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Background: SAMHD1 is a deoxyribonucleoside triphosphate (dNTP) triphosphohydrolase.
Results: SAMHD1 forms a catalytically active tetramer upon binding of two nucleoside triphosphates with different specificities
at two adjacent allosteric sites.
Conclusion: The primary allosteric site selectively binds guanine-containing nucleotides, whereas the secondary site accom-
modates any dNTP.
Significance: The tetramerization and catalytic activity of SAMHD1 is differentially regulated by different nucleoside
triphosphates.

Sterile � motif and histidine-aspartate domain-containing
protein 1 (SAMHD1) plays a critical role in inhibiting HIV infec-
tion, curtailing the pool of dNTPs available for reverse tran-
scription of the viral genome. Recent structural data suggested a
compelling mechanism for the regulation of SAMHD1 enzy-
matic activity and revealed dGTP-induced association of two
inactive dimers into an active tetrameric enzyme. Here, we pres-
ent the crystal structures of SAMHD1 catalytic core (residues
113– 626) tetramers, complexed with mixtures of nucleotides,
including dGTP/dATP, dGTP/dCTP, dGTP/dTTP, and dGTP/
dUTP. The combined structural and biochemical data provide
insight into dNTP promiscuity at the secondary allosteric site
and how enzymatic activity is modulated. In addition, we pres-
ent biochemical analyses of GTP-induced SAMHD1 full-length
tetramerization and the structure of SAMHD1 catalytic core
tetramer in complex with GTP/dATP, revealing the structural
basis of GTP-mediated SAMHD1 activation. Altogether, the
data presented here advance our understanding of SAMHD1
function during cellular homeostasis.

SAMHD14 is a potent HIV restriction factor, possessing
deoxyribonucleoside triphosphate triphosphohydrolase

(dNTPase) activity (1–5). The protein’s enzymatic activity,
residing within its histidine-aspartate domain (residues 113–
626, SAMHD1c), is essential to its role in the innate immune
system; current evidence supports a model in which the cellular
dNTP pools are maintained at low levels by SAMHD1, thus
inhibiting viral reverse transcription in infected immune cells
(6 –9). Further, recent studies suggest that SAMHD1 has broad
antiviral activity, not only against retroviruses but also DNA
viruses, due to its catalytic activity (10 –12). In addition,
nuclease activity has been reported for the histidine-aspartate
domain (13), with a phosphomimetic mutant of SAMHD1,
T592E, exhibiting a reduction in RNase activity and reduced
HIV-1 restriction, in vivo, suggesting an additional dimension
to HIV restriction by SAMHD1 (14). Phosphorylation at Thr-
592, however, did not alter the dNTPase activity of SAMHD1
(15–18). The essential role of SAMHD1 in innate immunity is
further underscored by its association with stroke-related auto-
immunity disorders, including Aicardi-Goutières syndrome
and systemic lupus erythematosus (19 –24).

The dNTPase activity of SAMHD1 is regulated by dGTP,
which binds at allosteric sites (2). Several biochemical and
structural studies suggest that a tetramer is the active species,
with tetramerization induced by dGTP binding, whereas the
inactive apo-form interconverts between monomer and dimer
(25–27). The active tetramer possesses four allosteric nucleo-
tide binding sites, each capable of accommodating two dGTPs
that serve to interlock SAMHD1 chains into the tetrameric
state (25, 27). Intriguingly, recent studies have suggested an
additional control of SAMHD1 activity via other nucleoside
triphosphates (28 –30). In particular, the protein can be acti-
vated by a mixture of GTP and dNTP. To further explore details
of this regulation, we solved the crystal structures of tetrameric
SAMHD1c in complex with two sets of different nucleotides. In
the first set, the primary allosteric site is only occupied by
dGTP, whereas the secondary site is promiscuous for other
dNTP (SAMHD1c-dGTP/dNTP). The second set of nucleotide
mixtures yielded complexes in which the primary site is occu-
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pied by GTP, and the secondary site is occupied by dATP
(SAMHD1c-GTP/dATP). Differential binding specificities for
nucleosides at the two allosteric sites were verified by biochem-
ical analyses of WT SAMHD1 and several mutants. Together,
our results further add to the structural underpinnings for
SAMHD1 regulation by nucleoside triphosphates, a critical
activity in its cellular functions.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization—Human
SAMHD1 variants (residues 113– 626 (SAMHD1c) and 1– 626
(SAMHD1fl)) were expressed and purified as described previ-
ously (26). Site-directed mutants of SAMHD1c and SAMHDfl
were constructed using the QuikChange mutagenesis kit (Agi-
lent). Protein concentrations were determined using molecular
extinction coefficients of 62,395 and 76,500 M�1 cm�1 for
SAMHD1c and SAMHD1fl, respectively. Purified proteins in
25 mM Tris-HCl buffer, pH 7.5, 150 mM NaCl, 1 mM DTT, 10%
glycerol, and 0.02% sodium azide were flash-frozen and stored
at �80 °C until used.

Crystallization trials were carried out at room temperature
by the microbatch under oil method, using 2-�l drops of pro-
tein and 2-�l crystallization solutions, as mentioned below.
SAMHD1c H206R/D207N mutant protein (5 mg/ml) was first
incubated with 0.5 �M dGTP and subsequently with either 4
mM dATP, dCTP, dTTP, or dUTP for generating co-crystals of
SAMHD1c-dGTP/dATP, SAMHD1c-dGTP/dCTP, SAMHD1c-
dGTP/dTTP, and SAMHD1c-dGTP/dUTP, respectively. For
crystallization of SAMHD1c-GTP/dATP, the protein was incu-
bated with 2 mM GTP and 2 mM dATP. In all cases, well diffracting
crystals were obtained with microseeding in 0.1 M SPG (succinic
acid, sodium phosphate dibasic, glycine), pH 6.5, 25% PEG 1500,
20% ethylene glycol in the presence of either 0.0012 mM n-hexa-
decyl-�-D-maltoside, 12 mM n-nonyl-�-D-maltoside, 2% (w/v)
CYMAL-1, or 0.12 M NDSB-221 after several days.

Data Collection and Structure Determination—X-ray dif-
fraction data for all crystals were collected at the SER-CAT
facility sector 22-BM beam line of the Advance Photon Source
at Argonne National Laboratory (Chicago, IL) at a wavelength
of 1.00 Å. Diffraction data were processed, integrated, and
scaled using d*TREK software (31) and eventually converted to
mtz format using the CCP4 package (32).

The structures of SAMHD1c in the presence of dGTP/dATP,
dGTP/dCTP, dGTP/dTTP, dGTP/dUTP, or GTP/dATP were
determined by molecular replacement, using the previously
determined SAMHD1c-dGTP/dGTP complex structure (PDB
code 4BZB), as the structural probe in PHASER (33). After gen-
eration of the initial model, the chain was rebuilt using the
program Coot (34). Iterative refinement was carried out by
alternating between manual rebuilding in Coot (34) and refine-
ment in RefMac5 (35) or Phenix (36, 37).

All final models exhibit clear electron density for all residues,
except for a short loop (residues 278 –283) and the C terminus
(residues 600 – 626), similar to the previous structure of
SAMHD1c-dGTP/dGTP (PDB code 4BZB) and SAMHD1c�
(residues 109 – 626)-dGTP/dATP (PDB code 4MZ7). The final
structures are well defined, with the majority of residues
located in the favored and allowed regions of the Ramachan-

dran plot and no residues in the disallowed region, as evaluated
by MOLPROBITY (38). The extra density in the allosteric and
catalytic sites permitted fitting of appropriate GTP or dNTP
molecules into each site. A summary of pertinent structural
refinement statistics for all structures is provided in Table 1. All
structural figures were generated with Chimera (39) or PyMOL
(40). The atomic coordinates and diffraction data for structures
of SAMHD1c-dGTP/dATP, SAMHD1c-dGTP/dCTP, SAMHD1c-
dGTP/dTTP, SAMHD1c-dGTP/dUTP, and SAMHD1c-GTP/
dATP have been deposited in the RCSB Protein Data Bank
under accession codes 4QFX, 4QFY, 4QFZ, 4QG0, and 4QG1,
respectively.

Analytical Size Exclusion Column Chromatography and
Multiangle Light Scattering (SEC-MALS) of SAMHD1-Ribonu-
cleoside Triphosphate Complexes—Mixtures of SAMHD1fl (0.5
�M) and nucleoside triphosphates, as indicated (NTP, 0 –1 mM;
dNTP, 0 – 0.1 mM), were injected into an analytical Super-
dex200 column at a flow rate of 0.8 ml/min, equilibrated with 20
mM Tris-HCl, pH 7.8, 50 mM NaCl, 5 mM MgCl2, 5% glycerol,
and 0.02% sodium azide. The elution profiles were recorded
using an in-line fluorometer (Shimadzu) with excitation at 282
nm and emission at 313 nm, as described previously (26). The
peak areas of tetramer and dimer/monomer were integrated,
and the percentage area of the tetramer was calculated. The
molecular masses of SAMHD1fl and SAMHD1fl-nucleoside
triphosphate complexes were determined using an analytical
Superdex200 column with in-line multiangle light scattering
(HELEOS, Wyatt Technology), variable wavelength UV (Agi-
lent 1100 Series, Agilent Technology), and refractive index
(Optilab rEX, Wyatt Technology) detector, as described previ-
ously (26, 41).

Enzymatic Assay—Deoxyribonucleoside triphosphate triphos-
phohydrolase (dNTPase) activity of SAMHD1fl WT and
mutants (0.1 �M) was measured in a reaction buffer containing
25 mM Tris-HCl, pH 7.8, 50 mM NaCl, 2 mM MgCl2, 5% glycerol,
and appropriate concentrations of dNTP and/or GTP (0 –2
mM). Reactions were quenched with EDTA (20 mM final con-
centration) at 2, 4, 6, 8, 16, or 32 min and subjected to HPLC
for quantification of deoxyribonucleosides and dNTPs, as
described previously (41). Time intervals were chosen to ensure
that less than 5% of substrate was converted to product.

RESULTS

The Secondary Allosteric Site of SAMHD1 Is Promiscuous—
We previously reported the structure of the dGTP-bound
SAMHD1c homotetramer (25). In this structure (referred to as
SAMHD1c-dGTP/dGTP), a total of eight dGTP molecules
occupy the four allosteric sites, each located at the interface of
three subunits of the tetramer. Note that each binding pocket
contains two dGTP molecules, one designated as the primary
and the other as the secondary nucleotide. In a similar
SAMHD1c� tetramer structure (residues 109 – 626), co-crystal-
lized in the presence of dGTP and dATP, the authors reported
that the secondary allosteric and catalytic sites can be occupied
by either dGTP or dATP (27). This prompted us to investigate
dNTP binding at the secondary allosteric site, and we crystal-
lized SAMHD1c in the presence of several dNTP combinations:
dGTP/dATP, dGTP/dCTP, dGTP/dTTP, and dGTP/dUTP.
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We used the catalytically inactive SAMHD1c H206R/D207N
variant, previously characterized in detail and shown to be
essentially identical to the SAMHD1c WT tetramer structure
(25).

All structures are, as expected, tetramers and virtually the
same, with pairwise heavy atom root mean square deviation
values ranging from 0.20 to 0.35 Å (Fig. 1). Similar to the previ-
ous structures, SAMHD1c-dGTP/dGTP (PDB entry 4BZB) and
SAMHD1c�-dGTP/dATP (PDB entry 4MZ7), all structures
comprise a well defined catalytic core, with no density observed
for a short loop region (residues 278 –283) and the C terminus
(residues 600 – 626).

Although the overall protein structures are very similar, dif-
ferent dNTP molecules are located in the secondary allosteric
and catalytic sites (Fig. 1A and Table 2). In our SAMHD1c-
dGTP/dATP structure, the secondary allosteric and catalytic
sites are exclusively occupied by dATP and dGTP, respectively.
This is distinct from the structure of SAMHD1c�-dGTP/dATP
(PDB entry 4MZ7), in which both sites were filled by either
dGTP or dATP within the same tetramer (27). In SAMHD1c-
dGTP/dCTP structure, on the other hand, the secondary allo-
steric and catalytic sites are occupied by dGTP and dCTP,
respectively. Therefore, it appears that dCTP can readily bind

into the catalytic site but less effectively at the secondary allos-
teric site, different from dATP. In the other two structures,
which were crystallized in the presence of dGTP/dTTP or
dGTP/dUTP, both dTTP and dUTP nucleotides can occupy
the secondary allosteric pocket and the catalytic site.

The primary allosteric binding pocket in all SAMHD1c-
dNTP structures is always occupied by dGTP, exhibiting iden-
tical hydrogen bonding interactions between the Watson-Crick
and the Hoogsteen (N7) sites of the guanine base and residues
Asp-137, Gln-142, and Arg-145, as reported previously (Fig.
1B).

The structural basis for the promiscuity within the secondary
allosteric binding pocket is illustrated in Fig. 1B. Because all of
the subunits are virtually identical, only the interactions at the
secondary allosteric pocket located at the interface between
subunits a, c, and d are described, along with those for the
dNTPs in the catalytic site of subunit c. Generally, the hydrogen
bonding networks between the protein and the nucleotide in
the secondary allosteric pocket are very similar to those
described earlier for the SAMHD1c-dGTP/dGTP complex
(PDB entry 4BZB). In the latter structure, we showed that
the terminal guanidinium group (NH1) of Arg-333 (subunit c)
hydrogen-bonds with the C4� hydroxyl group (O4�) of the

TABLE 1
Data collection, refinement, and Ramachandran statistics for SAMHD1c tetramers in the presence of dGTP/dATP, dGTP/dCTP, dGTP/dTTP,
dGTP/dUTP, and GTP/dATP substrates
Data were obtained from the best diffracting crystal of SAMHD1c H206R/D207N according to crystallization conditions (see “Experimental Procedures” for details) and
collected at �180 °C. Crystallographic phases were solved using molecular replacement based on the SAMHD1c-dGTP/dGTP tetramer model (Protein Data Bank code
4BZB). Refinement was carried out using Phenix. Values in parentheses are for the highest resolution shell.

SAMHD1c-dGTP/dATP SAMHD1c-dGTP/dCTP SAMHD1c-dGTP/dTTP SAMHD1c-dGTP/dUTP SAMHD1c-GTP/dATP

Data collection
Space group P21 P21 P21 P21 P21
Cell dimensions

a, b, c (Å) 88.56/147.26/98.80 87.97/147.02/98.87 87.83/146.74/98.94 87.86/146.60/98.69 87.70/146.72/99.26
�, �, � (degrees) 90/114.63/90 90/114.31/90 90/114.29/90 90/114.62/90 90/114.76/90

Asymmetric unit content 4 4 4 4 4
Wavelength (Å) 1.0000 1.0000 1.0000 1.0000 1.0000
Resolution (Å) 38.34-2.20 (2.28-2.20) 38.67-2.10 (2.18-2.10) 33.98-2.30 (2.38-2.30) 42.91-2.30 (2.38-2.30) 42.99-2.20 (2.28-2.20)
Rmerge 0.134 (0.500) 0.108 (0.495) 0.090 (0.539) 0.113 (0.487) 0.074 (0.505)
Rmeas 0.146 (0.544) 0.117 (0.531) 0.101 (0.604) 0.123 (0.531) 0.089 (0.605)
�I/�I� 5.7 (2.1) 7.0 (2.3) 8.0 (1.7) 7.2 (2.3) 6.8 (1.6)
Completeness (%) 99.9 (100.0) 99.8 (100.0) 99.9 (99.8) 99.8 (100.0) 99.3 (99.7)
Redundancy 6.38 (6.38) 7.68 (7.68) 5.09 (5.01) 6.46 (6.46) 3.20 (3.18)
Mosaicity 0.65 0.43 0.78 0.51 0.78

Refinement
Resolution (Å) 38.34-2.20 (2.26-2.20) 38.67-2.10 (2.15-2.10) 33.98-2.30 (2.36-2.30) 42.91-2.30 (2.36-2.30) 42.99-2.20 (2.26-2.20)
No. of unique reflections 116,344 132,888 101,122 100,456 114,395
No. of test reflectionsa 2002 2009 2013 2011 2000
Rwork/Rfree 0.228/0.270 (0.257/0.313) 0.226/0.269 (0.287/0.325) 0.209/0.250 (0.338/0.390) 0.197/0.250 (0.279/0.349) 0.214/0.264 (0.362/0.374)
No. of atoms

Protein 15,753 15,756 15,798 15,768 15.739
Ligand/ion 376 368 336 359 372
Water 386 394 228 182 191

Average B-factors (Å2)
Protein 42.78 38.23 68.49 64.62 66.04
Ligand/ion 32.00 29.63 48.69 44.41 53.20
Water 40.75 26.16 46.65 26.81 58.97
Wilson B (Å2) 41.64 39.06 46.35 46.88 53.00

Root mean square deviations
Bond lengths (Å) 0.005 0.005 0.005 0.007 0.006
Bond angles (degrees) 0.979 0.971 0.953 1.070 1.146

MolProbity statisticsb

All atom clashscore 8.99 7.14 7.50 6.83 6.20
Rotamer outliers (%) 2.04 2.86 2.21 2.10 1.11
C� deviation 4 4 4 5 0

Ramachandranb

Favored region (%) 96.44 97.02 95.88 97.13 96.33
Allowed region (%) 3.29 2.98 4.02 2.77 3.40
Outliers (%) 0.26 0.00 0.10 0.10 0.26

PDB accession code 4QFX 4QFY 4QFZ 4QG0 4QG1
a Random selection.
b Values were obtained from MOLPROBITY.
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dGTP sugar moiety. Changing the Arg to Ala abolished
dNTPase activity and HIV-1 restriction (25). In all of the current
SAMHD1c-dGTP/dNTP structures, the same hydrogen bond-
ing is observed, as well as polar and charge interactions around
the triphosphate-Mg2�-triphosphate. In contrast, the interac-
tions with the base moiety are distinct, given the different bases

in the individual dNTP molecules. In the SAMHD1c-dGTP/
dATP structure, the N6 atom of the adenine base is engaged in
hydrogen bonding with the amino group of the Asn-358 side
chain (Fig. 1C and Table 2). Similarly, in the SAMHD1c-dGTP/
dTTP and SAMHD1c-dGTP/dUTP structures, the O4 atom of
the thymine base or the uracil base forms a hydrogen bond with
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the amino group of the Asn-358 side chain. The absence of
dCTP at the secondary allosteric site in SAMHD1c-dGTP/
dCTP structure is probably due to the inability of dCTP to form
a hydrogen bond with Asn-358 (Fig. 1D) because OD1 of Asn-
358 is involved in an interaction with the N� of the Arg-372 side
chain (2.9 Å). Indeed, the same orientation of the Asn-358 side
chain is seen in all other crystal structures. Comparison of
the present structures with the SAMHD1c-dGTP/dGTP struc-
ture shows that the second hydrogen bond with the carboxyl
group of the Asp-330 side chain is no longer observed in
the SAMHD1c-dGTP/dATP, SAMHD1c-dGTP/dTTP, and
SAMHD1c-dGTP/dUTP structures. Also, as discussed above,
because dGTP occupies the secondary allosteric site in the
SAMHD1c-dGTP/dCTP structure, all of the interactions in
this site are completely identical to those in the SAMHD1c-
dGTP/dGTP structure (PDB entry 4BZB). In addition, a unique
hydrogen bond is present in the SAMHD1c-dGTP/dUTP
structure between the amino group of the Asn-119 side chain
and the O2 atom of the uracil base, whereas the N3 of the
adenine ring of dATP or the N2 of the guanine ring of dGTP is
not within hydrogen bonding distance. Overall, although dif-
ferent dNTP molecules are bound in the secondary allosteric
site, the resulting hydrogen bonding networks exhibit only
slight variations, keeping the conformation in the different
complexes essentially unchanged.

When different dNTPs are bound in the catalytic site, small
but discernable differences can be seen around the binding
pockets. Hydrogen bonds between the sugar moiety, namely
between the C3� and C4� hydroxyl groups and the amino group

of the Gln-149 side chain (NE2) and the guanidinium group
(NH2) of Arg-164 are conserved in all structures. The amino
group of the Gln-375 side chain hydrogen-bonds to all dNTP
bases, with the N4 atom of cytosine, the O4 atom of thymine,
and the O4 atom of uracil as acceptors, positioning the different
dNTP molecules in the active site for productive catalysis (Fig.
1E). Therefore, the Gln-375 side chain can be repositioned to
permit SAMHD1c to accommodate all four dNTPs as sub-
strates. In contrast, hydrogen bonding between the backbone
carbonyl oxygen of Leu-150 and the base was only observed for
guanine bases (Table 2). Similar to the conformational invari-
ance at the secondary allosteric site, for all bound dNTPs in the
catalytic site, the triphosphate group interacts with the same
basic residues (Arg-164, Arg-206, Lys-312, and Arg-366) as
described previously for the SAMHD1c-dGTP/dGTP structure
(25). All of the above data suggest that the primary allosteric site
is specific for a guanine base, whereas the secondary allosteric
site and the catalytic site can interact with a variety of different
dNTPs. The absence of dATP in the catalytic site is surprising,
because biochemical studies showed that dATP can be hydro-
lyzed by SAMHD1. A possible explanation may be that the
affinity for dATP in the active site is much lower than that for
dGTP because fewer hydrogen bond donor/acceptor groups
are available in dATP compared with dGTP.

SAMHD1 Tetramerization Is Induced by GTP with dNTP—
In addition to dNTPs, a recent report suggested that GTP can
also activate SAMHD1, without being hydrolyzed by the
enzyme (28). In order to investigate whether GTP can function
as an allosteric activator and induce SAMHD1 tetramerization,

FIGURE 1. Crystal structures of SAMHD1c-dGTP/dATP, SAMHD1c-dGTP/dCTP, SAMHD1c-dGTP/dTTP, and SAMHD1c-dGTP/dUTP. A, superposition of
SAMHD1c structures for different dGTP/dNTPs. The four monomeric subunits (a– d) in each SAMHD1c tetramer are displayed in a ribbon representation and are
colored in light blue, light green, light gray, and light yellow, respectively. The tetramer is formed by two dimers, composed of subunits a and d and subunits b
and c. The dGTP, dATP, dCTP, dTTP, and dUTP molecules are shown in a ball-and-stick representation and colored in blue, red, magenta, purple, and black,
respectively. The different dNTPs occupying the allosteric site between subunits a, c, and d (top right panel) and the catalytic site of subunit c (bottom right
panel) are also shown in a magnified view in the inset. B, stereoview of detailed hydrogen bond interactions in the allosteric sites for the superimposed structures
of SAMHD1c with different dNTPs. As in A, the overall protein structure is shown in a ribbon representation and colored in light blue, light green, light gray, and
light yellow for subunits a, b, c, and d, respectively. The dGTP molecules are shown in a stick representation with the carbon atoms colored in dark blue and other
atoms in blue (nitrogen), red (oxygen), and orange (phosphor). Interacting residues are also shown in a stick representation with carbon atoms colored in the
corresponding chain color and oxygen and nitrogen atoms colored in red and blue, respectively. dNTP molecules in the secondary allosteric site are also
displayed in a stick representation, with the carbon atoms colored in red, magenta, purple, and black for dATP, dCTP, dTTP, and dUTP, respectively, and other
atoms in blue (nitrogen), red (oxygen), and orange (phosphor). Conserved and non-conserved hydrogen bonds are represented by dashed green and cyan lines,
respectively. C, hydrogen bonds between the base moiety of dTTP and dATP and the protein in the secondary allosteric site. The distances between the O4 of
dTTP and the ND2 of Asn-358 and between N6 of dATP and the ND2 of Asn-358 are �3.31 and 3.24 Å, respectively. D, model illustrating why dCTP is not found
in the second allosteric site. The dCTP molecule was modeled, based on the electron density of dTTP in the SAMHD1c-dGTP/dTTP complex. The distance
between N4 of dCTP and OD1 of Asn-358 is �3.82 Å, too far for optimal hydrogen bonding. Note that OD1 of Asn-358 forms a hydrogen with to Arg-372, with
distances ranging from 2.89 to 3.21 Å in all structures. E, stereoview displaying detailed hydrogen-bond interactions between the different dNTPs and residues
in the catalytic site. Coloring is as in B.

TABLE 2
dNTPs in the allosteric and catalytic sites in different SAMHD1c-dNTP/dNTP crystal structures
Atoms of nucleosides and amino acids within hydrogen bonding distance (less than 3.3 Å) are listed.

dGTP/dATP dGTP/dCTP dGTP/dTTP dGTP/dUTP

Primary allosteric site dGTP dGTP dGTP dGTP
Secondary allosteric site dATP dGTP dTTP dUTP

O3�-N (Asn-119) O3�-N (Asn-119) O3�-N (Asn-119) O3�-N (Asn-119)
O3�-O (Val-156) O3�-O (Val-156) O3�-O (Val-156) O3�-O (Val-156)
O4�-NH1 (Arg-333) O4�-NH1 (Arg-333) O4�-NH1 (Arg-333) O4�-NH1 (Arg-333)
N6-OD1 (Asn-358) O6-ND2 (Asn-358) O4-ND2 (Asn-358) O4-ND2 (Asn-358)

N2-OD2 (Asp-330) O2-ND2 (Asn-119)
Catalytic site dGTP dCTP dTTP dUTP

O3�-NE2 (Gln-149) O3�-NE2 (Gln-149) O3�-NE2 (Gln-149) O3�-NE2 (Gln-149)
N2�-O (Leu-150)
O4�-NH2 (Arg-164) O4�-NH2 (Arg-164) O4�-NH2 (Arg-164) O4�NH2 (Arg-164)
N1-O (Tyr-374)
O6-NE2 (Gln-375) N4-QE1 (Gln-375) O4-NE2 (Gln-375) O4-NE2 (Gln-375)

Allosteric Regulation of SAMHD1 Activity by dNTPs and NTPs

NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 32621



we determined the quaternary state of SAMHD1fl (molecular
mass � 76 kDa) in the presence of GTP and dATP by
SEC-MALS (Fig. 2A). Whereas the mixture of GTP and dATP
showed SAMHD1fl tetramerization (average molecular mass of
the first peak � 320 kDa), GTP or dATP alone did not induce
SAMHD1fl tetramerization (see Fig. 2, C and D). For mixtures
containing 1 mM GTP and increasing concentrations of differ-
ent dNTPs, similar results were obtained, suggesting that GTP
is indeed an allosteric activator (Fig. 2, B and C; we used the
catalytically inactive mutant H210A to prevent hydrolysis of
dNTP in the reaction mixture). Among all dNTPs tested, dATP
was most potent in inducing tetramerization in combination
with GTP, whereas dCTP was least effective, consistent with
our crystallographic data, which showed that dCTP does not
bind to the secondary allosteric site (Table 2). In summary,
dATP, dCTP, dTTP, and dUTP are able to induce SAMHD1

tetramerization in the presence of GTP, albeit with different
potencies.

We also tested the ability of other NTPs (ATP, CTP, and
UTP) to induce SAMHD1fl tetramerization (Fig. 2D). They
enhanced tetramerization in the presence of dGTP by 2-fold,
when compared with the reaction mixture containing only
dGTP. Here too, GTP was most potent in inducing tetramer-
ization with any dNTP. The SAMHD1fl H206R/D207D mutant
exhibited a similar preference with respect to dNTPs and NTPs
(data not shown). In addition, in the presence of various dNTPs,
GTP increased the dNTPase activity of SAMHD1fl in a dose-
dependent manner (Fig. 2E).

Structural Basis of SAMHD1 Activation by GTP—To struc-
turally assess GTP-induced SAMHD1 tetramerization and
activation, we co-crystallized SAMHD1c in the presence of
GTP and dATP, which, among all of the dNTPs, was the most
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FIGURE 2. SAMHD1 forms a tetramer with GTP and dNTPs and exhibits enzymatic activity. A, SEC-MALS of SAMHD1fl WT. The protein (25 �M) was
preincubated with a mixture of GTP (250 �M) and dATP (250 �M). Molecular masses (red circles) of eluting species are shown across the A280 profile (blue circles).
B, analytical gel filtration column chromatography of SAMHD1fl H210A (0.5 �M) with a mixture of GTP and dATP or dCTP. The elution volumes of SAMHD1
tetramer and dimer/monomer, based on SEC MALS experiments, are indicated. The catalytically inactive mutant was used for the assay to prevent hydrolysis
of dNTP. C, SAMHD1fl H210A protein was preincubated with a mixture of GTP (at 1000 �M) and each dNTP as indicated (at 0, 0.5, 1.0, 2.5, 20, or 100 �M). The
mixtures were separated by size exclusion column chromatography, and the data were analyzed as in B. D, SAMHD1fl H210A protein was preincubated with
a mixture of one dNTP (at 5 �M) and/or one NTP (at 1000 �M), as indicated. The mixtures were analyzed as described in B. E, dNTPase activities of WT SAMHD1fl
protein was measured using a mixture of dNTPs (each at 5 �M) and increasing concentrations of GTP (0, 25, 50, 100, 250, 500, 1000, and 2000 �M). Each
experiment was performed in triplicate. Error bars, S.D. for the individual experiments.
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FIGURE 3. Structural comparison between SAMHD1c-dGTP/dATP and SAMHD1c-GTP/dATP. A–C, superposition of the SAMHD1c-dGTP/dATP (white with
subunit a colored dark gray) and SAMHD1c-GTP/dATP structures (blue with subunit a colored dark blue). Overall comparison between the two tetramers is
shown in A; the interface between the two dimers is displayed in B; and the interface between the two monomers in a dimer, formed by subunits a and d,
is shown in C. The magenta dashed lines indicate the interfaces between the two dimers in the tetramer (A and B) or the two monomers in a dimer C. D and E,
superposition of dGTP (carbon atoms in light gray) and GTP (carbon atoms in blue) in the primary allosteric site (D) and in the secondary allosteric site (E) in the
structures of SAMHD1c-dGTP/dATP (carbon atoms in light gray) and SAMHD1c-GTP/dATP (carbon atoms in blue). The rotamer change of Ile-118 is illustrated
by dashed magenta circles. F, superposition of the catalytic site region in the SAMHD1c-dGTP/dATP and SAMHD1c-GTP/dATP structures. Carbon atoms of dGTP
and of dATP are colored white and blue, respectively. Note that the His-215 side chain is in a different orientation in the SAMHD1c-dGTP/dATP (light gray) and
SAMHD1-GTP/dATP (blue) structures. G, tetramer formation of the SAMHD1fl H206R/D2077N mutant. The mutant protein was incubated with either a mixture
of GTP (250 �M) or dGTP (5 �M) and increasing concentrations of dATP (250 –1000 �M). H, dATPase activity of WT SAMHD1fl. Enzymatic activity was measured
in the presence of either GTP (250 �M) or dGTP (5 �M) and for increasing concentrations of dATP (250 –1000 �M). dATPase activity was normalized relative to
that obtained with 250 �M GTP and 1 mM dATP.
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effective co-stimulator of tetramer formation with GTP (Fig.
2C) and the best substrate (Fig. 2E). The tetrameric SAMHD1c-
GTP/dATP structure (Fig. 3, A–C) is very similar to all other
dGTP/dNTP complexed SAMHD1c structures (pairwise heavy
atom root mean square deviation values ranging between 0.25
and 0.39 Å.

Four and eight molecules of GTP and dATP, respectively, are
bound in the tetramer, with GTP in the primary allosteric sites.
dATP is bound in the secondary allosteric and catalytic sites.
The interactions between GTP and the protein are very similar
to those observed with dGTP (Figs. 1B and 3D). The guanine
base interacts with residues Asp-137, Gln-142, and Arg-145,
and five hydrogen bonds to the guanine base are formed. Inter-
estingly, the 2�-hydroxyl group of GTP in the SAMHD1c-GTP/
dATP structure is well accommodated in the binding pocket. In
the presence of GTP, Ile-118, which is located between the pri-
mary and secondary allosteric sites, exhibits a distinct confor-
mation, adopting a different rotamer that permits the addi-
tional C2� hydroxyl group of the GTP ribose to fit into the site
(Fig. 3D). In addition, Val-117 also plays an important role, with
its backbone carbonyl group accepting a hydrogen bond
from the C2� hydroxyl group of the GTP ribose (Fig. 3E). Note
that the dATP molecule found in the secondary allosteric
pocket of the SAMHD1c-GTP/dATP structure exhibits the
same hydrogen bonding network as seen in the SAMHD1c-
dGTP/dATP structure (Fig. 3E).

Comparison of the catalytic site, occupied by dGTP in the
SAMHD1c-dGTP/dATP structure and by dATP in the
SAMHD1c-GTP/dATP structure, also revealed only minor dif-
ferences (Fig. 3F). All residues important for catalysis (i.e. Asp-
218, His-210, and His-233) exhibit similar conformations, and
amino acids that interact with dNTPs, such as Gln-149, Leu-
150, Arg-164, Arg-206, Asp-309, Asp-311, Tyr-374, and Gln-
375, are also conformationally invariant. Only the His-215 side
chain is positioned differently: in the SAMHD1c-dGTP/dATP
structure, it flanks the guanine base of dGTP, whereas in the
SAMHD1c-GTP/dATP structure, it is flipped and points to the
nearest phosphate group of dATP. Interestingly, His-215
exhibits two different side chain conformations in the struc-
tures of SAMHD1c�-dGTP/dATP (PDB entry 4MZJ) (27).
Whether this side chain flip has consequences for catalysis is
not clear at this stage, although SAMHD1 per tetramer is a

much more active enzyme in the presence of GTP/dATP, com-
pared with dGTP/dATP (Fig. 3, G and H).

To evaluate whether structurally important residues in the
allosteric and catalytic sites are important for enzymatic activ-
ity, alanine substitution mutants were generated and interro-
gated for GTP/dATP-induced tetramerization (Fig. 4A) and
catalytic activity (Fig. 4B). Mutations in the primary allosteric
site (D137A, Q142A, and R145A) completely abolished tetra-
merization and catalytic activity. In contrast, single residue
changes in the secondary allosteric site (D330A and N358A) did
not significantly affect tetramerization or catalysis. Five residues in
the catalytic site (Gln-149, His-201, His-215, His-233, and Gln-
375) are essential for dNTPase activity but not for nucleoside
triphosphate-dependent tetramerization (Fig. 4, A and B).

DISCUSSION

SAMHD1 is a dGTP/dNTP- or GTP/dNTP-activated
dNTPase that converts dNTPs into deoxynucleosides and triphos-
phates. It plays an important role in innate immunity, targeting
retroviral infection by limiting the cellular dNTP pools, essen-
tial for reverse transcription (42– 45). Here we elucidated the
structural basis for the broad activity toward different dNTP
substrates through a series of different enzyme-dNTP/NTP
crystal structures (i.e. SAMHD1c-dGTP/dATP, SAMHD1c-
dGTP/dCTP, SAMHD1c-dGTP/dTTP, SAMHD1c-dGTP/
dUTP, and SAMHD1c-GTP/dATP). These structures reveal
that the primary allosteric site is exclusively binding dGTP or
GTP, whereas the secondary allosteric and the catalytic sites are
promiscuous and can accommodate different dNTPs.

Unique structural features of the two adjacent allosteric
nucleotide binding pockets set up distinct ligand binding spec-
ificities. Residues Asp-137, Gln-142, and Arg-145 in the pri-
mary allosteric site interact with the guanine base via a total of
five hydrogen bonds (Figs. 1B and 3D). The adenine base, the
other purine, cannot form the same type of hydrogen bonding,
because it lacks an NH2 group at the C2 position, and C�O of
guanine is replaced with NH2 in the adenine. Any single alanine
substitution of these three residues is sufficient to abolish
ligand-induced tetramerization and catalytic activity, suggest-
ing a strict conformational requirement for the allosteric site
(Fig. 4, A and B). By contrast, in the secondary allosteric site,
only one or two hydrogen bonds are formed between the pro-
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tein and the base of the dNTP (Figs. 1B and 3E), allowing for a
variety of dNTPs to be accommodated. Therefore, tetrameriza-
tion and catalysis are less affected by single alanine mutation in
this pocket (Fig. 4, A and B). The ability of SAMHD1 to bind a
GTP molecule in the primary allosteric site is facilitated by local
plasticity within the first �1-�2 hairpin (residues 113–129),
permitting a critical rotameric change of residue Ile-118 that
makes room for the additional C2� hydroxyl of the ribose in
GTP (Fig. 3, D and E). In the secondary allosteric site, the phenyl
ring of Phe-157 will not permit any C2� hydroxyl to fit in, thus
limiting the sugars to 2-deoxyriboses (25). Despite these unique
features around the base and sugar moieties, the triphosphate
groups of the two bound nucleoside triphosphates share a
Mg2� ion and engage in multiple charge and hydrogen-bond-
ing interactions with the surrounding basic residues. Other
dNTPases, including EF1143 from Enterococcus faecalis and
TT1383 from Thermus thermophiles, require two nucleotides
as allosteric activators, suggesting similar molecular mecha-
nisms of enzyme activation (46 – 49).

Because the cellular level of GTP is �1000-fold higher than
that of dGTP and it is not hydrolyzed by SAMHD1, it has been
suggested that GTP is the physiologically relevant, primary
activator of SAMHD1 (28 –30). NTP levels are relatively con-
stant in the millimolar range throughout the cell cycle, whereas
concentrations of dNTPs in cells are tightly regulated and range
from 20 nM in resting cells to 15 �M in actively dividing cells
(50). Analytical gel filtration analyses suggested that SAMHD1
can form a stable tetramer when the protein is primed with
GTP at 1 mM concentration, even for dNTP concentrations
below 1 �M (Fig. 2C). Further, dATP is the most potent cofactor
for inducing SAMHD1 tetramerization when it is paired with
GTP (Fig. 2, B and C), suggesting that these two molecules are
likely to be primary activators of SAMHD1 in the cell. Because
the concentration of GTP is relatively stable, the quaternary
states of SAMHD1 are probably modulated by dATP. Consis-
tent with this notion, SAMHD1-GTP/dATP proved to be by far
the most active enzyme when protein-ligand mixtures were com-
pared (Fig. 3, G and H). dATP also functions as an allosteric feed-
back inhibitor of ribonucleotide reductase, which converts all four
ribonucleotide diphosphates to deoxyribonucleotide diphos-
phates prior to conversion to dNTPs (51). The cellular level of
ribonucleotide reductase and its enzymatic activity is tightly regu-
lated during the cell cycle, safeguarding dNTP amounts at appro-
priate levels for specific cell states (51, 52). A recent study by Fran-
zolin et al. demonstrated that SAMHD1 is involved in the control
of dNTP concentrations of cycling cells (53). Therefore, our obser-
vation of dATP being the most potent allosteric activator of
SAMDH1 suggests that dATP plays a primary role in regulating
cellular levels of dNTPs, acting as an activator of SAMHD1 and as
an inhibitor of ribonucleotide reductase.
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