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Abstract

Background SAMHD1 is a deoxynucleotide triphosphohydrolase that restricts replication of HIV-1 in differentiated
leucocytes. HIV-1 is not restricted in cycling cells and it has been proposed that this is due to phosphorylation of
SAMHD1 at T592 in these cells inactivating the enzymatic activity. To distinguish between theories for how SAMHD1
restricts HIV-1 in differentiated but not cycling cells, we analysed the effects of substitutions at T592 on restriction and
dNTP levels in both cycling and differentiated cells as well as tetramer stability and enzymatic activity in vitro.

Results We first showed that HIV-1 restriction was not due to SAMHD1 nuclease activity. We then characterised a
panel of SAMHD1 T592 mutants and divided them into three classes. We found that a subset of mutants lost their
ability to restrict HIV-1 in differentiated cells which generally corresponded with a decrease in triphosphohydrolase
activity and/or tetramer stability in vitro. Interestingly, no T592 mutants were able to restrict WT HIV-1 in cycling cells,
despite not being regulated by phosphorylation and retaining their ability to hydrolyse dNTPs. Lowering dNTP levels
by addition of hydroxyurea did not give rise to restriction. Compellingly however, HIV-1 RT mutants with reduced
affinity for dNTPs were significantly restricted by wild-type and T592 mutant SAMHD?1 in both cycling U937 cells and
Jurkat T-cells. Restriction correlated with reverse transcription levels.

Conclusions Altogether, we found that the amino acid at residue 592 has a strong effect on tetramer formation
and, although this is not a simple “on/off” switch, this does correlate with the ability of SAMHD?1 to restrict HIV-1
replication in differentiated cells. However, preventing phosphorylation of SAMHD1 and/or lowering dNTP levels by
adding hydroxyurea was not enough to restore restriction in cycling cells. Nonetheless, lowering the affinity of HIV-1
RT for dNTPs, showed that restriction is mediated by dNTP levels and we were able to observe for the first time that
SAMHD1 is active and capable of inhibiting HIV-1 replication in cycling cells, if the affinity of RT for dNTPs is reduced.
This suggests that the very high affinity of HIV-1 RT for dNTPs prevents HIV-1 restriction by SAMHD1 in cycling cells.
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Background

Sterile a-motif and histidine-aspartate domain-
containing protein 1 (SAMHDI1) is a deoxynucleotide
triphosphohydrolase [1]. Human SAMHDI1 is a
626-amino-acid protein, which contains an N-terminal
nuclear localisation signal [2], a SAM domain that in
other systems mediate protein—protein interactions [3,
4] and an HD catalytic domain followed by a C-terminal
region [1, 5-8]. Together with ribonuclease reductase
(RNR), SAMHDI1 is responsible for ANTP homeostasis
in cells [6, 9]. In 2011, SAMHDI1 was identified as a
restriction factor of HIV-1 in cells of the myeloid-
lineage and resting CD4+T cells [10-14]. The HIV-2
encoded accessory protein, Vpx, is able to overcome
SAMHD1-mediated restriction by targeting SAMHD1
for degradation via the proteasome [15, 16]. It was
proposed that SAMHDI restricts HIV-1 in these cells
by reducing cellular ANTP levels to below the threshold
that is required for viral reverse transcription [1, 17, 18].
Accordingly, SAMHDI1 restriction was not observed
in cycling or activated cells which typically have higher
dNTP levels [7, 19].

It has become evident that the formation of a stable
GTP-dNTP activated SAMHDI tetramer is optimal for
catalysing the hydrolysis of ANTPs [5, 20-23], and that the
phosphorylation of SAMHDI1 at Threonine 592 (T592)
destabilises the tetramer [5, 24-26]. During the cell
cycle, SAMHDLI is regulated through phosphorylation by
different cyclin-dependent kinases (CDKs) and cyclins.
DNA replication in cycling cells needs ANTP substrates,
requiring reduced dNTP turnover, and from late G1 to
S phase the majority of SAMHDI1 is phosphorylated
through the activities of CDK6 and CDK2 coupled with
Cyclins E and A respectively [27, 28]. In G2 and M phases,
SAMHDL1 is also largely phosphorylated but by CDK1
coupled with Cyclin A2 [19]. By contrast, at the end of
M phase after cell division has concluded, SAMHD1
is dephosphorylated by the PP2A-B55a phosphatase
[29] prior to entry into G1 or a differentiated/quiescent
state (GO0). In addition, SAMHD1 expression levels vary
both with cell type and also in the different stages of cell
cycle [30]. In particular, increased SAMHD1 expression
is found in quiescent primary cells and terminally
differentiated immune cells which maintain low levels of
cellular AN'TPs [6, 28, 31].

The current model in the field suggests that
phosphorylation of SAMHDI attenuates its enzyme
activity, resulting in decreased dANTP hydrolysis and
therefore higher dNTP levels in cycling cells, which can
then support reverse transcription [17-19, 28, 32, 33].
In agreement with this hypothesis, phosphomimetic
mutants of SAMHD1 were unable to restrict HIV-1 in
differentiated cells [7, 33, 34]. However, there is growing
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evidence from in vitro experiments that phosphorylated
SAMHD1 can still maintain catalytic function if
dNTP levels are high [5, 7, 34, 35], suggesting that the
regulation of SAMHD1 activity is not solely through
phosphorylation. In addition, alternative hypotheses
for how SAMHDI restricts HIV-1 have been proposed,
including RNA binding and RNA degradation [36—44].

To distinguish between the various theories for
HIV-1 restriction by SAMHD1 and to understand why
SAMHDI1 fails to restrict HIV-1 in cycling cells, we
have analysed the effects of substitutions at T592 on
both restriction and ANTP levels in both cycling and
differentiated cells as well as on tetramer stability and
enzymatic activity in vitro. First, we showed that viral
genomes remain intact in the presence of SAMHD1 and
are competent to replicate once SAMHD]1 is removed,
arguing against the notion that SAMHDI1 nuclease
activity is responsible for restriction. This was supported
by the lack of detectable nuclease activity in vitro.
We then tested a panel of T592 mutants and showed
that a subset had lost their ability to restrict HIV-1 in
differentiated cells which generally correlated with a
decrease in triphosphohydrolase activity and/or tetramer
stability in vitro. However, we were unable to induce
restriction in cycling cells by preventing phosphorylation
of SAMHDI1 until we reduced the affinity of HIV-1
RT for dNTPs. We were then able to observe for the
first time that SAMHDI] is an active deoxynucleotide
triphosphohydrolase and is capable of inhibiting HIV-1
replication in cycling cells. This suggests that the very
high affinity of HIV-1 RT for dNTPs prevents HIV-1
restriction by SAMHDI in cycling cells and implies that
dNTP levels in differentiated cells are far below the level
of detection by typical ANTP assays. Altogether, our work
supports the idea that HIV-1 RT has evolved to function
at lower ANTP levels due to a lack of SAMHD]1-targeting
accessory proteins in HIV-1, emphasising that the main
function of Vpx is to counteract the dNTPase activity of
SAMHDYI, rather than any nuclease activity.

Results

Vpx can rescue HIV-1 replication up to 48 h post infection
Although SAMHDI1 has a clearly demonstrated
deoxynucleotide triphosphohydrolase activity that
is required for HIV-1 restriction [1], it has also been
proposed that it can restrict HIV by binding to and/
or degrading the viral RNA genome [39]. If restriction
did occur by genome degradation, it would be expected
to be irreversible. Therefore, Vpx would only prevent
restriction, by promoting SAMHDI1 degradation, if it was
present before SAMHD]1 encountered the viral RNA.
To investigate this, we employed a “Vpx rescue” assay
to measure how long after infection the introduction of
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Vpx could relieve restriction by SAMHDI1 and rescue
HIV-1 replication. We infected U937 cells, which do not
express SAMHDI1, or U937 cells stably expressing W'T
SAMHDI1 or SAMHD1(1-583), a mutant that we have
previously shown is deficient in HIV-1 restriction [5],
with HIV-1 VLPs encoding GFP. We then provided Vpx
in trans at different times post infection by infecting with
SIVmac VLPs containing WT Vpx (Vpx*) or without Vpx
(Vpx™) as the control (Additional file 1: Figure S1). GFP
expression was measured after 48 h, and an infection
ratio was enumerated as the proportion of GFP positive
cells in the Vpx" population compared to the proportion
of GFP positive cells in the Vpx™ population. The results
of this Vpx rescue assay are presented in Fig. 1A. The
presence of Vpx had little effect on GFP expression in
infected U937 cells (red line) or U937-SAMHD1(1-583)
cells (green line) resulting in an infection ratio of
approximately 1.0 over the whole time-course. However,
in U937 cells expressing WT SAMHDI1 (blue line), the
addition of Vpx* SIV-VLPs considerably increased HIV-1
replication and this effect was still apparent when Vpx
was added 48 h after infection. Addition of Vpx within the
first 12 h post infection resulted in two—threefold higher
GFP expression and was still 1.5-fold when Vpx was
added 48 h post infection. Therefore, these data suggest
that an intact HIV genome must still be present even
after 48 h exposure to SAMHD]1 and support the notion
that SAMHD1-suppression of the dNTP pool rather
SAMHD1-mediated degradation of the HIV-1 genome is
the cause of the block to infection. However, the ability
of Vpx to rescue HIV-1 infection does decrease with
time, most likely due to degradation/clearance of stalled
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replication complexes. Therefore, to test this and rule
out any late acting SAMHD1 nuclease activity, we used
Nevirapine to block HIV-1 replication in U937 cells and
monitored the recovery of infection following its removal
at various times (Fig. 1B). In this assay, the capacity of
HIV-1 VLPs to express GFP was reduced by around 90%
after 48 h of Nevirapine treatment and closely mirrored
the reduction in the ability of Vpx to rescue infection.
Therefore, the observed decrease in the ability of Vpx
to rescue infection with time is likely independent of
SAMHDI. This observation is supported by our in vitro
experiments that showed no nuclease activity against a
range of substrates (Additional file 1: Figure S2). Figure
S2E shows that although partially purified preparations
of SAMHDI (affinity-purified only and affinity-purified
followed by size exclusion chromatography) show some
spurious nuclease activity against single stranded RNA
(ssRNA), if highly purified preparations of SAMHDI1
were employed, nuclease activity becomes undetectable
(Additional file 1: Figure S2E).

SAMHD1 T592 mutants can be categorised as stable

or unstable tetramers

After eliminating a SAMHDI1 nuclease activity as the
restriction mechanism, we next wanted to investigate
whether reduced triphosphohydrolase activity alone
could explain the lack of HIV-1 restriction by SAMHD1
in cycling cells. Phosphorylation of T592 has been
proposed to downregulate SAMHDI1 hydrolase activity
in cycling cells through destabilisation of the SAMHD1
tetramer [5, 24, 34]. We therefore generated a panel of
substitution mutants at the T592 phosphorylation site
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Fig. 1 Time dependence of Vpx rescue of HIV-1 infection (A) Time course of Vpx rescue of HIV-GFP infection. Vpx was introduced into either
differentiated parental U937 cells (red line) or cells expressing WT SAMHD1 (Blue line) or the inactive SAMHD1(1-583) mutant (green line),
co-incident with HIV-GFP or at intervals up to 48 h post-infection. Cells were harvested at 96 h post-infection and analysed for GFP expression by
flow cytometry. The plot shows the ratio of Vpx™ cells expressing GFP relative to Vpx™ cells expressing GFP, error bars represent the range of at least
three independent experiments. A ratio of one indicates that the presence of Vpx had no effect on HIV-GFP infection. B Nevirapine washout assay.
Differentiated U937 cells were treated with media (red line) or media containing 10 uM Nevirapine (blue line) before infection with HIV-GFP. At

the indicated time post-infection, the media was changed to remove the drug. Cells were harvested at 96 h post-infection and analysed for GFP
expression using flow cytometry. The percentage of GFP™ cells are plotted, error bars represent the range of at least three independent experiments
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that included the previously reported phosphomimetics,
T592D and T592E, and the aliphatic T592A and T592V
substitution mutants [5, 7, 19, 28, 33]. In addition,
we also made the phospho-null mutants T592C,
T592K, T592I and T592L and the potential phospho-
substrate mutant T592S. These mutants (Additional
file 1: Figure S3A) were chosen in an effort to modulate
the stability of SAMHDI1 tetramerisation by choosing
residues that might destabilise tetramerisation through
phosphomimetic (T592D and T592E) or steric effects
(T592K, T592L), remain neutral (T592A, T592S) or
potentially stabilise tetramerisation through favourable
side-chain packing of the p-methyl or sulfhydryl groups
but be refractory to further phosphorylation (T592V,
T592I and T592C) (Additional file 1: Figure S3B). All
the mutants were expressed at a similar level to WT
SAMHDI1 when transduced into U937 cells (Additional
file 1: Figure S3C, D), but only WT SAMHDI1 and
the active site dead mutant HD206/207(AA) showed
any phosphorylation as detected by immunoblotting
(Additional file 1: Figure S3C).

We first assessed the in vitro stability of T592 mutant
tetramers using Size Exclusion Chromatography-Multi-
Angle Laser Light Scattering (SEC-MALLS). Although
conditions inside cells may affect overall SAMHDI1
stability, this method allowed us to look at the intrinsic
stability of the mutant proteins. Tetramer assembly
reactions were initiated by addition of GTP and dATP
and the fraction of tetramer was measured at increasing
intervals of up to 3 h after nucleotide addition. Figure 2
shows SEC-MALLS data from which tetramer decay
rates (k,,,) were calculated. Table 1 shows that T592A,
T592C, T5921I, T592S and T592V have slower decay rates
than WT SAMHDI, and T592D, T592K and T592L have
faster k,,. These data broadly agree with calculations
from the SAMHDI structure (Additional file 1: Figure
S3B) that suggest that whilst short Cp branched residues
would stabilise packing around residue 592 in the
C-terminal lobe, larger side chains and charged residues
would be destabilising. Thus phosphorylation, being
both bulky and charged, would be expected to inhibit
tetramerisation in a similar fashion. We then measured
catalytic turnover (k) for GTP stimulated hydrolysis
of dATP for each mutant using 'H NMR (Additional
file 1: Figure S4 and Table 1). These data show that all
T592 mutants can hydrolyse dATP under these steady
state conditions, with k_,, seven—tenfold lower than that
of WT SAMHD]1, with the exception of T592S that had
a 37-fold lower k_,. An inherently faster k ,, may affect
tetramer stability in SEC-MALLS experiments due to
depletion of allosteric activators. Therefore, to compare
the stability of WT SAMHDI and each T592 mutant,
we amalgamated the capacity to stabilise tetramers and
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hydrolyse dNTPs into the combined parameter of (k_,,/
ko). The application of this index revealed that whilst
none of the T592 mutants appear to be as overall effective
as WT SAMHDI, the mutants fall into three classes,
Class-1 (Tet*®) those with k_,/k,,. only two—fourfold
lower than WT (T592C, T592I and T592V), Class-2
(Tet™*") those with k,,/k,. six—eightfold lower than W'T
(T592A and T592E) and Class-3 (Tet"™2Pl) those with
K/k 1o > 12 fold lower than WT (T592D, T592K, T592L
and T592S).

Stable T592 mutants do not restrict HIV-1 in cycling U937
cells despite reducing dNTP levels
Having identified a class of SAMHD1 T592 non-
phosphorylatable Tet*®™® mutants with close to WT
tetramer properties (T592C/I/V) and a set of Tet'nstable
mutants (T592/D/K/L) as well as the catalytically
deficient T592S, we then asked what effect tetramer
stabilisation had on HIV-1 restriction in cycling and
differentiated U937 cells. Each SAMHD1 mutant was
transduced into U937 cells as a bicistronic construct
that also expressed YFP and half the cells were then
differentiated by PMA treatment. Following infection
with an HIV-1-GFP vector, HIV-1 restriction was
measured using two-colour flow cytometry and an
infectivity ratio was calculated by dividing the percentage
of SAMHDL1 positive cells infected with HIV-1 by the
percentage of SAMHDI1 negative cells infected with
HIV-1. Thus, an infectivity ratio<1 indicates restriction
by SAMHDI. These data, Fig. 3A, show that the Tetst®"le
group (T592/C/1/V) along with T592A from the Tet™*"
group had similar levels of restriction to WT SAMHD1 in
differentiated U937 cells (infectivity ratio of ~0.2), while
the Tet""Ple group (T592/D/K/L), T592S and the other
phosphomimetic mutation T592E showed no restriction,
as did catalytically dead negative control mutants,
HD206-7AA and R164A. These data support previous
observations that destabilisation of SAMHDI1 tetramers
as well as impairment of triphosphohydrolase activity
prevents HIV-1 restriction in differentiated cells [5, 21,
24, 34]. As observed previously, WT SAMHD1 showed
no restriction of HIV-1 infection in cycling U937 cells
(Fig. 3B) and neither did the Tet"""¢ group, T592S or
T592E. However, in addition the non-phosphorylatable
mutants in the Tet"*" group together with T592A, that
could all restrict HIV-1 infection in differentiated cells,
were also not able to restrict HIV-1 in these cycling
cells (Fig. 3B) suggesting that prevention of SAMHDI1
phosphorylation and maintenance of a stable tetramer is
not enough to restrict HIV-1 replication in cycling cells.
A plausible explanation to these observations is that
the steady state dNTP levels in cycling cells, driven
by ribonucleotide reductase (RNR) synthesis, is high
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Fig. 2 Tetramer stability of T592 mutants SEC-MALLS analysis of tetramer stability for (A) WT SAMHD1 and (B-J) SAMHD1 T592 mutants after
addition of GTP and dATP nucleotides. The solid lines are the chromatograms from the output of the differential refractometer and the black scatter
points are the weight-averaged molar masses determined at 1 s intervals throughout elution of chromatographic peaks, SAMHD1 monomer-dimers
elute at 13.0-14.0 min, tetramers at 10.5-11.0 min. The displayed chromatograms in each panel are (red) apo-SAMHD; (black) SAMHD1 and 0.2 mM
GTP, 0.5 mM dATP after 5 min incubation; (blue) SAMHD1 and 0.2 mM GTP, 0.5 mM dATP after 60 min incubation; (cyan) SAMHD1 and 0.2 mM

GTP, 0.5 mM dATP after 180 min incubation. The side chain configuration of the amino acid substitutions at T592 are displayed adjacent to the

chromatograms
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Table 1 SAMHD1 catalytic turnover and tetramer stability of T592 mutants

SAMHD1 Substrate AL1 AL2 kg (s fioll (3h) (ke (s"T)x 10° (KooK ged)
w.t dATP GTP dATP 0.864 +0.092° 0.38 7.02 12,308
T592A dATP GTP dATP 0.087 £0.029 0.50 5.14 1692
T592C dATP GTP dATP 0.096 +0.021 0.63 2.94 3265
T592D dATP GTP dATP 0.100+£0.012 0.19 1.2 893
T592E dATP GTP dATP 0.111+£0.018 0.36 7.00 1586
592! dATP GTP dATP 0.101+0.009 0.63 3.07 3289
T592K dATP GTP dATP 0.120+£0.019 0.12 22.1 543
T592L dATP GTP dATP 0.127+0.042 0.20 15.2 836
T592S dATP GTP dATP 0.023 £0.004 0.68 2.33 987
1592V dATP GTP dATP 0.104+0.025 0.61 2.53 4111

@ Error is the SEM of at least three independent measurements

b Fraction tetramer remaining after 3 h incubation

“Tetramer decay rate determined from fitting the f, between 5 min and 3 h to an exponential decay function Y =Ae < k . /k ... values are grouped as WT to WT/4

(plain text), WT/6 to WT/8 (ltalics) and <WT/12 (Bold-italics)

enough to enable viral replication, regardless of any
dNTP hydrolysis by SAMHD1. We have also previously
proposed that high ANTP levels could help maintain
tetramers of SAMHDI1, even when SAMHDI1 was
phosphorylated [5]. Therefore, to assess if ANTP levels
correlated with restriction phenotype of the T592
mutants we measured the dANTP levels in both cycling
and differentiated U937 cells expressing our panel
of SAMHD1 mutants. Figure 3C, D shows that WT
SAMHDI1 was able to reduce dNTP levels to~20% of
those in the untransduced U937 cells or cells expressing
the catalytically dead R164A and HD206-7AA mutants
in both differentiated and cycling cells, although the
absolute levels in cycling cells always remained much
higher than in differentiated cells. This reduction
was observed for each individual dNTP measured
as well as the sum dNTP pool. Interestingly, all the
T592 mutants were also able to reduce dANTP levels
similarly to WT in both differentiated and cycling cells
(Fig. 3D). This indicates that the mutants have functional

(See figure on next page.)

triphosphohydrolase activity in cells and agrees with our
in vitro findings that most mutants are catalytic active
(Additional file 1: Figure S4, Table 1). Strikingly however,
tetramer stability and restriction activity did not correlate
with ANTP levels in either cell state.

RNR inhibition does not enable Tet***P!® mutants to restrict
HIV-1 in cycling cells

Our measurements showed that cycling cells expressing
T592 mutants had higher levels of dNTPs than the
differentiated cells expressing the equivalent mutant
(Fig. 3C, D). In addition, dNTP levels in cycling cells
were approximately equivalent to those in differentiated
U937 cells not expressing SAMHD1 or those expressing
catalytically dead SAMHDI1 mutants (25 pmol/10° cells).
We therefore postulated that HIV-1 restriction might
manifest for the stable mutants in cycling cells if the
dNTP levels were lowered to those found in differentiated
cells. To test this, we treated cycling cells with the RNR
inhibitor, hydroxy urea (HU) [33, 45-48]. Since RNR

Fig. 3 HIV-1 restriction and dNTP levels in U937 cells expressing SAMHD1 T592 mutants (A and B) HIV-1 restriction assay in (A) differentiated and
(B) cycling U937 cells. Cells were first transduced with a bicistronic construct expressing WT SAMHD1 or the indicated mutant and YFP, followed

by infection with HIV-GFP. Cells were harvested after 72 h and analysed by flow cytometry. The infectivity ratio was calculated by dividing the
percentage of GFP positive cells in the YFP (SAMHD?1) positive population by the percentage of GFP positive cells in the YFP (SAMHD1) negative
population. The bars show the average of three biological repeats and error bars represent the SD. The T592 mutants, phosphomimetic mutants,
and inactive negative controls are shown in blue, grey, and black, respectively. C and D Measurements of dNTP levels from (C) differentiated and (D)
cycling U937 cells expressing SAMHD1 and indicated mutants (Neg = untransduced U937 cells). The amount of dATP, TTP, dCTP, and dGTP within
the total bar stack are shown in blue, yellow, beige, and red. The values are an average of two technical repeats and error bars represent the SEM. E
The effect of HU treatment on the levels of dNTPs. Cycling parental U937 (solid circles), or WT SAMHD1 transduced, U937°*M™PT (open circles) were
treated with 100 uM (red line) or 1 mM (orange and blue lines) HU or untreated (grey and black lines) and samples were taken for dNTP analysis at
time points up to 72 h after addition of HU. Dashed and dotted grey thresholds indicate the dNTP levels measured for untreated differentiated U937
and U937°AMHDT cells respectively. Each point represents the average sum of all four nucleotides (pmole per 10° cells) from two technical repeats.

F HIV-1 Restriction assay in cycling U937 cells transduced with WT SAMHD?1 (red bars), T592V or T592C mutants (blue bars) or catalytically inactive
HD206-7AA and R164A controls (black bars) following 1T mM HU treatment for 72 h (dotted bars) or untreated (solid bars). Restriction assay was
performed as above. The bars are the average of three biological repeats and error bars represent the SD



Tsai et al. Retrovirology (2023) 20:5
A B
1.5 Differentiated U937
i)
S 40
>
=
©
Q 0.5
£
0.0- \ +
. > W
“‘(\&W § &S /@& @W«s&«@q’@& '\vs;}’
IL

S

o
O

150 Differentiated U937
g m A
8 1251 T
© c
o = G
= 100 4
o
g 75
R
[ ]
& 50
= -
£ 25 e
"o _4 . g :
é "QW&‘:QW«%Q‘K‘?W "gq' (’gbq' @W&"q“«‘g’b ,\v? ebl
&
E F
—~250, HU treatment of U937 cells
»
©
:’ 200 - U937
o - U937 +100 M HU
Ay - U937 +1mM HU
@ 150
B Fe% U937SAMHD|
1S © U937sAMH01+ 1mM HU
£100
%)
& s0
A B s © N Differentiated U937
© o Differentiated U93754Ho1

om éi 24 48 72
Time Post HU addition (h)

Fig. 3 (Seelegend on previous page.)

catalyses the rate limiting step of ANTP synthesis in the
cell, knock-down should decrease the dANTP pool. We
first determined that the ANTP pool in cycling U937 cells
could be reduced to approximately that in differentiated
cells after 72 h treatment with 1 mM HU (Fig. 3E, orange
line). Expressing SAMHDI in cycling U937 cells reduced
dNTPs to a similar level as HU treatment (Fig. 3E,
black line) and combined SAMHD1 expression and HU
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treatment in cycling cells was able to further reduce
dNTP levels to those observed in differentiated cells
expressing SAMHD1 (Fig. 3E, blue line). Subsequently
we tested restriction in cycling cells transduced with WT
SAMHD1, the Tet**"® mutants T592V and T592C, and
the controls HD206-7AA and R164A, with and without
HU treatment. Surprisingly, even under these conditions,
neither WT SAMHDI nor mutants T592V and T592C
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restricted HIV-1 (Fig. 3F), although HU treatment did
slightly reduce overall infectivity by enhancing cell
toxicity (Additional file 1: Figure S5A). This suggests
that, despite lowering the absolute ANTP levels, a stable,
catalytically competent SAMHDI1 tetramer is still not
sufficient to restrict HIV-1 in cycling cells. Therefore,
although the stability of SAMHD]1 tetramers influences
restriction in differentiated cells, this is not observed in
cycling cells.

SAMHD1 can restrict HIV-1 in cycling cells if reverse
transcriptase is attenuated

Although we did not find a difference in the ANTPs levels
of the bulk population of either cycling or differentiated
cells expressing stable or unstable SAMHD mutants, it is
possible that our assay is not sensitive enough to detect
differences in differentiated cells where the ANTP levels
are very low. Additionally, local dNTP concentration
and availability and/or cell compartment distribution
could be altered in infected cells. Therefore, to look at
the effects of dNTP concentration on restriction, we
took an orthogonal approach, by using HIV-1 Reverse
Transcriptase (RT) mutants, V1481 and QI151N, that
impair RT activity and that we have previously shown
increase HIV-1 sensitivity to SAMHDI1 restriction
[5]. The V1481 and Q151N mutants were chosen as
they decrease the dNTP- affinity by 26- and 234-fold,
increasing the K, from the WT value of 1.1 pM to
28.5 uM and 257.6 pM respectively, whilst maintaining
WT catalytic activity (kpol) [49, 50]. By comparison,
the reported SAMHD1 K,, values for deoxynucleotide
substrates range from 10™* to 10> M [23, 49-54].
Therefore, whilst WT RT has a greater affinity for ANTPs
than SAMHD]1 the RT mutants have either comparable
(V148I) or weaker (Q151N) affinity with respect to
the SAMHD1 K, As expected, WT SAMHDI1 was
able to restrict HIV-1 RT-V148I (Fig. 4A) and HIV-1
RT-Q151N (Fig. 4C) in differentiated U937 cells, with
restriction increasing as the RT dNTP affinity decreased.
Interestingly, both Tet*®™®¢ and Tet'™%¢ mytants also
inhibited replication of these viruses (Fig. 4A, C).
Moreover, for the first time, we were able to observe

(See figure on next page.)
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restriction of HIV-1 in cycling U937 cells (Fig. 4B, D).
Again, all the T592 mutants displayed some capacity
to restrict viral replication compared to the negative
controls with the Tet*®*® mutants generally showing the
strongest level of restriction. Importantly, restriction of
the HIV-1 RT mutants now correlated with total ANTP
levels measured in Fig. 3, restriction being stronger in
differentiated cells than cycling cells that had higher
dNTP levels. In support of this observation, when
HU was added to the cycling cells during infection,
replication was completely abolished in cells expressing
catalytically active WT SAMHDI1 and Tet*®"'® mutants
(Fig. 4E and Additional file 1: Figure S5B). In addition, we
also observed similar, but less pronounced, restriction of
the HIV-1 RT mutants by the panel of T592 SAMHD1
mutants in a cycling Jurkat T-cell line (Additional file 1:
Figure S6).

Taken together, these results demonstrate that
SAMHDL1 restriction is highly dependent on the
affinity of the viral RT for dNTPs, implying that the
mechanism of SAMHDI restriction does indeed involve
lowering AN'TP levels. Importantly, we have shown that
WT SAMHDI1 is not just able to restrict infection of
differentiated cells but can restrict HIV-1 in cycling cells
when viral replication is sensitised to ANTP levels.

SAMHD1 expression levels correlate with restriction

Having observed restriction in cycling cells, we wanted
to confirm that the restriction of the HIV-1 RT mutants
was due to SAMHDI1 activity. We therefore examined
the effect of varying the SAMHDI1 expression levels
on restriction. First, SAMHDI1-expressing cells were
sorted by flow cytometry and gated into SAMHD1,
SAMHD1M¢ and SAMHD1' populations based on the
fluorescence intensity of YFP expressed from the IRES
in the SAMHD1 mRNA (Fig. 5A). In both cycling and
differentiated U937 cells transduced with either WT
SAMHDI1, the Tet*®*"' T592C mutant or the Tetunstable
T592D mutant, restriction of HIV-1 RT QI15IN
was greater in the SAMHDI1" population than the
SAMHDI1" population. In cells expressing the inactive
mutants, HD206-7AA or R164A, HIV-1 RT Q151N

Fig. 4 SAMHD1 restriction in U937 cells infected with HIV-1 RT V148l and Q151N mutants Restriction of A and B HIV-1 RT-V148l and C and D
RT-Q151N RT VLPs in A and C differentiated and B and D cycling U937 cells expressing the indicated SAMHD1 T592 mutant. Cells were first
transduced with a bicistronic construct expressing WT SAMHD1 or the indicated mutant and YFP, followed by infection with HIV-GFP. Cells were
harvested after 72 h and analysed by flow cytometry. The infectivity ratio was calculated by dividing the percentage of GFP positive cells in the
YFP (SAMHD?1) positive population by the percentage of GFP positive cells in the YFP (SAMHD1) negative population. The bars show the average
of three biological repeats and error bars represent the SD. The T592 mutants, phosphomimetic mutants, and inactive negative controls are shown
in blue, grey, and black, respectively. E Restriction assay of HIV-1 RT-Q151N in cycling U937 cells transduced with WT SAMHD?1 (red bars), T592V or
T592C mutants (blue bars) or catalytically inactive HD206-7AA and R164A controls (black bars) following 1 mM HU treatment for 72 h (dotted bars)
or untreated (solid bars). Restriction assay was performed as above. The bars show the average of at least three biological repeats and error bars
represent the SD. *The low abundance of double positive cells (GFPTYFP* <0.05%) for WT SAMHD1, T592V, and T592C HU-treated cells prevented

determination of a reliable infectivity ratio
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cells than the SAMHD1™ population (Fig. 5D). In the
differentiated cells, total ANTP levels were much lower
and there was less observable difference in the levels in

was equally or more infectious in the SAMHD'
population (Fig. 5B, C). The effect was stronger in the
cycling cells and, correspondingly, dNTP levels were
slightly lower in the SAMHD1™ population of cycling
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SAMHD1", SAMHD1M¢ and SAMHDI1 populations
(Fig. 5D).

The level of reverse transcription depends

on the RT dNTP-affinity and SAMHD1 tetramer
stability

The restriction assay directly compares replication in
the presence and absence of SAMHDI1 to calculate
an infection ratio whilst not reporting on absolute
infection levels. However, given that the RT Q151N
mutation might be expected to reduce nascent viral
c¢DNA production, we analysed the effects of SAMHD1
tetramerisation on restriction of WT HIV-1 and the
RT Q151N by qPCR quantification of viral cDNA after
infection of both cycling and differentiated U937 cells
expressing either WT SAMHDI, the Tets?ble T592C
mutant or the Tet*™%%"¢ T592D mutant. Additional file 1:
Figure S7 shows the amount of early (strong stop) and
late (second strand) cDNA products that accumulate
for WT HIV-1 and the RT Q151N viruses at time post
infection in the presence of WT SAMHDI. As expected,
the HIV-1 RT Q151N virus produced less cDNA than
WT HIV-1 at all time points, and lower levels of cDNA
accumulated in differentiated cells than cycling cells for
both viruses. The amount of late cDNA product present
at 48 h post infection for all the conditions tested, is
plotted in Fig. 6. Inspection of these data shows that
SAMHD1 tetramer stability does not affect cDNA levels
in cycling cells, regardless of the affinity of the viral RT
for dNTPs or the absolute levels of cDNA produced.
However, in differentiated cells, there is clearly increased
reverse transcription in cells expressing the Tet'nstable
T592D mutant compared to the Tet*®"® T592C mutant
or WT SAMHD]I, again, regardless of the virus used in
the infection. Importantly, the amount of cDNA in WT
HIV-1 infected, differentiated cells transduced with
SAMHDI1 T592D is greater than the amount of cDNA
produced in cycling cells infected with HIV-1 RT Q151N.
The levels of cDNA therefore correlate with restriction,
where SAMHD1 T592D is unable to restrict WT HIV
in differentiated cells and HIV-1 RT Q151N is restricted
by SAMHD1 WT, T592C and T592D in cycling cells
(Figs. 3A, 4D). Comparing the conditions that restricted
viral infection and those that did not suggests that

(See figure on next page.)
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the threshold for SAMHDI1-mediated viral restriction
is approximately 1000 molecules of late reverse
transcription products (per pL of normalised total cell
extract), Fig. 6. Therefore, these findings demonstrate
that the stability of SAMHDI1 tetramers influences
¢DNA production most strongly in differentiated cells.
The results also corroborate that SAMHDI] restriction
is subject to the efficiency of viral reverse transcription
in different cells and that differentiation, stabilisation of
SAMHDI1 tetramers and the affinity of RT for dNTPs all
influence the restriction phenotype by impeding reverse
transcription.

Discussion

In this study, we first showed the reversibility of
SAMHDI1 restriction of HIV-1, by performing a Vpx
rescue assay (Fig. 1). This, together with direct in vitro
RNA/DNA nuclease assays (Additional file 1: Figure
S2), showed that restriction is not due to degradation
of the HIV-1 genome as some papers have proposed
[36, 37, 39, 40, 55]. Although the involvement of RNA
binding cannot be discounted, it seems likely that it is the
dNTP triphosphohydrolase activity of SAMHDI that is
responsible for restriction.

SAMHDI1 phosphorylation has been likened to an
“on/off switch” for triphosphohydrolase activity and it
has been hypothesised that this is why phosphomimetic
mutants are incapable of restricting HIV-1 and why
there is no SAMHDI1 restriction of HIV-1 in cycling cells
[19, 35, 56]. Previously, we suggested that high ANTP
levels found in cycling cells promote tetramerisation
and catalytic activity of an unstable phospho-T592
SAMHDI1 [5] and proposed this as an explanation
for why phosphorylated SAMHD1 was still active
in vitro. Although there are many conflicting reports,
similar observations were reported by Bhattacharya
et al. [34], and more recently by Orris et al. [57], where
they found that phosphomimetic mutations affect the
kinetics of tetramer assembly and disassembly, without
affecting tetramerization equilibrium and overall
triphosphohydrolase activity. Here, using our panel of
T592 stable and unstable tetramer mutants (Fig. 2),
we observed that in cycling cells, neither Tet*®"¢ nor
Tet""s%ble T592 SAMHDI1 mutants were able to restrict

Fig. 5 The effect of high and low SAMHD1 expression levels. A Plot of flow cytometry data indicating the populations of WT-SAMHD?1 transduced
U937 cells sorted as high (SAMHD1 ) medium (SAMHD1"€) and low (SAMHD1) expressing populations. B-C Restriction of HIV-1-GFP RT-Q151N
by SAMHD1™ (solid circles) and SAMHD1“*" (open circles) cells expressing the indicated SAMHD1 proteins (WT, T592C, T592D, HD206-7AA and
R164A) in B cycling and C differentiated U937 cells. The infectivity ratio was calculated as the percentage of GFP positive cells in the YFP (SAMHD1)
positive population divided by the percentage of GFP positive cells in the YFP (SAMHD1) negative population. D Cell dNTP levels measured from
10° sorted cycling (left) and differentiated (right) U937 cells with SAMHD1™, SAMHD1M¢, and SAMHD1 expression. The amounts of dATP, TTP, dCTP,
and dGTP within the total bar stack are shown in blue, yellow, beige, and red respectively. The values are the mean of two technical repeats and

error bars represent the SD
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Fig. 6 HIV-1 cDNA levels synthesised under different conditions Cycling or differentiated U937 cells transduced with WT SAMHD1 (black
circles), T592C (blue diamonds) or T592D (red squares) mutants were infected with WT HIV-1 or RT Q151N mutant VLPs for 48 h. Late viral reverse
transcription products were detected by qPCR. Three technical repeats are shown, with the error bars representing SD. The dashed line represents

the putative threshold for productive infection over restriction

WT HIV-1 (Fig. 3B). Moreover, both Tet*® and
Tet"™%le mutants result in similar cellular abundance
of dANTPs, late reverse transcription products and
infectivity (Figs. 3B, D and 6). Excitingly however, using
two well-studied point mutations in the HIV-1 RT that
lower the ANTP binding affinity and hence the rate of
viral cDNA synthesis, we showed for the first time that
SAMHDI1 can restrict HIV-1 in cycling cells (Fig. 4).
The strength of the restriction correlated inversely
with the efficiency of RT dNTP incorporation rate in
both myeloid and lymphocyte cell lines (Fig. 4 and
Additional file 1: Figure S6). The fact that restriction
was increased in cells with the highest expression
of SAMHD1 confirmed that restriction was due to
SAMHDI1 (Fig. 5). Furthermore, adding hydroxyurea
in combination with SAMHDI1 expression, to reduce
dNTP levels further, completely abolished replication
of HIV-1 RT-Q151N in cycling U937 cells (Fig. 4). This
implies that SAMHDI1 is competent to restrict HIV-1
replication in cycling cells and that ANTP concentrations
are critical for restriction as in differentiated cells. Thus,
we do not regard phosphorylation as an on/off switch for
SAMHD1 activity and suggest that other factors such as
the stage of the cell cycle and overall ANTP levels can

affect restriction. Interestingly, whilst all T592 mutants
restricted RT-attenuated HIV-1 to some degree, in
general the Tet"®" group restricted HIV-1 slightly more
than the Tet"™tPl¢ group (Fig. 4B, D). This may reflect
subtle differences in ANTP levels in cells expressing
different SAMHDI proteins.

This phenotype is mirrored in differentiated cells,
where we observed that tetramer stability more strongly
impacted restriction (Fig. 3A). The low cellular ANTP
levels in differentiated cells are unlikely to support
tetramerisation of phospho-T592 or Tet"™tle SAMHD1
mutants, which presumably allows dNTP levels to rise
enough to support reverse transcription. Unfortunately,
we could not detect any differences in overall ANTP
levels upon expression of different T592 mutants
(Fig. 3C), suggesting that our assay is not sensitive
enough to detect these variations and that the dNTP
levels in differentiated cells expressing SAMHDI are at/
below the level of detection. If it were possible to detect
dNTP levels in individual cells, or even at specific cellular
sites, then spikes of viral replication in these cells might
be observed as the local ANTP levels rise. The increased
restriction seen in differentiated cells might also reflect
that reverse transcription itself is slower in these cells,
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likely due to reduced dNTP availability, or that reverse
transcription occurs at a different cellular location [58—
61]. However, since the k,,,; of the HIV-1 RT mutants we
have employed remains the same as the WT HIV-1 [18,
49] we prefer the notion that for restriction of HIV-1
RT mutants in cycling cells the local ANTP abundance
is the driving factor. By combining all our data, we have
attempted to derive a schematic model for how SAMHD1
affects ANTP levels in different scenarios (Fig. 7A) and
how different factors influence HIV-1 replication in the
presence of SAMHD1 (Fig. 7B).

Interestingly, recent reports have suggested a role for
SAMHDI1 monomer/dimers in DNA repair [62-64].
Decreased levels of dNTPs at these sites may influence
the switch from triphosphohydrolase to single stranded
DNA (ssDNA) binding functions, by influencing
SAMHDI1 tetramerisation, particularly if the SAMHD1
is phosphorylated. Moreover, a more unstable tetramer
may promote ssDNA binding over triphosphohydrolase
activity. More work is needed to dissect these different
functions of SAMHDLI in cycling cells and to relate DNA
repair and restriction. SAMHD1 can also be acetylated
at residue K405 [65] and SUMOylated at K595 [66]. We
have not investigated how substitutions at T592 affect
either of these post-translational modifications nor how
they influence in vivo triphosphohydrolase activity,
localisation, or stability in cells, but these parameters
could impact on all functions of SAMHD]1.

Conclusions

Our data suggest a model whereby in an HIV-1 infected
cell, if the ANTP level is above a set threshold, then
reverse transcription can proceed, resulting in an
infection. If this threshold dAN'TP level is not met, because
SAMHDL1 is reducing the dNTP pool, then infection
will be restricted (Fig. 7). SAMHD1 deoxynucleotide
triphosphohydrolase activity reduces dNTP levels in
both differentiated and cycling cells but this is offset in
cycling cells by RNR activity synthesizing dNTPs. At low
dNTP levels, tetramer stability becomes an important
determinant of SAMHDI1 enzymatic activity and
therefore determines how low dANTP levels drop. Wild
type HIV-1 is only restricted at very low levels of dNTPs
due to the high affinity of HIV-1 reverse transcriptase
for dNTPs, which is why restriction is only observed in
differentiated cells expressing stable SAMHDI1 mutants.
This feature of HIV-1 RT also protects this virus from
SAMHDI1 restriction in cycling cells and is likely why
HIV-1 does not carry a Vpx protein, unlike HIV-2. Thus,
restriction does depend upon the stability of SAMHD1
tetramers depending on the differentiation state of the
cell (and therefore steady state ANTP levels) as well as the
affinity of RT for dN'TPs.
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Fig. 7 Models of how SAMHD1 variants affect dNTP levels and

HIV-1 restriction. A A schematic depicting relative dNTP levels in

cells expressing different variants of SAMHD1. The graph depicts
combined data from our dNTP assays in U937 cells together with
projected levels below the assay level of detection. Red lines indicate
the thresholds for reverse transcription of WT and Q151N RT mutant
HIV-1. Purple line show the limit of detection of the dNTP assay. B

A schematic model demonstrating the relationship between virus
restriction, SAMHD1 stability and HIV-1 RT efficiency. In cycling

cells (left, green quadrants), with high basal dNTP levels, SAMHD1

is unable to restrict viral replication of WT HIV-1 (open symbols)

with a highly efficient RT, regardless of tetramer stability. By contrast
when HIV RT is made less efficient through the introduction of
Q151N mutant (black symbols), both stable and unstable tetramer
mutant SAMHD1 can now restrict. In differentiated cells (right, purple
quadrants), where the dNTP levels are already reduced, WT and stable
SAMHD?1 tetramer mutants restrict HIV-1, but tetramer destabilising
mutants cannot. Restriction is restored against the RT deficient
Q151N virus with stable tetramer SAMHD1 reducing replication to
even lower levels

Methods
Plasmids
The SAMHDI1-YFP expression plasmid, pLGateway_
SAMHDIIRESYFP (template) and phospho-mutants
T592A, T592D, and T592E, along with negative controls
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HD-206,7-AA and R164A (mutations at the catalytic site)
are described in our previous study [5]. The remainder
of the phospho-mutants were created using either
Quikchange II Site-directed Mutagenesis Kit (Agilent
Technology) or cloning gene synthesis fragments
(GeneArt®Strings™ DNA Fragment; ThermoFisher)
into the template using restriction digestion followed by
ligation with Sacll and Clal. The mutagenesis primers
and the sequence of synthetic DNA fragments are listed
in Additional file 1: Table S1. Plasmids used to make MLV
and HIV-1 virus like particles (VLPs): pKB4 (MLV Gag-
Pol), p8.91 (HIV-1 Gag-Pol), pVSV-G (envelope protein)
and pCSGW (GFP lentiviral vector) have been described
previously [5]. The reverse transcriptase (RT) point
mutations V1481 and Q151N were synthesized by site-
directed mutagenesis in p8.91 as previously described
[5]. Plasmids used to make SIVmac VLP with (pSIV3™)
or without Vpx (pSIV3Tvpx-) have also been described
previously [67].

For recombinant expression in E. coli, the DNA
sequence for WT full-length human SAMHD1 (M1-
M626) was inserted by ligation independent cloning
into a pET52b(+) expression vector (Novagen) to create
an N-terminal Strepll-tag fusion. T592 mutants were
generated by site-directed mutagenesis using KOD
Hot Start DNA Polymerase (Novagen). DNA primer
sequences are listed in Additional file 1: Table S2
mutations were confirmed by DNA sequencing.

Cells and virus production

293 T cells were maintained in DMEM (Invitrogen) and
U937 and Jurkat T-cells were cultured in RPMI containing
[L]-Glutamine (ThermoFisher) at 37 °C in 5% CO,. Media
were supplemented with 10% heat-inactivated foetal
calf serum (Biosera) and 1% penicillin/streptomycin
(Sigma). MLV-based VLPs used to transduce cells with
SAMHD]1 were produced by co-transfecting 293 T cells
with pVSV-G, pKB4 and pLGateway_ SAMHDI1IRESYFP
(either WT or SAMHDI1 mutant). HIV-1-GFP VLPs
were produced by co-transfecting 293 T cells with
pCSGW, pVSV-G, and p8.91 (either WT or RT mutant).
SIVmac VLPs containing or lacking Vpx were produced
by co-transfecting 293 T cells with pVSV-G and either
pSIV3*t (for Vpx+) or pSIV3*vpx- (for Vpx-). VLP-
containing cell culture supernatants were harvested 48 h
post-transfection and titred on TE671 or 293 T cells for
normalisation prior to infection. VLPs with mutations
in Reverse Transcriptase were normalised by HIV-1 p24
ELISA (Perkin Elmer).

Vpx rescue of HIV-1 infection assay
Parental U937 cells or stable U937 lines expressing W'T
or SAMHDI1 deletion mutant (1-583) at a density of

Page 14 of 18

1x10° cells per well (12-well plate) were differentiated
by addition of 100 nM Phorbol-12myristate 13-acetate
(PMA, Sigma) for three days. Differentiated cells were
then infected with HIV-1-GFP (~2 ng CA) in 750 pL
RPMI and SIVmac VLPs with (Vpx+) or without (Vpx-)
packaged Vpx were added in a final volume of 250 pL to
one well each at the following time points: 0, 2, 4, 6, 8, 10,
12, 24 and 48 h post-infection with HIV-GFP. The dilution
of SIV VLP used was the minimum dilution required to
completely degrade NLS-GFP-SAMHD1(600-626) in
a Degron assay as previously described [67, 68]. Cells
were harvested at 96 h post-HIV-1-GFP infection and
analysed for GFP expression by flow cytometry using the
BDVERSE software package. The ratio of GFP positive
cells in samples receiving Vpx compared to samples not
receiving Vpx was calculated and plotted.

Nevirapine washout assay

Parental U937 cells (0.5% 10° per well of a 12-well plate)
were differentiated in 100 nM final concentration of PMA
(Sigma) for three days. Cells were then treated with RPMI
media with or without 10 pM Nevirapine and infected
with HIV-GFP. Nevirapine was subsequently removed by
washing at time-points between 0 and 48 h. Cells were
harvested at 96 h post-infection and analysed for HIV-
GEFP expression by flow cytometry using the BDVERSE
software package.

Recombinant SAMHD1 expression and purification

Cleavable Strepll-tagged SAMHDI1 constructs were
expressed in E. coli strain Rosetta 2 (DE3) (Novagen)
in Terrific Broth media. Cultures were initially grown
at 37 °C with shaking. Protein expression was induced
by addition of 0.4 mM IPTG to log phase cultures
(Agpp=0.8) and the cells were incubated for a further
20 h at 16 °C. Cells were harvested by centrifugation and
resuspended in 50 mL (per 10 g cell pellet) lysis buffer
[50 mM Tris—HCl pH 7.8, 500 mM NaCl, 4 mM MgCl,,
05 mM TCEP1xcOmplete” EDTA-free protease
inhibitor cocktail (Roche)]. The cells were lysed by
sonication and the lysate was clarified by centrifugation
for 1 h at 50,000 xg and 4 °C. The supernatant fraction
was applied to a 10 mL StrepTactin-XT (IBA) affinity
column, followed by 300 mL of wash buffer (50 mM
Tris—HCI pH 7.8, 500 mM NacCl, 4 mM MgCl,, 0.5 mM
TCEP) at 4 °C. Bound proteins were eluted from
the column by circulation of 0.5 mg of GST-tagged
PreScission Protease (GE) in 25 mL of wash buffer over
the column in a closed circuit overnight. The supernatant
(25 mL) and an additional elution of 15 mL wash buffer
were pooled and concentrated to 2.5 mL. PreScission
Protease was removed by affinity chromatography using
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a 1 mL GSTrap HP column (GE) and the eluent was
applied to a Superdex 200 26/60 (GE) size exclusion
column equilibrated with a gel filtration buffer of 10 mM
Tris—HCI pH 7.8, 150 mM NaCl, 4 mM MgCl,, 0.5 mM
TCEP. Peak fractions from the column eluent containing
SAMHD1 were concentrated to approximately
20 mg mL™! and flash-frozen in liquid nitrogen in small
aliquots.

SEC-MALLS

Size exclusion chromatography coupled to Multi-Angle
Laser Light Scattering (SEC-MALLS) was used to
determine the molar mass composition of SAMHDI1
samples upon addition of GTP and dATP (ThermoFisher
Scientific). For assessment of tetramer stability, 30 pM
WT or T592 mutant SAMHD1 was incubated at room
temperature for 5 min, 1 h or 3 h after the addition of
0.2 mM GTP and 0.5 mM dATP prior to column loading.
Samples (100 pL) were then applied to a Superdex 200
10/300 INCREASE GL column equilibrated in 20 mM
Tris—HCI pH 7.8, 150 mM NaCl, 5 mM MgCl,, 0.5 mM
TCEP and 3 mM NaNj at a flow rate of 1.0 mL min™'. The
scattered light intensity and protein concentration of the
column eluate were recorded using a DAWN HELEOS
laser photometer and an OPTILAB-rEX differential
refractometer (dRI) (dn/dc=0.186), respectively. The
weight-averaged molecular mass of material contained
in chromatographic peaks was determined using the
combined data from both detectors in the ASTRA
software version 6.1 (Wyatt Technology Corp., Santa
Barbara, CA).

NMR analysis of SAMHD1 catalysis

1D 'H NMR spectroscopy was used to measure GTP-
stimulated SAMHD]1 hydrolysis rates of dATP. Reactions
were prepared in NMR buffer (20 mM Tris—HCI pH 8.0,
150 mM NacCl, 5 mM MgCl,, 2 mM TCEP, 5% (v/v) D,0)
containing 0.2 mM GTP, 0.5 mM dATP and 1 pM of WT
or T592 mutants. 'H NMR spectra (2 dummy scans,
4 scans) were recorded at 30 s intervals as a pseudo 2D
array at 293 K using either a Bruker Avance III 600 MHz
or Avance IITHD 700 MHz NMR spectrometer equipped
with a 5 mm TCI cryoprobe. Solvent suppression was
achieved using excitation sculpting [69]. Experiments
were typically carried out for 1 h. The integrals for clearly
resolved substrate and product peaks at each time-
point were extracted using the Bruker Dynamics Centre
software package and used to construct plots of substrate
or product against time. Initial rates were extracted
from the linear part of the curve in order to determine

apparent k,, values.
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Nuclease assays

Nucleic acids (10 pmol) were 5 end-labelled using
(10 U) T4 polynucleotide kinase and (20 pmol) y-32P-
ATP in 1XT4 polynucleotide kinase buffer (NEB) at
37 °C for 30 min then boiled for 30 s to heat inactive
the enzyme. Labelled nucleic acids were purified from
unincorporated ATP using Illustra MicroSpin G-25
columns (GE Healthcare) and added to unlabelled to give
a final concentration of 0.5 pM. Time courses of nuclease
digestion were performed with 30 uM SAMHDI1 and
0.5 uM each nucleic acid substrate in a reaction buffer
containing 10 mM Tris—-HCl pH 7.8, 150 mM NacCl,
10 mM MgCl,, 0.5 mM TCEP. Reactions were quenched
at between 0 and 90 min by the addition of formamide
loading buffer and boiling. Reaction products were
resolved using 8 M urea denaturing 20% polyacrylamide
gels (19:1 acrylamide:bis-acrylamide). Gels were
electrophoresed for approximately two hours at 45-50
W (~1000 V). Gels were fixed in 10% acetic acid, 10%
methanol and dried under vacuum at 65 °C. Nucleic acid
species were imaged either by autoradiography on X-ray
film or by phosphor-imaging using a GE STORM 840
Molecular Imager. Reaction products were quantified
using ImageQuant software (GE Healthcare).

Immunoblotting

SAMHD1-YFP-expressing U937 cells (WT SAMHDI1
and mutants) were sorted on a MoFlo XDP flow
cytometer (Beckman Coulter). After culturing for
3 to 4 days to recover from cell sorting, 1x10” cells
were harvested, washed in PBS and lysed by addition
of 100 pL of radioimmunoprecipitation assay buffer
(ThermoFisher) containing protease inhibitors (Roche),
DNase-I (Invitrogen), and phosphatase inhibitor
(ThermoFisher) at 4 °C for 1 h. Cell lysates were
separated by SDS PAGE and analysed for SAMHDI1 and
phosphorylated SAMHD1 expression by immunoblotting
with mouse anti-SAMHD1 mAb (IF6; GeneTex) 1/2000
and rabbit anti-phospho-SAMHD1 mAb (Cell Signalling
Technology) 1/1000, followed by anti-mouse and donkey
anti-rabbit IRDye® 800 CW antibody (LI-COR) 1/10,000,
respectively. Bands were visualised on an Odyssey
Infrared Imager (LI-COR).

Viral restriction assay

Two-colour flow cytometry restriction assay was carried
out as previously described [5, 70]. Briefly, U937 cells
(4x10° per well in a 12-well plate) were transduced
with SAMHDI-YFP (WT or phospho-mutants) to give
approximately 30% SAMHDI1 positive cells on day 3 post-
transduction. After 72 h, cells were split 1/4 into two new
12-well plates — one for cycling cells and the other for
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differentiated cells. Media or media containing 100 nM
PMA was added to the plates respectively for 96 h. The
cells were subsequently infected with HIV-1-GFP (to
give ~30% infection) for a further 72 h, maintaining
PMA in differentiated cells). Cells were harvested and
analysed for GFP expression by flow cytometry (BD
LSRFortessa ). An infectivity ratio was calculated by
dividing the percentage of transduced (YFP+ve) cells
that were infected (GFP +ve) by the percentage of non-
transduced cells that were infected.

Measurement of deoxynucleoside triphosphate (ANTP)
levels in cells

Levels of A, C, G and T deoxynucleotide-triphosphates
in cells were measured as previously described [5, 71].
Briefly, U937 cells transduced with SAMHDI-YFP
WT and mutants, were sorted for YFP positive cells
on a MoFlo™ XDP cell sorter (Beckman) and the cell
lysates from 2x 10° cycling or 4x 10° differentiated cells
were analysed for each ANTP. Levels were quantified
by radiolabel incorporation assays, performed using
the oligonucleotide templates detailed in [72] and
the procedures described in [73] with the following
modifications: Standard curves ranged from 0.05 to
4 pmol, 1 unit of Tag DNA polymerase (Invitrogen) was
used in place of Thermo-Sequenase (GE Healthcare) and
2.5 uM of a-**P-dGTP (to measure dATP, dCTP, and
TTP) and a-**P-TTP (to measure dGTP) were employed
as an incorporation label. The result was standardized as
the pmole amount of each dAN'TP per 10° cells.

Quantification of reverse transcription products

U937 cells transduced with SAMHDI1-YFP (W'T, T592C
or T592D) were sorted for YFP using a MoFlo" XDP cell
sorter (Beckman) and differentiated as described above.
Both cycling and differentiated cells were plated 4x 10°
cells per well of a 12-well plate and spinoculated with
RQ1 DNase (Promega)-treated HIV-1-GFP VLPs (15 ng
p24, WT or RT 151N) for 30 min at 16 °C followed by
incubation at 37 °C. Cells were harvested at 24-, 48-, 60-,
and 72-h post-infection. Cells were washed with ice-
cold PBS and trypsinised if differentiated. Cell pellets
were flash-frozen on dry ice. Cellular DNA was isolated
using the DNeasy Blood & Tissue Kit (Qiagen), followed
by Dpnl treatment for 2.5 h. The quantitation of strong
stop and second strand PCR products was determined
by qPCR. PCR reactions contained 9 pM forward and
reverse primers (forward primer: TAACTAGGGAAC
CCACTGC; reverse primer strong stop: GCTAGAGAT
TTTCCACACTG; reverse primer second strand: CTG
CGTCGAGAGAGCTCCTCTGGTT), 2.5 uM probe
(FAM- ACACAACAGACGGGCACACACTA-TAMRA),
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1X Tagman Fast Advanced Mastermix, and 2 puL Dpnl-
treated DNA. Reactions were carried out in a 7500 Fast
Real-Time PCR System (Applied Biosystems) using
standard reaction conditions.

Data analysis

All analyses were performed in Prism (v7.0c, Graphpad).
For statistical analysis, a Mann—Whitney U-test
(nonparametric) was performed to compare cells
transduced with SAMHDI1 and negative controls.
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