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The dNTP triphosphohydrolase activity of SAMHD1 persists during S-phase when
the enzyme is phosphorylated at T592
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ABSTRACT
SAMHD1 is the major catabolic enzyme regulating the intracellular concentrations of DNA precursors
(dNTPs). The S-phase kinase CDK2-cyclinA phosphorylates SAMHD1 at Thr-592. How this modification
affects SAMHD1 function is highly debated. We investigated the role of endogenous SAMHD1 phos-
phorylation during the cell cycle. Thr-592 phosphorylation occurs first at the G1/S border and is removed
during mitotic exit parallel with Thr-phosphorylations of most CDK1 targets. Differential sensitivity to the
phosphatase inhibitor okadaic acid suggested different involvement of the PP1 and PP2 families
dependent upon the time of the cell cycle. SAMHD1 turn-over indicates that Thr-592 phosphorylation
does not cause rapid protein degradation. Furthermore, SAMHD1 influenced the size of the four dNTP
pools independently of its phosphorylation. Our findings reveal that SAMHD1 is active during the entire
cell cycle and performs an important regulatory role during S-phase by contributing with ribonucleotide
reductase to maintain dNTP pool balance for proper DNA replication.
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Introduction

The Sterile α motif domain and histidine-aspartate domain-con-
taining protein 1 (SAMHD1) is a nuclear triphosphohydrolase
that cleaves all four deoxynucleoside triphosphates (dNTPs) to
deoxynucleosides and inorganic triphosphate. The catalytic activ-
ity is regulated by nucleoside triphosphate binding at two allosteric
sites, which induces the formation of a stable tetramer [1]. In
addition to the well-established dNTPase activity, single stranded
nucleic acid binding [2] and in vitro nuclease activity were
reported [3,4]. However, later data attributed the nuclease activity
to contaminants co-purifying with SAMHD1 and the question of
SAMHD1 harboring multiple functions is still debated [5].

SAMHD1 is expressed at variable levels in most human
tissues, especially in immune cells. It has been intensively
investigated as a host restriction factor that, in quiescent/
differentiated cells, limits HIV-1 and other viral infections
by lowering cellular dNTP concentrations under a threshold
critical for the synthesis of viral DNA [6].

SAMHD1 gene mutations are associated with the Aicardi-
Goutières syndrome (AGS), a severe inflammatory encephalo-
pathy characterized by inappropriate immune activation [7].
Both in AGS individuals and transgenic models the loss of
SAMHD1 results in increased cellular concentrations of dNTPs
[8]. SAMHD1 mutations occur in leukemias [9] and other types
of human cancer, suggesting that a surplus of dNTPs contributes
to cell transformation by affecting the fidelity of DNA synthesis.

SAMHD1 is a component of the enzyme network that con-
trols dNTP levels [10]. In mammalian cells the concentrations
of dNTPs are regulated with cell division cycle progression.
During S-phase, the pools expand due to the induction of

ribonucleotide reductase (RNR), the major anabolic enzyme
providing deoxynucleotides for DNA replication. Outside
S-phase, RNR activity is restricted by the ubiquitin-dependent
degradation of its R2 subunit [11,12], with concomitant con-
traction of dNTP pools. In G1 and in quiescent cells, p53R2, the
stable small subunit of RNR, provides dNTPs for DNA repair
and mitochondrial DNA maintenance [13]. SAMHD1 is pre-
sent during the whole cell cycle and prevents overproduction of
dNTPs. Nevertheless, it is still unclear if SAMHD1 activity and
protein concentration are regulated and whether SAMHD1
regulation is inversely related to that of RNR.

SAMHD1 is phosphorylated at threonine 592 (T592) by the
cell-cycle regulated kinases CDK2/1 [14–16]. Phosphorylated
T592 is believed to have a regulatory function but how it relates
to SAMHD1 activity and/or protein stability is still questioned.
Biochemical studies with recombinant phosphomimetic
(T592D/E) and non-phosphorylatable (T592A/V) SAMHD1
mutants yielded conflicting results regarding tetramer stability
and enzymatic properties [15,17–21]. In live cells, the effects of
SAMHD1 phosphorylation were investigated by ectopic over-
expression of SAMHD1 mutants and the restriction of viral
infection or dNTP pool decrease, both readouts of SAMHD1
activity. In PMA differentiated U937 cells, phosphomimetic
SAMHD1 mutants lacked retroviral restriction although they
decreased cellular dNTP concentrations as did wild type
SAMHD1 and its non-phosphorylatable mutants [15,20–22].
In proliferating cells, none of the tested SAMHD1 variants
blocked retroviral infection, presumably due to the high expres-
sion of RNR that opposed the catabolic activity of SAMHD1[22].
Interestingly, only the non-phosphorylatable SAMHD1mutants
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reduced the percentage of cells in S-phase and activated the
DNA damage check-point[18].

No study so far has investigated SAMHD1 dephosphoryla-
tion nor looked for the protein phosphatases involved.

With this background in mind we wished to address the
timing and role of SAMHD1 phosphorylation during cell
cycle progression. We chose the strategy of correlating endo-
genous SAMHD1 phosphorylation with the dNTP levels in
the individual phases of the cell division cycle, comparing
parental SAMHD1-proficient and SAMHD1-KO cell lines.
We investigated the regulation of SAMHD1 phosphorylation
by kinase and phosphatase activities in synchronized cultures.
Moreover, we tested the possibility that T592 phosphorylation
acts as a signal for degradation, by measuring the turn-over of
the protein in cycling cells. We suggest that SAMHD1 is a
long-lived protein, active in intact cells during the entire cell
division cycle independently of T592 phosphorylation, that
together with RNR adjusts the dNTP pools to the require-
ments of DNA synthesis during S-phase.

Results

The absence of SAMHD1 in THP-1 KO cells leaves the
expression of RNR subunits unaffected and causes a
strong increase in dNTP pools in all phases of the cell
cycle

It is still controversial if phosphorylation at T592 impairs
SAMHD1 dNTPase activity, since in vitro data obtained with
purified SAMHD1 variants do not match the effects of the same
mutants on the dNTP pools of transfected cells [15,20–22].
Considering that overexpression of an ectopic protein per se
might alter the physiological conditions, we chose to investi-
gate the phosphorylation of the endogenous protein. We used
THP-1 cells, a cell line spontaneously expressing high levels of
SAMHD1 for which a SAMHD1 KO derivative was already
available[23]. First, we assessed that the absence of SAMHD1 in
KO cells did not affect cellular growth or cell cycle distribution
(Figure 1(a)). Then, to detect the influence of SAMHD1 activity
on dNTP levels during cell cycle progression, we compared the
sizes of the four dNTP pools in the KO and parental THP-1
cells. To avoid possible alterations of the dNTP pools linked to
chemical synchronization, we separated unperturbed cycling
populations of the two lines by centrifugal elutriation and
obtained fractions highly enriched in G1, S, and G2/M-phase
(Figure 1(b)), from which we prepared samples for immuno-
blot and dNTP measurements. SAMHD1 was present in each
phase of the cell cycle only in the parental THP-1 cells. The
treatment of whole cell extracts with or without lambda-phos-
phatase, followed by phosgel electrophoresis, showed that
SAMHD1 was phosphorylated at T592 in S and G2/M and
dephosphorylated in G1 (Figure 1(c,d)). In both cell lines the
R2 subunit of RNR was absent in G1 and equally expressed in
the other phases, whereas the stable small subunit p53R2 and
the long-lived large subunit R1 remained constant, indicating
that DNA precursor synthesis by RNR was similar (Figure 1
(c)). The presence of cyclin A2 and cyclin B in the elutriated
fractions correlated with the expression patterns expected from
the flow cytometry data. The four dNTPs were measured in all

elutriated fractions and the size of each dNTP pool was calcu-
lated individually in G1, S and G2 as detailed in Experimental
procedures (Figure 1(e)). The lack of SAMHD1 in the KO
THP-1 cells was accompanied by enlarged dNTP pools in all
phases, but the pools still fluctuated during cell cycle progres-
sion, indicating that the induction of RNR activity was not
prevented by the unusually high concentrations of DNA pre-
cursors in G1 (Figure 1(e)). The fold increases of dNTP pools in
THP-1 KO over control cells differed between nucleotides, with
dTTP increasing relatively less than dGTP and dATP (Figure 1
(e)). A comparison of relative compositions of the pools in each
phase of the cycle in the two cell lines (Figure 1(f)) demon-
strates that the larger pools of the SAMHD1 KO cells were
imbalanced relative to the controls.

In proliferating cells the sizes of dNTP pools reflect the
relative levels of synthesis, degradation and consumption for
DNA synthesis. The two THP-1 lines grew at the same rate
and with the same percentage of S-phase cells that expressed
equal levels of RNR subunits. These features indicated that
precursors synthesis by RNR and consumption for DNA
replication were identical in the two lines during S-phase. If
phosphorylation of T592 had inhibited SAMHD1 activity in
wild type cells, their dNTP pools would have been similar to
those in KO cells. Our data show that the pool differences
between parental and SAMHD1 KO cells persisted during
S-phase and peaked in G2/M, when DNA replication was
over and RNR was still active due to the presence of R2
(Figure 1(e)). These observations strongly indicate that during
the entire cell cycle SAMHD1 retained its dNTPase activity
independent of phosphorylation at T592.

We wondered if other enzymes of dNTP catabolism were
upregulated in the absence of SAMHD1, contributing to the
containment of the dNTP pools. The activity of the major
cytosolic 5ʹ-deoxynucleotidase (cdN) [24] was unchanged in
whole cell extracts of KO and wild type THP-1 cells (mea-
sured specific activity 14.6 mU/mg in wild type and 15.4 mU/
mg in KO cells), which suggests that SAMHD1 deficiency
does not lead to induction of cdN expression. 5ʹ-nucleotidases
are enzymes with relatively high kms and their activities are
regulated by the concentration of the substrates [24]. This
mechanism is clearly not sufficient to maintain normal
dNTP pool sizes in cells depleted of SAMHD1.

Our results show that the loss of endogenous SAMHD1
activity causes quantitative and qualitative alterations of DNA
precursor pools during the entire cell cycle, indicating that the
phosphorylation at T592 does not inactivate SAMHD1.
Interestingly, with the exception of dCTP, the KO/control
ratios of dNTP concentrations tended to be lower in S phase
than in G1 and G2, which may reflect a partial attenuation of
SAMHD1 activity during S phase.

The phosphorylation of SAMHD1 T592 starts at the G1/S
transition by CDK2 complexed with cyclin E or cyclin A2

Since we had found a sharp difference between G1 and S-phase in
relation to T592 phosphorylation, we wished to define the timing
of the appearance of pT592 in not transformed cells. We used a
double thymidine block to obtain satisfactory synchronization of
normal human lung fibroblasts at the G1/S border. After release of
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the block, the progression into S-phase was assessed by flow
cytometry and by immunoblotting with several cell cycle markers
(Figure 2(a)). As expected, cyclin E was present at the G1/S border
and decreased as cells advanced into S phase, cyclin A2 accumu-
lated during S and into G2, while cyclin B increased in G2/mitosis.
SAMHD1 was present in all the phases and actually increased in
confluent G1- and serum-starvedG0 cells (Figure 2(a)), consistent
with previous results[10]. In G1 and G0 T592 was not phosphory-
lated. The appearance of T592phosphorylation correlatedwith the
presence of cyclin E and cyclin A2 and it was maintained until
mitosis. We confirmed this data in protein extracts of HeLa cells
synchronized by double thymidine block, previously used to
monitor the cell cycle-related assembly of origin recognition com-
plexes [25], (Figure 2(b)).

We hypothesized that cyclin E complexed with CDK2 might
be directly involved in SAMHD1 phosphorylation just before

the onset of DNA replication. In order to further confirm our
data we tested whether cyclin E, similar to cyclin A2 [14,16],
interacts directly with SAMHD1. We prepared full-length or
deletion derivatives of human SAMHD1 fused at the
N-terminus with GST (upper panel of Figure 3(a)) and tested
their ability to pull down in vitro translated S35-labeled cyclins
E and A2. In agreement with previous results, full length
SAMHD1 interacted with cyclin A2 and the C terminus was
necessary for the interaction. Like cyclin A2, we found that
cyclin E also bound to the C-terminus of SAMHD1 (lower
panel of Figure 3(a)). In addition, when incubated with purified
CDK2 complexed with either cyclin A2 or cyclin E, wild type
SAMHD1, but not the T592A mutant, was efficiently phos-
phorylated by both kinases (Figure 3(b)). Together, the cell
cycle synchronization experiments and the in vitro kinase
assays suggest that the phosphorylation of SAMHD1 T592 is

Figure 1. dNTP pools in different phases of the cell cycle in SAMHD1-KO and parental THP-1 cells. A. cell proliferation curve and cell cycle analysis of THP-1 cells
knock-out for SAMHD1 (KO – dashed line) and the parental control (wt – solid line). Bars: Mean ± standard error for n = 3 values. B. Representative image of the cell
cycle distribution of THP1 cells before (A = asynchronous population) and after centrifugal elutriation (G1, S and G2/M enriched sub-populations). C. Immunoblotting
for SAMHD1, RNR subunits and cell cycle markers in each enriched sub-population of wt and KO THP-1 cells. Beta-actin: loading control. SAMHD1 was detected using
a mouse polyclonal antibody D. Phosphorylated SAMHD1 was detected after electrophoresis in a phosgel using an antibody directed against pT592 (α-pSAMHD1)
and a rabbit polyclonal antibody recognizing both the phosphorylated and the non-phosphorylated form (α-SAMHD1). Before electrophoresis, parallel samples were
treated with (+) or without (-) lambda phosphatase (lambda PP). E. Comparison of dNTP pool sizes in wt and KO THP-1 cells in the indicated phases of the cell cycle.
In the individual phases the level of each dNTP was calculated as detailed in Experimental procedures. The fold increase of each dNTP in KO cells relative to the wt is
reported for each phase of the cycle. Bars: Mean ± standard deviation for n = 6 values. F. The composition of the dNTP pools in each phase of the cycle for wt and
KO cells, evaluated from the ratios between pmoles of dATP, dTTP or dCTP and pmoles of dGTP under each condition.
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initiated before S-phase by the cyclin E-CDK2 complex and is
maintained by cyclin A2-CDK2.

SAMHD1 is a stable protein in cycling cells

Earlier reports identified SAMHD1 as an interacting partner
of Skp2 in proliferating cells [16]. Skp2 is a component of the
SCF ubiquitin ligase that recognizes phosphorylated proteins
and regulates the proteolytic events driving cells through the
G1/S transition. Considering the onset of T592 phosphoryla-
tion at the G1/S border, we asked whether phosphorylated
SAMHD1 might be a substrate of the SCF ligase via Skp2 and
be targeted to proteasomes. For this purpose we performed
experiments in U2OS cells which can be efficiently transfected
and have been previously used to study cell cycle related
events. In co-immunoprecipitation experiments with extracts
from U2OS cells transiently expressing GFP-tagged wild type
or T592A SAMHD1, wild type SAMHD1 co-immunoprecipi-
tated with Skp2 and other cell-cycle related markers such as
cyclin A2, CDK2 and CDK1 (Figure 4). However, the inter-
action of the non-phosphorylatable T592A mutant with Skp2
and CDK2/1 was weaker, whereas the phosphorylation status
of SAMHD1 only marginally affected the interaction with
cyclin A2. Interestingly, CDK2 was not bound to the non-
phosphorylatable SAMHD1, suggesting that active phosphor-
ylation of SAMHD1 is required to establish complexes con-
taining cyclin A2, CDK2 and Skp2 (Figure 4).

To determine whether the proteasome is involved in the degra-
dation of endogenous SAMHD1 as cells enter S-phase, we treated
human fibroblasts synchronized at the G1/S boundary with the
proteasome inhibitor MG132 (Suppl Figure 1). We found that
during S-phase a 2 h treatmentwithMG132 stabilized p53, leading
to an increase of its transcriptional target p21, a potent inhibitor of
CDK2, and to S-phase arrest. Accordingly, we found inhibition of

SAMHD1 phosphorylation in the S-phase arrested cells (Suppl
Figure 1 A-C).

To circumvent the cell cycle arrest due to MG132 treat-
ment, we treated the synchronized fibroblasts with MLN4924.
MLN4924 blocks the activation of cullin-RING ubiquitin
ligases, including SCFskp2 and CRL4Cdt2 which both operate
during S phase and could be involved in the degradation of
phosphorylated SAMHD1. We found that MLN4924 treat-
ment did not affect cell cycle progression or cause accumula-
tion of SAMHD1 (Suppl Figure 1D), which suggested that in
cycling cells SAMHD1 concentration is unlikely to be regu-
lated by ubiquitin-dependent degradation.

In order to further investigate whether SAMHD1 is
subject to rapid proteolytic control, we determined the
half-life of the protein. A U2OS cell line was constructed
to express a tet-inducible SAMHD1 tagged with GFP at its
N-terminus. These inducible cells were incubated with 0.1
to 1 µg/ml tetracycline for 24 h, resulting in a dose-
dependent accumulation of the fusion protein (Figure 5
(a)). Cell cycle progression was unaffected, despite the
high level of ectopic SAMHD1 compared to the endogen-
ous protein. The dGTP pool decreased (not shown), indi-
cating that SAMHD1-GFP was catalytically active. After
removing the inducer, we followed the disappearance of
SAMHD1 mRNA and protein (Figure 5(b–d)). Irrespective
of the dose of tet used, the mRNA declined rapidly and
within 6–8 h reached a stable level close to that of the
non-induced cells (Figure 5(b)), while the level of GFP-
SAMHD1 halved only after 24 h (Figure 5(c,d)). Using
both anti-SAMHD1 and anti-GFP antibodies we found
no sign of degradation products linked to the overexpres-
sion. Considering the low level of mRNA after 8 h from
tetracycline removal, we calculated for the protein a half-
life of at least 16 h. We assessed the phosphorylation of
GFP-SAMHD1 using the antibody specific for pT592 and

Figure 2. Phosphorylation status of SAMHD1 during cell cycle progression in normal human fibroblasts (A) and transformed cells (B). A. Cycling lung fibroblasts were
synchronized by double thymidine block and released. Confluent fibroblasts were maintained for 48 h in medium with 10 or 0.1% serum. The top panel shows the
cell cycle profiles at the indicated times after release and at confluence. The lower panels show the expression levels of SAMHD1 detected by an antibody directed
against phosphoT592 (pSAMHD1) and a mouse monoclonal antibody recognizing both the phosphorylated and non- phosphorylated forms of SAMHD1 (SAMHD1).
Cyclin E, A2 and B were used as cell cycle markers and beta-actin as a loading control. B. Whole cell extracts of HeLa cells synchronized by double thymidine block
were analyzed for expression of SAMHD1 with the same mouse monoclonal recognizing both forms of SAMHD1. The phosphorylated form appears as a slower
migrating band (empty arrow) compared to the non-phosphorylated form (black arrow). The cell cycle markers cyclin E, cyclin A and histone H3-S10-phosphorylation
are those analyzed in the same experiment and data for these markers was published in Figure 2B of Kara et al [25].
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found that the phosphorylated form decreased similarly to
the non-phosphorylated one (Figure 5(c)). In line with our
previous data with SAMHD1-silenced fibroblasts where
the protein declined slowly in the absence of SAMHD1
mRNA [10], these results suggest that in proliferating cells
SAMHD1 is a stable protein and phosphorylation does not
fast SAMHD1 turn-over.

SAMHD1 is dephosphorylated during mitotic exit in
parallel with pThr-CDK substrates

As cells exit mitosis, CDK1 is inhibited and most of its
substrate proteins are dephosphorylated by protein phospha-
tases [26]. Since phosphorylation of T592 depends on CDK2/1
activity, persists in mitosis and is absent in G1 (Figure2(a,b)),
we asked whether SAMHD1 was dephosphorylated before the
cell divides. To study the events taking place during mitosis,
we turned to human retinal cells (hRPE-1 line) that can be
efficiently synchronized in mitosis.

First we followed the presence of pT592 SAMHD1 in
hRPE-1 cells synchronized in mitosis by nocodazole treatment
and then released to allow mitotic exit and transition into G1-
phase. The presence of the markers cyclin A and B and the
absence of the R2 subunit of RNR demonstrated that the cells
had completed G2 and were in mitosis, whereas the entrance
into early G1 phase was demonstrated by the disappearance of
these three markers and the doubling of cell number from 1.5
million to 3.3 million cells within 2 h after re-plating the
isolated mitotic cells. SAMDH1 was phosphorylated in noco-
dazole-arrested hRPE-1 cells and was completely depho-
sphorylated soon after cytokinesis (Figure 6(a)).

Then we examined the timing of SAMHD1 dephosphoryla-
tion during synchronized mitotic exit obtained by a two-step
synchronization protocol [27, 28]. Briefly, cultures were first
enriched of mitotic cells by overnight treatment with nocoda-
zole. Prometaphases were collected through gentle mitotic
shake-off and re-plated. Then the CDK1 inhibitor RO3306
(Figure 6(b)) was added to induce a highly synchronized mito-
tic exit in the presence of MG132 to minimize the loss of
phosphorylated proteins via degradation. We applied this pro-
tocol to hRPE-1 cells and collected samples for immunoblot-
ting. Securin and cyclin B levels weremonitored as indicators of
APC/Ccdc20 activity, phospho-histone H3 (Ser10) (pH3S10)

Figure 3. Cyclin E/CDK2 phosphorylates SAMHD1 in vitro. A. In vitro interaction
between SAMHD1 and cyclin/CDK complexes. Top panel: schematic representa-
tion of GST-SAMHD1 constructs (GST in grey, SAMHD1 in white) used for in vitro
pull down assays with cyclin E or cyclin A2. The full-length GST-SAMHD1 or the
indicated fragments were bound to Glutathione agarose resin and then incu-
bated with in vitro translated [S35]-labeled cyclin E or cyclin A2. Beads were
isolated and bound proteins were separated by gel electrophoresis and visua-
lized by autoradiography or Coomassie staining. B. In vitro kinase assay. Purified
recombinant his- tagged wild type SAMHD1 (wt) or the non-phosphorylatable
mutant T592A were incubated with recombinant cyclin A2/CDK2 or cyclin E/
CDK2 in the presence of 1μCi [γ-32P]-ATP. Reactions were separated by SDS-
PAGE and visualized by autoradiography or Coomassie staining.

Figure 4. T592 phosphorylation favors SAMHD1 interaction with Skp2. U2OS
cells were transiently transfected with a plasmid coding for GFP-tagged wild
type SAMHD1 (wt) or non-phosphorylatable T592A SAMHD1 or the empty vector
(GFP). After 48h cells were lysed and proteins immunoprecipitated (IP) from
detergent extracts via the GFP tag. SAMHD1 and the indicated proteins were
detected in immune-complexes and extracts by immunoblotting. Red Ponceau is
used as loading control for protein extracts and shows the immune-complexes
after IP.
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wasmonitored as amarker of condensedmitotic chromosomes,
and we followed the dephosphorylation of CDK substrates with
anti phospho-threonine (pThr-CDK) and anti phospho-serine
(pSer-CDK) antibodies. After RO3306 addition, securin and
cyclin B remained stable due to the presence of the proteasome
inhibitor, while the disappearance of pH3S10 marked the
entrance into anaphase [29], (Figure 6(c)). Significant depho-
sphorylation of pThrCDK sites occurred within 15 min after
RO3306 addition, whereas dephosphorylation of pSerCDK sites
was slower, reflecting differential dephosphorylation patterns
during mitotic exit [27]. Turning to SAMHD1, dephosphoryla-
tionwas apparent within 15min (Figure 6(c)) showing the same
pattern of dephosphorylation of pThr-CDK substrates (lower
panel in Figure 6(c)). This rapid dephosphorylation of
SAMHD1 was confirmed using phosgel with an antibody spe-
cific for the phosphorylated form. Using the same protocol we
evaluated SAMHD1 dephosphorylation during mitotic exit in
the tumor cell line U2OS and confirmed that the pattern of
dephosphorylation of SAMHD1 paralleled that of pThr-CDK
substrates (Supp Figure 2).

Considering that some phosphorylated proteins may be
degraded in proteasomes during mitotic exit, we repeated the
experiment monitoring SAMHD1 in the presence or absence of
MG132 (Figure 6(d)). The persistence of APC/Ccdc20 substrates
(securin and cyclin B) assessed the effectiveness of the MG132
treatment during mitotic exit. The kinetics of dephosphorylation
of both pThrCDK and pSerCDK sites were not affected by the

block of proteasome activity (Figure 6(d)). Immunoblotting for
SAMHD1 with both the antibody detecting total SAMHD1 and
the antibody specific for pT592 after phosgel electrophoresis
showed that neither the timing of dephosphorylation nor the
amount of pSAMHD1 were influenced by proteasome inhibition,
suggesting that protein degradation did not play a role in regulat-
ing SAMHD1 at the end of mitosis.

Our data indicate that SAMHD1 is one of the target proteins
that must be dephosphorylated in preparation for the G1 phase.

The dephosphorylation of SAMHD1 depends on the
activity of different phosphatases

During mitotic exit the rise of phosphatase activities com-
bined with the decline of kinase activities re-establish the low
level of protein phosphorylation characteristic of G1 cells. In
yeasts Cdc14 is the primary phosphatase counteracting CDK1
activity. In human cells Cdc14 does not appear to play a
central role, but protein phosphatases of the PP1 and PP2A
superfamilies are the major enzymes that reverse CDK1 action
[26]. We wondered whether Cdc14 or members of the PP1–2
superfamilies were involved in SAMHD1 dephosphorylation
during mitotic exit. We compared the timing of pSAMHD1
dephosphorylation in a hRPE-1 line KO for the Cdc14A iso-
form [30] and in its parental line, but did not detect any
difference between the two lines (data not shown). It is there-
fore unlikely that Cdc14A dephosphorylates SAMHD1 during

Figure 5. Turn-over of SAMDH1 in proliferating U2OS cells. A. The expression of GFP-tagged SAMHD1 was induced in U2OS cells stably transfected with a tetracyclin-
inducible vector by treatment with different doses of tetracycline (tet) for 24 h and analyzed by immunoblotting. The lower panel reports a representative
immunoblot of endogenous SAMHD1 (Endo-SAMHD1) and ectopically expressed GFP-SAMHD1. B. After tet removal the decline of the induced mRNA was followed by
RT-PCR. The level of mRNA is reported as fold increase relative to that of not induced transfected cells (dashed line). C. The amount of GFP-SAMHD1 was determined
by immunoblotting using antibodies against SAMHD1 and GFP. Representative immunoblots of total GFP-SAMHD1 (α-SAMHD1) and phosphorylated GFP-SAMHD1 (α-
pSAMHD1) in samples induced for 24 h with 1 µg/ml tet and chased in the absence of tet for the indicated times. Beta actin: loading control. NI = not induced. D.
Densitometric analysis was performed for GFP-SAMHD1, normalized for beta-actin and expressed as percentage relative to the protein level at 0 time. Bars in A.B. and
D: Mean ± standard error, n = 3.
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Figure 6. Kinetics of SAMHD1 dephosphorylation during mitotic exit in hRPE-1 cells.
A. hRPE-1 cells were synchronized in prometaphase by 16 h nocodazole treatment (100 ng/ml), mitotic cells were detached by gentle shake-off and seeded in fresh
medium. Samples were collected without nocodazole synchronization (A), immediately after shake-off (M) and after 2 h in fresh medium (early G1) and analyzed by
immunoblotting. SAMHD1 was detected by a mouse monoclonal antibody recognizing both the phosphorylated (empty arrow) and the non-phosphorylated form
(black arrow) as indicated by a band shift. Cyclin A2, cyclin B and R2, the S-phase induced small subunit of ribonucleotide reductase, are used as cell cycle markers.
GAPDH: loading control. B. Schematic diagram of the protocol used to synchronize mitotic exit in hRPE-1 cells. Samples were collected in prometaphase and during
mitotic exit at the indicated time points after RO3306 addition. The proteasome inhibitor MG132 was present 15 min before RO3306 addition and during mitotic exit.
C. hRPE-1 cells were synchronized as in B and whole cell extracts were immunoblotted for cyclin B, securin, phospho-Histone H3(Ser10) (pH3S10), pThr-CDK
substrates, pSer-CDK substrates and beta-actin (loading control). In the same experiment SAMHD1 phosphorylation was analyzed as in A. by electrophoresis in a
phosgel using the antibody against phospho T592 (pSAMHD1) after pre-treatment in the presence (+) or absence (-) of lambda phosphatase (PP). Empty arrow:
pSAMHD1, black arrow non-phosphorylated SAMHD1. Decay of protein phosphorylation was evaluated from the relative intensities of pSAMHD1, pThr-CDK
substrates and pH3S10 normalized for beta-actin and the level of phosphorylation at 0 min, taken as 100%. Bars: Mean ± standard error for n = 4 values. D.
hRPE-1 cells were synchronized as in B. After RO3306 addition one set of cultures was treated with proteasome inhibitor MG132 (RO3306 +MG132). Samples were
collected at 0–5-15–30 min during mitotic exit and immunoblotted for cyclin B, securin, pThr-CDK substrates, pSer-CDK substrates and beta-actin (loading control).
SAMHD1 was analyzed as described in C. *non-specific band
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mitotic exit, even if we cannot exclude some compensatory
activity by isoform Cdc14B.

Next we investigated if the major mitotic phosphatases, PP1
and PP2A, are involved in SAMHD1 dephosphorylation. The two
classes of enzymes can be distinguished on the basis of their
differential sensitivity to the inhibitor okadaic acid (OKA)[31].
We treated prometaphase hRPE-1 cells withOKAbefore and after
RO3306 addition and collected samples for immunoblotting
(Figure 7(a)). Compared to no OKA treatment, the disappearance
of pT592 was only slightly delayed by the lower dose of OKA
(400 nM) whereas with the higher dose (1600 nM) the pT592
signal persisted and actually increased, independent of the pre-
sence of MG132 (Figure 7(b)). During the treatments with OKA
the pT592 signal changed in parallel with that of pThr-CDK
substrates. Securin and cyclin B disappeared rapidly while the
decline of pH3S10 and pThr-CDK substrates was OKA dose
dependent (Figure 7(c)). Considering that in human cells OKA
doses below 1 µM are reported to be ineffective against PP1
phosphatases [32,33], our data point to an involvement of phos-
phatase(s) of the PP1 superfamily in the dephosphorylation of
SAMHD1 during mitosis.

We asked if the level of pT592 is modulated by phospha-
tase activity also during S-phase. For this purpose, asynchro-
nous proliferating hRPE-1 cells, containing only a small
fraction of mitoses, were treated with OKA for different
times. We found that a low concentration of OKA (100–
400 nM) increased pSAMHD1 over the non-phosphorylated
form (Figure 7(d)). Similarly, in asynchronous THP-1 cultures
(≥40% S-phase) analogous concentrations of OKA induced a
marked accumulation of pSAMHD1 (Figure 7(e)) indicating
that in cycling cell populations SAMHD1 is actively depho-
sphorylated by PP2 phosphatases.

Taken together our results indicate that the phosphoryla-
tion state of SAMHD1 at T592 is finely regulated and results
from the interplay between kinase and phosphatase activities
controlling events important in cell cycle progression.

Discussion

In mammalian cells the concentrations of deoxynucleotides are
adjusted to the requirements of nuclear DNA synthesis. RNR
and SAMHD1 are the major regulators of the intracellular

Figure 7. Okadaic acid treatment maintains SAMHD1 phosphorylation in normal and transformed cells. Okadaic acid was added to hRPE-1 cells during synchronous
mitotic exit (A-C), and to asynchronous populations of hRPE-1 (D) or THP-1 cells (E). A. Schematic diagram of the experiment for hRPE-1 cells. Prometaphases of
nocodazole synchronized cells were incubated with okadaic acid (OKA) before RO3306 addition and during mitotic exit in the presence (+MG132) or absence
(-MG132) of proteasome inhibitor MG132. Samples were collected at the indicated times. B. hRPE-1 cells were synchronized and treated with 400 or 1600 nM OKA as
indicated in A. Whole cell extracts were analyzed by immunoblotting using the antibody against phospho T592 (pSAMHD1) after pre-treatment with (+) or without (-)
lambda phosphatase (PP) and electrophoresis in a phosgel. C. The mitotic markers (pThr-CDK substrates, cyclin B, securin, pH3S10) and loading control (beta-actin)
were analyzed in parallel. D. asynchronous proliferating hRPE-1 cells and E. THP-1 cells were treated with OKA as indicated. Whole cell extracts were analyzed for
pThr-CDK substrates or for CK2alpha kinase as positive controls for OKA treatment. SAMHD1 was detected either by an antibody recognizing both the
phosphorylated (empty arrow) and the non-phosphorylated form (black arrow) or by anti pSAMHD1 antibody after electrophoresis in a phosgel after pretreatment
with (+) or without (-) lambda phosphatase (PP).
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concentrations of dNTPs. In S-phase the induction of the R2
subunit of RNR and the phosphorylation of SAMHD1 at T592
by the S-phase CDK complexes suggested a concerted regula-
tion between the two opposite enzymatic activities. In our
previous work [10] we suggested that SAMHD1 exerts its activ-
itymainly inG1-phase and in quiescent cells. Here we show that
SAMHD1 regulates the DNA precursors during the entire cell
cycle. In particular, we find that SAMHD1 is still active in
S-phase when it is totally phosphorylated at T592.

Indirect evidence that SAMHD1 is functional even in
cycling cells with high dNTP pools comes also from two
recent reports that tested the sensitivity to some nucleoside
analogs in cancer cells and in cells permissive to HIV-1
infection [34,35].

While it is understandable why SAMHD1 may be useful to
prevent an accumulation of dNTPs outside S-phase, it is
unclear why SAMHD1 should degrade DNA precursors
when they are needed during genome replication.
Considering that a surplus of dNTPs is detrimental to the
fidelity of DNA replication in both bacteria and eukaryotes
[36–38], we hypothesize that SAMHD1 activity in S-phase is
essential to contain the huge expansion of DNA precursors
due to the induction of the ribonucleotide reductase subunit
R2 and to maintain balanced dNTP pools in cooperation with
RNR activity. Catabolic SAMHD1 and anabolic RNR show
striking similarities in their allosteric properties, with allos-
teric sites binding dNTPs and controlling the activity at the
catalytic site. It is intriguing that the same nucleotide, dATP,
is a feed-back allosteric inhibitor of RNR, switching off the
production of cellular dNTPs, and an efficient allosteric acti-
vator of dNTP degradation by SAMHD1 [1,39]. Such coordi-
nated allosteric feedback inhibition of both enzymes would
maintain dNTP levels at a proper and balanced level during
DNA replication.

SAMHD1 is phosphorylated at different sites, but only
pT592 was found to be related to the state of cellular growth,
being present only in proliferating cultures [15,21]. Previous
work by Yan et al. showed that pT592 is present in S and G2/
M in subpopulations of leukocytes isolated by cell sorting
[18]. Here we followed the phosphorylation pattern of T592
during cell cycle progression in synchronized living cells and
found that it is intimately linked to kinase and phosphatase
activities controlling cell cycle progression.

We propose an involvement of Cyclin E/CDK2 in
SAMHD1 phosphorylation which occurs just before DNA
replication begins. Cyclin E is regulated by E2F and controls
DNA replication at the G1/S transition, stimulating the
assembly of replication complexes and licensing of replication
origins, whereas cyclin A activates origin firing and DNA
synthesis [40]. Substrate specificities of cyclins E and A over-
lap [41], which accounts for the participation of both cyclins
to SAMHD1 phosphorylation.

During mitotic exit a timely dephosphorylation program coor-
dinates and regulates the events in anaphase, telophase and cyto-
kinesis leading to proper cell division. In our analysis we found
that the absence of pT592 in G1-phase is due to phosphatase(s)
acting in parallel on SAMHD1 and on the bulk of CDK target
proteins during mitotic exit. It remains to be investigated why
SAMHD1, an enzyme involved in the control of the cellular

concentrations of DNA precursors is one of the phosphatase
substrates during mitotic exit.

We tried to identify the phosphatase involved in the pro-
cess using chemical inhibition, because individual knockdown
of phosphatases causes cell cycle arrest at earlier stages of
mitosis. We took advantage of the 10–100 fold differential
selectivity of the cell-permeable inhibitor okadaic acid (OKA)
for PP2A over PP1 with active concentrations below 1 µM
reported as specific for PP2A in human cell lines [32,33]. The
requirement for ≥1 µM OKA to fully inhibit SAMHD1
dephosphorylation during mitotic exit suggests the involve-
ment of the PP1 family of phosphatases. In addition, the
absence of a recognition sequence for phosphatase PP2/B55
substrates[42] (a bipartite positive-charged polybasic motif
surrounding the central CDK consensus site) in human
SAMHD1 protein provides a further evidence for this
hypothesis.

Interestingly, we noticed the that okadaic acid was effective
at doses below 1 µM in asynchronous populations with ≤10%
mitotic cells. This finding indicates an involvement of PP2A
phosphatases outside mitosis and suggests that different phos-
phatases are implicated in SAMHD1 dephosphorylation in
different cell cycle phases. These experiments, however, did
not allow the identification of specific members of the two
super-families acting on SAMHD1.

Earlier, we suggested that T592 phosphorylation may be a
signal for SAMHD1 degradation during S-phase [10,43]. Here
we showed that SAMHD1 co-immunoprecipitates with Skp2 in
a phosphorylation dependent manner but we could not detect an
increase of SAMHD1protein after inhibition of the proteasome or
of protein neddylation. Moreover, we could not determine accu-
rately the abundance of SAMHD1 in the individual phases of the
cycle in synchronized or elutriated cells since the results obtained
by immunoblotting were strongly influenced by the type of anti-
body (mouse or rabbit) and the specific batch used for the analysis.
In protein extracts treated ± lambda phosphatase we found that
the intensities of the phosphorylated and non-phosphorylated
bands in the untreated samples did not add up in the single non-
phosphorylated band recovered after the treatment. Therefore, we
investigated the turn-over of SAMHD1, that might reveal a rapid
proteolytic control. Ectopic expression of GFP-SAMHD1 was
induced in actively diving U2OS cells (≈ 40% in S-phase) and
the protein half-life wasmeasured during a chase in the absence of
the inducer. In contrast to a recent publication [44] but in agree-
ment with our previously published data [10], we found that
SAMHD1 behaves as a stable protein in proliferating cells, sug-
gesting that its phosphorylation is unlikely to trigger rapid
degradation.

The question of why SAMHD1 is phosphorylated remains
open. Remarkably, the timing of SAMHD1 phosphorylation is
the same in normal and tumor cells, suggesting a general reg-
ulatory mechanism, independent of cell transformation.
Phosphorylation may modify the interactions of the protein
with some as yet unidentified factor, modulating SAMHD1
functionality or sub-nuclear localization without turning off
enzyme activity. On the other hand, we observed that the
SAMHD1 mutant that cannot be phosphorylated still binds to
cyclin A but it fails to co-immunoprecipitate the ubiquitin ligase
subunit SKP2. Based on this observation, we suggest that
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phosphorylated SAMHD1 could form an active ubiquitin-ligase
complex with SKP2 or Cyclin F, a related F-box protein, to
control the level of a protein associated with SAMHD1.
Alternatively, SAMHD1 phosphorylation may have no specific
function, but be a side-effect of CDK activation at the onset of
S-phase. We are examining these possibilities.

Experimental procedures

Cell lines and cell growth
Human lung fibroblasts (CCDLu34) from the American Type
Culture Collection were maintained in DMEM with 4.5 g
glucose/L (Gibco Cat. 31,966–021) + 10% (vol/vol)
FCS + nonessential amino acids + 20 mM Hepes buffer pH
7.4. Human retinal epithelial cells immortalized with hTERT
(hRPE-1) knock-out for Cdc14A and parental control cells
were a gift of Dr Elmar Schiebel and were grown in DMEM/
F-12 (1:1) (Gibco Cat. 11,320–074) + 10% (vol/vol) FCS.
Human monocytic cells (THP-1) knock-out for SAMHD1
and matched controls were donated by T. Gramberg and
cultured in RPMI (Gibco Cat. 61,870–010) with + 10% (vol/
vol) FCS. Human osteosarcoma cells (U2OS) were grown in
DMEM with 4.5 g glucose/L + 10% (vol/vol) FCS. All cell lines
were tested negative for the mycoplasma contamination.

U2OS were either transiently transfected with the consti-
tutive expression vector pEGFP-C1 coding for SAMD1 (see
Immunoprecitation) or stably transfected with a vector for
Tet-inducible overexpression of wild type GFP- SAMHD1 to
study the turn-over of SAMHD1 protein. Briefly, human
wild type GFP- SAMHD1 was cloned into plasmid pcDNA
5/FRT/TO (Life Tecnologies) under the control of a tetracy-
cline-regulated CMV-based promoter. The plasmid was inte-
grated into FRT-U2OS-TRex osteosarcoma cells via FRT-
mediated recombination, and the integrated transgene was
selected with hygromycin. Expression of GFP-SAMHD1 was
assessed following treatment of cells with various concentra-
tions of tetracycline.

Reagents and antibodies
Thymidine (Sigma Cat. T9250), Nocodazole (Sigma Cat.
M1404), MG132 (Selleckchem Cat. S2619), Okadaic acid
(AdipoGen Cat. AG-CN2-0056), RO3306 (Sigma Cat.
SML0569), Hygromycin B (Invitrogen Cat. 10,687–010),
Tetracycline (Sigma Cat.T7660). The primary antibodies
directed against the following proteins were: anti-SAMHD1
(mouse monoclonal Abcam, Cat. ab128107; mouse polyclonal
Abcam, Cat. ab67820; rabbit polyclonal Proteintech, Cat.
12,586–1-AP), phospho-Thr592 SAMHD1 (rabbit polyclonal
ProSci, Cat. 8005), anti-Cyclin A2 (mouse monoclonal Cell
Signaling, Cat. 4656), anti-Cyclin B1 (mouse monoclonal
Santa Cruz, Cat. Sc-245), anti-Cyclin E (rabbit monoclonal
Abcam, Cat. Ab33911), anti-beta actin (mouse monoclonal
Sigma Cat. A5316), anti-Skp2 (rabbit polyclonal Santa Cruz,
Cat. Sc-7164), anti-Securin (mouse monoclonal Abcam, Cat.
Ab3305), anti-GFP (rat monoclonal Cromotek, Cat.
ABN670671), anti-phospho-Histone H3 Ser10 (rabbit poly-
clonal Cell Signaling, Cat. 9391), anti-phospho-Threonine-
Proline (mouse monoclonal Cell Signaling, Cat. 9391), anti-

phospho-CDK substrate motif (k/H)pSP (rabbit monoclonal
Cell Signaling, Cat. 9477), anti WAF1/p21 (mouse monoclo-
nal Calbiochem, Cat. OP64), anti-R2 (goat polyclonal Santa
Cruz, Cat. sc-10,844), anti-R1 (mouse monoclonal Millipore,
Cat. JC1650209), anti-p53R2 (goat polyclonal Santa Cruz, Cat.
sc-10,840), anti-CK2α kindly donated by prof. A. Donella
(Department of Molecular Medicine, University of Padova).

Cell cycle synchronization
For synchronization at the G1/S border, CCDLu34 were cul-
tured in the presence of 2 mM thymidine for 16 h, washed
with warm medium and maintained in fresh medium without
TdR for 8 h. After additional 16 h in thymidine, cells were
washed and released in fresh medium. To trap RPE-1 and
U2OS cells in metaphase, 100 ng/ml nocodazole was added to
fresh medium. After 17 h of incubation floating cells were
removed by shake-off, centrifuged and incubated in fresh
medium with 10 µM MG132 for 15 min. Then mitotic cells
were forced to undergo mitotic exit by addition of 10 µM
RO3306.

Immunoblotting
Pellets of 1-2 million cells were washed with PBS and lysed in
radio-immunoprecipitation assay (RIPA) buffer (10 mM Tris-
HCl, pH 7.4, 100 mM NaCl, 1% sodium deoxycholate, 0.1%
SDS, 1% Nonidet P-40) containing a mixture of protease and
phosphatase inhibitors for mammalian cells (Roche Applied
Science). The extracts were incubated at 4°C for 30 min and
then centrifuged at 19,000 × g for 10 min. The protein con-
centration of cleared supernatants was determined by the
BCA protein assay (Pierce). For phos-histone H3 (ser10)
detection the proteins were extracted in Laemmli buffer and
boiled for 10 min. Equal amounts of protein were loaded in
7.5% or AnyKD precast gels (Bio-Rad), electrophoresed and
blotted on Hybond-C extra (GE Healthcare Life Sciences).
The membranes were saturated for 1h at room temperature
with 2% non-fat milk (Euroclone); membranes for phos-
phorylated proteins were saturated with 2% ECL Blocking
Agent (GE Healthcare Life Sciences) with 1% polyvinylpyrro-
lidone (PVP). Primary antibodies were incubated overnight at
4°C and horseradish peroxidase-conjugated secondary anti-
bodies for 1 h at room temperature. Development was per-
formed using a chemiluminescence ECL kit (LiteAblotTurbo,
Euroclone) and the signals were detected on autoradiographic
films (GE Healthcare Life Sciences). Densitometry was per-
formed by ImageJ software.

Lambda phosphatase treatment and SDS-PAGE on phos-
tag gels
To remove phosphate groups from serine, threonine and
tyrosine residues 40 µg of the same cell extracts used for
immunoblotting were treated with 0 or 400 U of Lambda
Protein Phosphatase (λPP) kit (New England Biolabs Inc.)
for 90 min at 30°C as specified in the manufacturer’s protocol.
After adding Laemmli buffer, samples were boiled for 5 min
and loaded on a 7.5% precast polyacrylamide SuperSepTM

Phos-tagTM gel (Wako Chemicals USA, Cat. 195–17,371).
Just after the electrophoresis the gel was soaked in a general
transfer buffer containing 5 mM EDTA (10 min x 3) to
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eliminate the Zn++ ions. Next, the gel was soaked in a general
transfer buffer without EDTA for 20 min and then electro-
blotted on a PVDF membrane. The blot was saturated for 1 h
at room temperature with 2% ECL Blocking Agent (GE
Healthcare Life Sciences) and 1% polyvinylpyrrolidone
(PVP). Then the membrane was incubated and developed as
described above.

Elutriation procedure
A suspension of about 90 million cells, chilled on ice and
suspended in 8 ml of ice-cold RPMI containing 5% fetal
calf serum, was injected in the elutriation chamber of a
Beckman Avanti J-25 high performance centrifuge
equipped with a JE-6B rotor, a standard chamber and a
Cole-Parmer system model 7553–75 pump. The centrifuge
was run continuously at 2,500 rpm. Separate 100 ml frac-
tions were collected by pumping ice-cold RPMI with 5%
fetal calf serum through the chamber at increasing flow
rates (from 26 to 50 ml/min). The first and the last
fraction were discarded. Each elutriated fraction was
immediately centrifuged at 4 °C for 10 min at 300 × g
and washed with cold PBS. Cells were counted in a
Coulter Z1 counter, portions of about 106 cells each
were taken for flow cytometric analysis, nucleotide pool
determination and immunoblotting. Number of experi-
ments for each cell line = 3.

Flow cytometric analysis of cell cycle
The distribution of cells in the different phases of the cell cycle
was determined by flow cytometry in a FACSCanto™ II flow
cytometer (Becton Dickinson), equipped with a 488-nm argon
ion laser. The cells were harvested, washed twice in PBS and
fixed in 70% ethanol overnight at 4°C. Cells were then centri-
fuged, washed and incubated with PBS containing 50 µg/ml
propidium iodide and 100 μg/ml RNase A (Sigma-Aldrich) for
1 h at 37°C. DNA fluorescence was measured in 25,000 cells.

Quantification of dntp pool sizes in G1, s and G2 by DNA
polymerase assay
Extraction of the soluble nucleotide pool and determination of
dNTP pool sizes were performed as previously described[45].
The sizes of the 4 pools in G1, S and G2 were calculated in the
elutriated fractions as described by Bianchi et al [46] .. Briefly, the
pool sizes in G1 (a) were measured in the fraction containing
≥98% of G1 cells; pool sizes in S (b) were determined in fractions
enriched in S and devoid of G2 cells (typically 2–3 fractions per
experiment) using this equation (a x % cells in G1) + (b x % cells
in S) = 100 x dNTP pool sizedet. Once a and bwere known the G2
pool sizes (c) were calculated in G2 enriched fractions devoid of
G1 from the equation (b x % cells in S) + (c x % cells in G2) = 100
x dNTPpool sizedet. Number of experiments for each cell line = 3.

Recombinant protein expression and purification
Wild type and T592 mutant his-tagged SAMHD1 was pro-
duced and purified as described previously45. Full-length
SAMHD1 and its deleted derivatives were fused to
Glutathione S transferase (GST) by cloning into the bacterial
expression vector PGEX6P1 (GE Healthcare Life Sciences).
The GST fusion proteins were expressed and purified using

Glutathione sepharose beads according to the procedure
described previously[47].

Kinase assay
Cyclin E/CDK2 and Cyclin A/CDK2 were expressed in
recombinant baculovirus infected Hi5 insect cells and purified
as in Hossain and Stillman [48]. The phosphorylation of 1 µg
of wild type and T592 mutant his-tagged SAMHD1 was
carried out in the presence of 10 nM of purified CyclinA/
CDK2 or CyclinE/CDK2 in a 15 µl reaction containing
0.1 mg/ml BSA, 0.2 mM cold ATP and 1 µCi [γ-P32]-labeled
ATP in reaction buffer (50 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 1 mM DTT) for 30 min at 37°C. The reaction was
quenched with Laemmli buffer and boiled for 5 min. Proteins
were separated by SDS-PAGE, the gel was stained with
Coomassie Brilliant Blue and autoradiographed.

Pull down assay
The GST and GST-SAMHD1 peptides were bound to
Gluthatione agarose resin (Pierce) and the beads were washed
three times with binding buffer (25 mM Tris pH7.5, 100 mM
KCl, 0.1% NP-40, 0.1 mM EDTA, 5 mM MgCl, 1 mM DTT,
10% Glycerol with addition of protease inhibitors). [S35]-
labeled cyclin A2 and cyclin E were produced using Quick
TNT-coupled reticulocyte lysate system (Promega) according
to the manufacturer’s instruction in the presence of [S35]-
methionine (PerkinElmer). For each reaction 8 µl of [S35]-
labeled cyclin proteins and the beads containing 3 µg of GST-
tagged protein were incubated in 400 µl of binding buffer
overnight at 4°C. The resin with bound proteins was washed
four times with binding buffer and the proteins were eluted in
Laemmli buffer and analyzed by SDS-PAGE followed by
PhosphorImaging analysis.

Immunoprecipitation
U2OS cells were transfected with 15 μg of plasmid pEGFP-
C1 (empty vector or coding for wild type or T592A
mutant SAMHD1) using Lipofectamine2000 (Invitrogen)
according to the manufacturer’s instructions. At 48 h
post-transfection cells were collected for immunoprecipita-
tion which was performed using standard protocol with
the following modifications. For each transfection 10 mil-
lion cells were lysed in 500 μl lysis buffer (0.4% NP-40,
100 mM NaCl, 20 mM Tris- HCl pH 7.5, 1 mM DTT,
2 mM CaCl2, Benzonase, 10 µM MG132, protease and
phosphatase inhibitors) for 30 min in ice. After centrifuga-
tion at 14,000 g for 15 min at 4°C the supernatant was
diluted with 500 μl of dilution buffer (20 mM Tris-HCl
pH7.5, 10% glycerol, 1 mM DTT, 5 mM MgCl2, 0.1 mM
EDTA) and centrifuged again. The supernatant was immu-
noprecipitated with 10 μl of cross-linked 4% agarose beads
GFP-trap_A (Chromotek) for 2 h at 4°C under rotation.
The precipitants were washed three times with washing
buffer (20 mM Tris-HCl pH7.5, 0.1% NP-40, 50 mM
NaCl, 10% glycerol, 1 mM DTT, 5 mM MgCl2, 0.1 mM
EDTA). The immune-complexes were boiled with Laemmli
buffer for 5 min and analyzed by SDS-PAGE followed by
immunoblotting.
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Quantitative real-time PCR
Relative level of SAMHD1 mRNA was determined by RT-
PCR using Applied Biosystem 7500 Real Time PCR System
(Applied Biosystems). Total RNA was extracted with TRIzol
reagent (Invitrogen), cDNAs prepared by reverse transcrip-
tion and real-time PCR performed in 96-wells optical plates as
described by Franzolin et al [10]. Each cDNA preparation was
analyzed at least six times.

Deoxynucletidase enzymatic assay
Total 5ʹ-deoxynucleotidase (cytosolic + mitochondrial deoxynu-
cleotidase) activity was determined in crude whole cell extracts
with 5 mM [H3]-labeled dUMP as substrate, as described by
Rampazzo et al [49]. The enzymatic specific activity is reported
as mU x mg prot−1 (1 mU = 1nmol product/min−1).
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