

competitor ssDNA or ssRNA 90mer (5 µM), and analyzed by SDS PAGE. (C) Densitometry 

of the bands for the free DNA and DNA-SAMHD1 complexes in (B) was used to calculate 

the fraction of BrdU DNA crosslinked to SAMHD1.
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Figure 2. Mass spectrometry for the identification of BrdU crosslinks to SAMHD1
(A) A schematic for mass spectrometry sample preparation. (B) A representative MS2 

spectrum from a cross-linked peptide. The parent ion m/z corresponded to the shown peptide 

with an attached dUpdT dinucleotide and the shown fragment ions unambiguously identify 

Y360 as the crosslinked residue. Upon fragmentation, b and y ions of the peptide were 

observed, and the di- or trinucleotide modification fragmented to uracil. (C) All of the cross-

linked amino acids observed in the mass spectrometry studies are shown on the linear 

domain architecture of SAMHD1.
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Figure 3. Structural analysis of the BrdU cross-linked regions
(A) Cross-linked aromatic amino acids (orange) are mapped onto the crystal structure of 

SAMHD1 (PDB 3U1N): F221, W313, F316, F337, Y360, H364, F520, F545, Y563. The 

Arg residues that have been mutated in this study are shown in blue (R333, K336, R371, 

R372). (B) Electrostatic surface potential of the HD domain dimer shown using the same 

two views in (A). The potential was obtained from Poisson-Boltzmann (PB) electrostatics 

calculations using the APBS tool in Chimera25. The two grooves that are flanked by the 

crosslinking sites in the monomers and dimer are indicated.

Seamon et al. Page 21

Biochemistry. Author manuscript; available in PMC 2017 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Biochemical validation of the mass spectrometry crosslinking results
(A) BrdU crosslinking reactions were performed with SAMHD1 in the presence of dATP, 

GTP, or dGTPαS to induce oligomerization (1 mM each) and the fraction of total DNA 

crosslinked to SAMHD1 was quantified. (B) The oligomeric state of SAMHD1 under the 

conditions in (A) was assessed by glutaraldehyde crosslinking and quantified by 

densitometry. (C) BrdU crosslinking reactions were performed with wild-type SAMHD1, or 

the 3A and 6A alanine mutants (see text) and the fraction of the total DNA cross-linked to 

the protein was quantified. (D) BrdU crosslinking reactions with wild-type SAMHD1 or the 

indicated glutamate charge-reversal mutants RK, RR, and RKRR (see text). The fraction of 

the total DNA cross-linked to the protein at each time point was quantified by densitometry. 

(E) Increasing anisotropy of a fluorescein-labeled dT60 DNA oligonucleotide as a function 
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of added wt or mutant SAMHD1. (F) The normalized dNTP hydrolase activity of wt 

SAMHD1 and the indicated mutants was determined using 1 mM dGTP as the substrate.

Seamon et al. Page 23

Biochemistry. Author manuscript; available in PMC 2017 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. The disordered C-Terminus of SAMHD1 binds ssNA
(A) Fluorescence anisotropy titrations of the fluorescein-labeled dT60 with wt and Δ583–626 

SAMHD1 as a function of DNA concentration. The data were fit to a variable stoichiometry 

quadratic binding equation17. (B) Comparisons of the concentrations of wt and Δ583–626 

SAMHD1 required for half-maximal DNA binding (C0.5). (C) Comparison of the calculated 

binding site sizes of wt SAMHD1 and Δ583–626 SAMHD1. The sizes are indicated as nt/

monomer. (D) Fluorescence anisotropy increases of FAM-dT60 and FAM-ssRNA40 upon 

binding of a peptide consisting of residues 582–626 of SAMHD. (E) BrdU crosslinking 
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reactions were performed with fixed concentrations of BrdU DNA (5 µM) and SAMHD1 (5 

µM), and variable concentrations (0 to 1 mM) of the 582–626 SAMHD1 peptide. (F) 

Quantification of the DNA-SAMHD1 and DNA-peptide complexes from (F) by 

densitometry.
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Figure 6. SAMHD1 does not posses hydrolytic or phosphorolytic RNase Activity
(A) Reactions of 5’ 32P-labeled ssRNA 20mer (1 µM) and SAMHD1 (0.5 µM) were carried 

out in Tris/KCl/MgCl2 buffer supplemented with the indicated concentration of phosphate 

and degradation products were resolved by denaturing PAGE. (B) Reactions of 3H-dGTP (1 

mM) and SAMHD1 (0.5 µM) carried out under the same conditions as above and the 

products were resolved by RP-TLC. (C) Reactions were prepared as in (A) but with 0.1 µM 

human polynucleotide phosphorylase as a positive control. Robust phosphorolytic activity is 

observed with 10 mM Pi, but is inhibited by high concentrations of Pi as previously 
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reported54 (D) Reactions prepared with Tris/KCl/MgCl2 buffer, 32Pi (10 mM), poly(A) RNA 

(1 mg/mL), and SAMHD1 (5 µM) or the positive control enzyme human polynucleotide 

phosphorylase (1 µM) were carried out and the ADP product was resolved from Pi by PEI-

Cellulose TLC.
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Figure 7. Model for antagonistic binding of ssNA and dNTPs to SAMHD1
SAMHD1 exists primarily as monomers and dimers in solution in the absence of 

nucleotides. The binding site includes the dimer-dimer interface of the structured HD 

domain, two positively charged binding grooves (see Fig. 3), and the disordered C-terminus. 

Binding of ssNA at the dimer-dimer interface prevents tetramer formation. High 

concentrations of dNTPs competitively shift the equilibrium to the dNTPase-active tetramer 

form. Although SAMHD1 binds both ssDNA and ssRNA, only the RNA binding activity is 

likely to be relevant to HIV infection.
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