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ABSTRACT

SAM and HD domain containing deoxynucleoside
triphosphate triphosphohydrolase 1 (SAMHD1) is
driven into its activated tetramer form by binding
of GTP activator and dNTP activators/substrates. In
addition, the inactive monomeric and dimeric forms
of the enzyme bind to single-stranded (ss) nucleic
acids. During DNA replication SAMHD1 can be phos-
phorylated by CDK1 and CDK2 at its C-terminal threo-
nine 592 (pSAMHD1), localizing the enzyme to stalled
replication forks (RFs) to promote their restart. Al-
though phosphorylation has only a small effect
on the dNTPase activity and ssDNA binding affin-
ity of SAMHD1, perturbation of the native T592 by
phosphorylation decreased the thermal stability of
tetrameric SAMHD1 and accelerated tetramer disso-
ciation in the absence and presence of ssDNA (~15-
fold). In addition, we found that ssDNA binds compet-
itively with GTP to the A1 site. A full-length SAMHD1
cryo-EM structure revealed substantial dynamics in
the C-terminal domain (which contains T592), which
could be modulated by phosphorylation. We pro-
pose that T592 phosphorylation increases tetramer
dynamics and allows invasion of ssDNA into the A1
site and the previously characterized DNA binding
surface at the dimer-dimer interface. These features
are consistent with rapid and regiospecific inactiva-
tion of pSAMHD1 dNTPase at RFs or other sites of
free ssDNA in cells.

INTRODUCTION

SAM and HD domain containing deoxynucleoside triphos-
phate triphosphohydrolase 1 (SAMHDI) is the only hu-
man enzyme to possess such activity, breaking down dNTPs
into deoxynucleosides and inorganic triphosphate. This ac-
tivity reduces the effective cellular concentrations of many
nucleoside-analog chemotherapeutics (1). The dNTPase ac-
tivity of SAMHDI is regulated through ordered binding
of nucleotide activators to two allosteric sites on each
monomer subunit of the enzyme. GTP (or dGTP) binds
to allosteric site one (Al), and any dNTP can bind to al-
losteric site two (A2) (2-4). Binding of eight activating nu-
cleotides assembles SAMHDI into a stable homotetramer
capable of depleting dNTPs from nondividing or termi-
nally differentiated cells. This depletion constitutes an in-
nate immune mechanism that inhibits replication of both
DNA viruses and retroviruses in such cells (5-7). No-
tably, several viruses that infect humans encode proteins
to counteract SAMHDI1 by post-translational modifica-
tion or targeted degradation via the ubiquitin-proteosome
pathway (8-10). In addition, SAMHD1 has been shown
to bind single-stranded (ss) DNA and RNA at the dimer-
dimer interface of the tetramer, sterically blocking tetramer-
ization and dNTPase activity (11,12). The cellular func-
tion of nucleic acid binding is not known, but such activ-
ity is consistent with the roles of the enzyme in double-
strand break repair and restarting stalled replication forks
(13-15).

The DNA repair functions of SAMHDI1 are enabled
by phosphorylation of threonine 592, a residue located in
the partially structured C-terminus of the enzyme (16-19).
In dividing cells, CDK2-mediated phosphorylation in early
S phase is required for SAMHDI1 to localize to stalled
replication forks and interact with MRE11 (20,21). This
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interaction promotes the degradation of nascent ssDNA
and prevents it from spilling into the cytosol and acti-
vating the cGAS-STING pathway for interferon signal-
ing (13,22). In nondividing GO macrophages—which are
highly restrictive to viral infection—SAMHDI1 is highly
expressed, unphosphorylated and dNTPase active (23,24).
However, macrophages can also exist in a Gl-like state
where SAMHDI is phosphorylated at Thr592 by CDKI.
This state is associated with permissiveness to viral in-
fection, even though SAMHDI1 dNTPase activity per-
sists in the phosphorylated state (23,25). Overall, these
reports indicate that phosphorylation at Thr592 serves
to regulate SAMHDI activity in a cell cycle dependent
manner (16).

Given the regulatory importance of Thr592 phosphoryla-
tion, the effects of this post-translational modification have
been the subject of biochemical, mutational, structural, and
cell-based studies (16,17,26,27). Such studies have gener-
ally found that both phosphomimetic mutation (T592D
or T592E) and in vitro phosphorylation (pPSAMHDI1) of
Thr592 produce only small effects on dNTPase activity (2
to 4-fold) (2,17,18). One exception is that pPSAMHD1 has a
reduced dNTPase rate when dCTP is used as the substrate.
The magnitude of this reduction has been reported to be
in the range of 3- to 10-fold (2,27,28). Several studies have
also reported that phosphomimetic mutations destabilize
the tetramer (17,27,28). This is supported by a structural
study indicating that the nucleotide-binding allosteric sites
of the T5S92E mutant are more solvent-exposed (27). These
same phosphomimetic mutations have been shown to phe-
nocopy the effects of phosphorylation in cells and in vitro
biochemical measurements (14,17,21). Despite the clear im-
portance of phosphorylation in regulating the cellular activ-
ity of SAMHD, there is no established mechanism for how
phosphoregulation occurs.

A central paradox concerning the function of SAMHDI
is why this potent dNTPase is recruited to stalled replica-
tion forks where the requirement for dNTPs is high. An
attractive resolution to this paradox is phosphorylation-
induced inactivation of SAMHDI1 dNTPase, but there is
no evidence from in vitro or cell-based studies to support
this mechanism. Here we explore another possible explana-
tion, wherein phosphorylation increases the dynamic mo-
tions of the SAMHDI tetramer and allows ssDNA to in-
vade the tetramer interface and abrogate dNTPase activity.
This mechanism has the virtues of (i) providing regiospe-
cific ablation of SAMHD1 dNTPase activity at cellular sites
where the concentration of ssDNA is high and (ii) preserv-
ing bulk SAMHDI1 dNTPase activity, which works in con-
cert with ribonucleotide reductase to maintain the balanced
dNTP pools required for faithful DNA replication. We re-
port that modification of Thr592 by phosphomimetic mu-
tation, phosphorylation or deletion perturbs the stability
of the tetramer and increases motion in the partially struc-
tured C-terminus of the enzyme. These increased dynamics
allow invasion of ssDNA into the Al site, leading to GTP
release and further access to the previously characterized
extended DNA binding site at the dimer-dimer interface.
Thus, phosphorylation promotes rapid and regiospecific in-
activation of pSAMHD1 dNTPase activity when ssDNA is
present.

MATERIALS AND METHODS
Chemicals

2'-Deoxythymidine-5'-triphosphate  (dTTP) and 2'-
deoxyguanosine-5'-triphosphate (dGTP) were obtained
from Promega. 2-'%C labeled 2'-deoxythymidine-5'-
triphosphate (2-'*C-dTTP) was obtained from Moravek
biochemicals. 2’-deoxyadenosine-5'-triphosphate (dATP)
was obtained from New England Biolabs. Guanosine-
S'-triphosphate (GTP) was obtained from Thermo
Scientific. 2'-deoxythymidine-5'-[a-thio]-triphosphate
(dTTPaS) and 2'-deoxyguanosine-5'-[a-thio]-triphosphate
(dGTPaS) were obtained from Jena Biosciences. N-
Methylanthraniloyl — guanosine-5'-triphosphate  (mant-
GTP) was obtained from AnaSpec. Glutaraldehyde was
purchased from Sigma-Aldrich. C18 reversed-phase thin
layer chromatography (TLC) plates were obtained from
Macherey-Nagel. PEI cellulose TLC plates were obtained
from EMD Millipore.

DNA oligonucleotides and DNA sequencing

All DNA oligonucleotides were synthesized by Integrated
DNA Technologies (IDT) and purified via polyacrylamide
gel electrophoresis or HPLC. Sequences are listed in Sup-
plementary Table S1.

Protein expression and purification

Human SAMHDI1 wild-type, T5S92E, A583-626 or A600-
626 harbored in a pET19b plasmid as a PreScission protease
cleavable 10xHis fusion construct was expressed in chemi-
cally competent BL21(DE3) Escherichia coli cells (Agilent).
An overnight starter culture of cells was grown in 2x YT
supplemented with carbenicillin (50 pg/1) and subsequently
inoculated 1:100 (v/v) in 2x YT media (shaker settings: 220
rpm, 37°C) and grown until an ODgg of 0.7 was reached.
The cells were then cold-shocked for 30 min in an ice bath,
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside
(ThermoFisher), and incubated for 20 h (shaker settings:
180 rpm, 22°C). Cells were harvested by centrifugation (10
000 x g) and stored at —80°C.

Cell pellets were thawed and resuspended in lysis buffer
(50 mM HEPES—pH 7.5, 300 mM KCl, 4 mM MgCl,, 0.5
mM TCEP, 25 mM imidazole and 10% glycerol) with one
tablet of protease inhibitor cocktail (Pierce), 1 mg DNase I
(Roche), 1 mg RNAse A (Alfa-Aesar) and 5 mg lysozyme
(Amresco) per 50 ml of buffer. The resuspension was passed
two times through a LM10 microfluidizer (Microfluidics)
and centrifuged at 40,000 x g to produce a clarified lysate.
The lysate was loaded onto a charged, pre-equilibrated
10 ml nickel column (HisPur Ni-NTA resin from Ther-
moFisher). The loaded column was given stringent, incre-
mental washes with 30, 40 and 50 mM imidazole. After the
UV trace returned to baseline, SAMHD1 was eluted from
the column using 300 mM imidazole.

SAMHDI isolates were dialyzed against 4 1 of general
buffer (50 mM HEPES—pH 7.5, 300 mM KCI, 4 mM
MgCl,, 0.5 mM TCEP and 10% glycerol) overnight with
1 mg GST-tagged PreScission protease added to remove



the imidazole and 10xHis tag. The following day, the iso-
late was gently stirred at 4°C with 2 ml glutathione-agarose
resin, then centrifuged to pellet the resin and removed GST-
PreScission protease. The SAMHDI1 solution was concen-
trated to ~7 mg/ml and injected in 80 mg aliquots onto a
Cytiva Superdex 200 pg HiLoad 26/600 size exclusion col-
umn as a final purification step. The resulting SAMHD1
isolate was concentrated to 8-9 mg/ml and flash frozen in
liquid nitrogen in 50 wl aliquots.

In vitro enzymatic phosphorylation of SAMHDI1

SAMHDI (45 .M final concentration) and CDK2/Cyclin
El (9 nM final concentration) were diluted in reaction
buffer (40 mM HEPES pH 7.5, 10 mM MgCl,, 1 mM
DTT, 0.005% Tween-20, 10% glycerol, 375 puM ATP) and
incubated at room temperature for 1 h with gentle mix-
ing every 10 min. To assess the phosphorylation status of
reacted SAMHDI, both reacted and unreacted SAMHD1
were characterized via mass spectrometry (Waters Acquity
H-class UPLC system/Xevo G2-XS TOF) where reacted
SAMHDI1 had a mass shift consistent with the addition of
a single phosphate group (Supplementary Figure S1A,B).

To identify site(s) of phosphorylation, reacted SAMHD1
(6 png) was denatured with 1:2 (v/v) of 3.2 M guanidine
hydrochloride/1.6% formic acid prior to inline digest across
a pepsin/protease XIII column (NovaBioAssays) and Ne-
penthesin 1 column (Affipro) using a 10-minute 8-38%
acetonitrile gradient (200 wL/min) and subsequent MS2
by HCD on a Fusion Lumos mass spectrometer (Ther-
moFisher Scientific). Phosphorylated residues (serine, thre-
onine, and tyrosine) were Sequest searched in Proteome
Discoverer 2.2.0 software against the SAMHDI fasta se-
quence (2 ppm mass error 0.05 Da fragment). The ptmRS
algorithm was applied to provide further confidence in the
assignment of phosphorylation. A single site, Thr592, was
found to be phosphorylated.

Steady-state kinetic measurements and analysis

Standard reaction conditions for steady-state kinetic mea-
surements were 0.01-5 mM GTP (activator), 0.1-5 mM
dTTP (substrate), 10 nCi [2-"*C]-dTTP, 50 mM HEPES -
pH 7.5, 50 mM KCl, 5 mM MgCl, and 0.5 mM TCEP in a
20 .l total reaction volume at 22°C. For each GTP/dTTP
concentration combination, three replicate reactions were
carried out with SAMHDI as the initiator. One-microliter
fractions were withdrawn at 5, 10 and 20 min and quenched
by spotting onto a Cl18-reversed phase TLC plate. TLC
plates were developed in 50 mM KH,POy4 (pH 4.0) to sep-
arate the substrate dTTP from the product dT. Developed
TLC plates were exposed on a GE storage phosphor screen
overnight and scanned on a Typhoon Imager (GE Health-
care). Substrate and product signal was quantified with Gel-
BandFitter using a Gaussian fitting algorithm. The amount
of product formed at each time point in each replicate was
calculated using Equation (1):

Iproduct

[Product] = x [dTTPlipigia (1

Iproduct + Isubstrate
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where Iproduct 1S the signal intensity of the dT product peak,
Lubstrate 18 the signal intensity of the dTTP substrate peak,
and [dTTPJiniga is the initial concentration of dTTP sub-
strate in the reaction. Initial rates of product formation were
obtained from plots of [dT] versus time, with rates corre-
sponding to slope, and error corresponding to standard er-
ror of the slope as determined by linear regression analy-
sis. Reaction rates (wM /minute) were plotted vs. dTTP sub-
strate concentration using five fixed concentrations of GTP
activator.

For GTP activation with dTTP as the substrate, the ki-
netic parameters were determined by fitting to an ordered
essential activation mechanism (Equations 2-4) (4), where
[dTTP] and [GTP] are the free nucleotide concentrations,
Vinax"PP4TTP is the apparent maximal velocity for dTTP hy-
drolysis at a given activator concentration, Kp*PdTTP jg
the apparent Michaelis constant for dTTP at a given con-
centration of GTP activator, K,C™" is the activation con-
stant for GTP, K,9T™ is the K, for dTTP in the absence
of [GTP] and « is a unitless constant indicating the de-
gree to which K,*"P4TTP i5 decreased at saturating [GTP].
The reported k., values were calculated from the equation
keat = Vinax ST /[SAMHD1 monomers], where Vi 47 is
the value of Vya,*PP9TTP at saturating [GTP.

_ VT TTP 5
v= app,dTTP ( )
K + [dTTP]
Vapp,dTTP _ Vn(i;l[;rP (3)
max - KdTTP
(1 + [dTTP])
1+ &7
app,dTTP dTTP a Ky
KPeih = Ky 1o )
+ KGTP

act

Fluorescence anisotropy measurements of ssDNA binding

The fluorescence anisotropy measurements were carried out
in quartz microcuvettes in a FluoroMax 3 Spectrofluorom-
eter (Horiba Scientific) maintained at 25°C. Binding reac-
tions were prepared in binding buffer (50 mM HEPES [pH
7.5], 50 mM KCI, 1 mM EDTA, 0.5 mM TCEP) with 50
nM of 5" FAM-labeled oligonucleotide. Anisotropy of the
FAM fluorophore was measured (excitation and emission
wavelengths of 493 and 517 nm; 0.5 s integration time) as
increasing concentrations of SAMHD1 were added. The re-
sulting anisotropy versus total [SAMHD1] curves were fit to
a quadratic binding equation (Equation 5):

AO - Amax

A= Ay —
07 TOINA]

x <b — /b2 Z4[SAMHDI] [NA]) (5)

where b = Ky + [SAMHDI1] + [NA]

where A4 is the observed anisotropy, A4y is the initial
anisotropy value, Am,x 1s the maximal anisotropy value at
saturation, [NA] is the total nucleic acid concentration, and
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[SAMHD1]is the total SAMHD1 concentration. The same
anisotropy assay was used to measure competitive displace-
ment of ssDNA by GTP using [GTP] in the range 0.01-
1 mM. The apparent dissociation constants for DNA ob-
tained at each [GTP] (Kp® PNA) were fitted to the com-
petitive binding equation KpPPNA = KpDNA + [GTP]
x (KpPNA /KpGTPy.

Mant-GTP fluorescence measurements

Mant-GTP fluorescence intensity measurements were car-
ried out in quartz microcuvettes in a FluoroMax 3 Spec-
trofluorometer (Horiba Scientific) maintained at 25°C.
Binding reactions were prepared in binding buffer (50 mM
HEPES [pH 7.5], 50 mM KCl, | mM EDTA, 0.5 mM
TCEP) with 500 nM mant-GTP. Emission intensity of the
mant fluorophore was measured (excitation and emission
wavelengths of 335 and 440 nm; 0.1 s integration time) as in-
creasing concentrations of SAMHD1 were added. The raw
fluorescence data was corrected for dilution, inner-filter ef-
fects, and photobleaching using the following formula:

Fi,corr = I'j raw X (VI —[;) VO) X (é) x <%> (6)

1 — 104
" 03034 @)
A; = e3350m X 0.3cm x [SAMHDI1]; ®)

where F; o 1s the corrected fluorescence at the ith point in
the titration, Fj . is the raw fluorescence at the ith point
in the titration, V; is the total volume of SAMHDI solu-
tion added up to the ith point in the titration, Vj is the
starting volume of the titration, A4; is the total absorbance
of SAMHDI at the 335 nm excitation wavelength of mant-
GTP at the ith point in the titration, f; is the starting fluores-
cence of mant-GTP in a mock titration with no SAMHDI1
being added and f; is the fluorescence of mant-GTP at the
ith point in the mock titration. Following correction, the
data was normalized to percent fluorescence increase and
fit to a quadratic binding equation:

Cmax
2[GTP]

x (b - \/ (b — 4[SAMHD] [GTP])) )

where b = K4 +[SAMHDI] + [GTP]

where C is the observed percent fluorescence increase,
Chax 18 the maximal percent fluorescence increase at sat-
uration, [GTP] is the total concentration of mant-GTP,
and [SAMHDI1] is the total SAMHDI1 concentration. For
experiments involving competitor molecule binding (i.e.
dATP or ssDNA), data sets were fitted to Equation (9) un-
der the assumption that Cpy,x was unchanged in the pres-
ence of the competitor.

Thermal melt measurements

Thermal melt measurements were made using the GloMelt
Thermal Shift protein stability kit from Biotium on a Qia-
gen Rotor-gene Q qPCR instrument. Solutions of 50 mM
HEPES—pH 7.5, 50 mM KCIl, 5 mM MgCl,, 0.5 mM
TCEP, 3 oM SAMHDI, 1X GloMelt dye and 0/2 mM
dGTPasS were subjected to a temperature gradient from 25
to 85°C at 0.5°C intervals. Each step in the gradient was
held for three seconds and the fluorescence of the GloMelt
dye was measured Rotor-gene Q green channel. Automatic
gain optimization was performed all of the samples before
execution of the temperature gradient with a signal limit
of seven. Three replicates were recorded for each measured
condition. Melt temperatures for each replicate were calcu-
lated using the program TSA-CRAFT (Supplemental Table
S2) (29). To display differences in melt temperature between
different SAMHDI constructs, averaged traces were differ-
entiated and normalized in Prism using 6" order polyno-
mial smoothing considering five neighbors on each side.

Single-stranded DNA competition with dNTPase activity

Reaction conditions for ssDNA competition experiments
were 10 uM GTP, 10 puM dTTP, 10 nCi [2-'4C]-dTTP,
0/10/20/50 M ssDNA90, 50 mM HEPES—pH 7.5, 50
mM KCI, 5 mM MgCl,; and 0.5 mM TCEP in a 20 p.l total
reaction volume at 22°C. For each ssDNA90 concentration,
thee replicate reactions were carried out with SAMHDI1
as the initiator. One-microliter fractions were withdrawn at
regular time intervals and quenched by spotting onto a PEI
cellulose TLC plate. TLC plates were developed in 100 mM
LiCl to separate the substrate dTTP from the product dT.
Developed TLC plates were exposed, imaged, and quanti-
fied as previously described in ‘Steady-State Kinetic Anal-
ysis’, with the exception that quantification was performed
using Imagel. Each rate is the average initial rate of three
replicate reactions with error bars representing standard er-
ror of the slope determined by linear regression analysis.

Tetramer lifetime measurements

A 100 pl solution of 1 mM dGTP, 50 mM HEPES—pH
7.5, 50 mM KCl, 5 mM MgCl,, 0.5 mM TCEP and 25 pM
SAMHDI1 was incubated for 30 s, then diluted 100x into
a solution of 50 mM HEPES—pH 7.5, 50 mM KCl, 5
mM MgCl, and 0.5 mM TCEP with no activating nu-
cleotides. Three replicate reactions were done with each en-
zyme. Fractions were withdrawn at regular time intervals
for 8 hours and crosslinked in 50 mM glutaraldehyde for
10 min. Crosslinking was halted by the addition of Tris—
pH 7.5. Crosslinked fractions were loaded onto a 1.5 mm,
10-well, 4-12% acrylamide gradient Bis—Tris gel (Invitro-
gen) and ran at 200 V for 40 min to separate tetrameric,
dimeric and monomeric species. Gels were stained with
Coomassie R250 dye. A PAGEruler pre-stained molecu-
lar weight ladder (Thermo) was used to identify which
bands corresponded to the different oligomeric states of
SAMHDI. Traces were fitted to a two-phase exponential
decay model using GraphPad Prism.



ssDNA binding kinetic measurements

A 20 wl solution of 1 mM dGTP, 50 mM HEPES—pH 7.5,
50 mM KCl, 5 mM MgCl,, 0.5 mM TCEP and 25 pM
SAMHDI1 was incubated for 30 s, then diluted 100x into
a solution of 50 mM HEPES—pH 7.5, 50 mM KClI, 1
mM MgCl,, 0.5 mM TCEP and 50 nM 5’FAM-labeled ss-
DNAS57 with no activating nucleotides. Five replicate reac-
tions were done with each enzyme. Control reactions with
no dGTP in the pre-dilution mixture were also carried out.
Anisotropy of the FAM fluorophore was recorded at 15 s in-
tervals for 10 min after dilution. Traces were fitted to one-
phase association model using GraphPad Prism

Course-grained normal mode analysis

A structural model for the SAMHDI1 monomer was ex-
tracted from the tetramer structure (PDB: 6TXC) (30). Nor-
mal mode analysis was carried out on the monomer chain
in Rstudio using the package Bio3D (31). Fluctuations and
deformation energy were mapped on the SAMHDI struc-
ture as b-factors and displayed in Pymol using the putty car-
toon representation. The R-script file is provided in Supple-
mental Methods.

T592V to T592E structure morph

A 40-frame video morph of SAMHDI1 T592V (PDB:
47ZWE) to SAMDH1 T592E (PDB: 4ZWG) (27) was gener-
ated in the ChimeraX program using the morph function on
extracted monomers from the tetrameric crystal structures
(32). Alpha-carbon fluctuations between the structures were
determined by aligning the structures in Pymol and cal-
culating paired atom displacements using the colorbyrmsd
function. Results were mapped on the structure as b-factors
and exported for comparison with course-grained normal
mode analysis results.

Negative stain EM

The SAMHD1-dGTPaS complex prepared for cryo-EM
was diluted in buffer containing 50 mM HEPES pH 7.5,
0.3 M KCI, 0.5 mM TCEP, 2 mM MgCl, and 1| mM
dGTPasS, applied to glow discharged (Pelco EasiGlow, 0.19
mBar, —15 mA, 20 s) copper grids with a thin carbon
film (CF300-Cu-UL, EMS), washed with water and stained
with 2% uranyl acetate. Grids were imaged at 50 kx (2.087
A/pix) using a 200 keV Tecnai TF20 transmission elec-
tron microscope (ThermoFisher Scientific) equipped with a
OneView camera (Gatan). Grids of SAMHDI prior to nu-
cleotide addition were prepared in the same manner. Data
was collected using SerialEM and processed with Relion
3.1.0 to observe 2D class averages of the nucleotide induced
SAMHDI tetramer (33) (Supplemental Figure S2).

Preparation of SAMHD1-dGTPaS complex grids for cryo-
EM

To form the SAMHDI tetramer, purified protein was
thawed and diluted to 0.6 mg/mL with buffer containing
50 mM HEPES pH 7.5, 0.3 M KCl, 0.5 mM TCEP, 2 mM
MgCl, and 1 mM dGTPaS. After incubation on ice for
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30 min, the complex was diluted to 0.25 mg/ml, applied
to plasma cleaned (ArO,) Quantifoil R1.2/1.3 200 mesh
Au grids, and vitrified in liquid ethane (Vitrobot Mark IV,
ThermoFisher Scientific).

Data acquisition

Dose fractionated movies were acquired using SerialEM
from a Titan Krios G2 transmission electron microscope
(ThermoFisher Scientific) operating at 300 keV equipped
with a K2 Summit direct electron detector and Quantum
LS energy filer (Gatan) (34). Three-thousand two-hundred
and twenty-two movies were collected in super-resolution
mode with a pixel size of 0.42 A/pixel, using a 100pm_ob-
jective aperture, 20 eV slit, and a dose rate of 8.16 e—/A?/s
over a defocus range of —0.6 pm to —3.2 pwm with 7.03 s ex-
posures for a total of 38 frames.

Cryo-EM data processing

All data processing was performed in RELION 3.1.0 unless
otherwise stated (33). Individual frames from each of the
3222 raw movies were aligned using MotionCor2 v1.0.5 and
CTF estimated using CTFFIND4 (35,36). In preparation
for RELION reference-based auto-picking, 2064 particles
were manually picked from the first 500 micrographs and
classified into ten 2D class averages. Four 2D class averages
of different views of the particle were selected for reference-
based auto-picking, resulting in 1,030,155 picked particles.

Particles were extracted with a box size of 300 pixels,
then binned by 2-150 pixels before 2D classification. The
first round of 2D classification yielded 36 2D classes with
661,791 particles with either secondary structure features or
high-resolution information. These particles were selected
and unbinned for another round of 2D classification, yield-
ing 495,583 in 29 class averages. An ab initio 3D initial
model generated in RELION 3.1.0 was used for 3D clas-
sification. One 3D class average of 114,078 particles, with
clear a-helical and B-strand features, was selected for 3D
auto-refinement. .

The first round of 3D auto-refinement yielded a 3.15 A
resolution structure after post-processing. Two iterations of
CTF refinement and one iteration of particle polishing fol-
lowed by 3D auto-refinement and postprocessing generated
a final cryo-EM map of 2.89 A resolution, based on the
FSC 0.143 criteria. The final cryo-EM map was flipped. Lo-
cal resolution analysis was calculated using ResMap (37).
The map was also sharpened using the phenix.auto_sharpen
command in the Phenix software package version 3594 (38).

Atomic modeling and model refinement

The structure of the human SAMHDI1-GTP-dGTP com-
plex (PDB: 4TNX) was fitted into the final structure using
UCSF Chimera (39). The atomic model was built in COOT
(40). The ligand dGTPaS (PDB: T8T) was modeled into al-
losteric sites 1 and 2 and the substrate binding site. Phenix
real space refinement was performed to further optimize the
model. The overall cryo-EM data processing workflow is
shown in Supplemental Figure S3, and the structural statis-
tics are reported in Supplementary Table S3.
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RESULTS

Steady-state dNTPase activity of SAMHDI1, T592E and
pSAMHD1

Since several conflicting reports exist on the dNTPase ac-
tivity of pPSAMHDI1 and the T592E phosphomimetic form,
and N-terminal SAM-domain deletion constructs of dif-
fering lengths have been employed by various groups, we
performed a thorough steady-state kinetic analysis using
full-length wild-type SAMHDI1 (Figure 1A) and its TS92E
variant (Figure 1B). We employed [2-'4C] labeled dTTP
as the substrate and used a previously described reversed-
phase TLC assay for resolving the dTTP substrate from
the thymidine product (Supplemental Figure S4). Reactions
for SAMHDI and T592E were performed using 0.5 mM
[enzyme] and both GTP activator and substrate were var-
ied in the concentration range 0.01 to 5 mM. The data
were fit to Equations (1—4) to obtain ke, Kaet, S'F, KpndTTP
and o for SAMHDI1 and the T592E variant (Figure 1A,
B). Like a subset of the previous reports, our analysis
revealed only small differences in the kinetic parameters
between SAMHDI1, T592E [k /T™PWT = 4.6 + 0.2 57!,
koot TTPTO2E =3 640357, Koot “TPWT = 0.03 4+ 0.01 mM,
Koot STPT32E = 0.04 4 0.01 mM, K, 9T™PWT =20.1 + 1.6
mM and K, 9TTPT92E — 128 + 1.4 mM; standard errors
are indicated (n = 3)] (Supplemental Table S4). A secondary
replot of Ky, **P4TTP versus [GTP] shows that for SAMHD1
and T592E, GTP reduces the Ky, **P4TTP roughly 5-10-fold
(Figure 1C). This establishes that for all realistic concen-
trations of dTTP found in cells, GTP is an essential K-
type activator for both enzymes. Since pPSAMHDI1 was
not as abundantly available as SAMHD1 and T592E, we
performed a more limited kinetic analysis on pPSAMHDI1
using several concentrations of GTP and dTTP to ascer-
tain whether its behavior was significantly different from
T592E (Figure 1D). We observed only small differences be-
tween T592E and pSAMHD1, indicating that the phospho-
mimetic serves as a reasonable surrogate for pPSAMHDI1
in the context of steady-state kinetic measurements over a
wide range of activator and substrate concentrations (Fig-
ure 1D). Thus, these data establish that the function of
phosphorylation is not to ‘switch off’ the dTTPase activ-
ity. This conclusion extends to dGTP and dATP substrates
based on several previous reports (2,28), but dCTP appears
to be a special case where the dNTPase activity is selectively
reduced for T592E (2,28).

ssDNA binding to SAMHD]1, T592E and pPSAMHD1

Since our model invokes preferential inactivation of
PSAMHDI1 in the presence of ssDNA, we compared
the ssDNA binding affinity of SAMHDI, T592E and
PSAMHDI using two ssDNA ligands and a previously de-
scribed fluorescence anisotropy assay (Figure 1E, F). Both
ssDNA ligands contained a 5-FAM label but differed in
length and composition of the phosphate backbone link-
ages. The first DNA was a mixed sequence S7mer (ss-
DNAS57) that has been used previously in DNA binding
studies of SAMHD1 and contains normal phosphodiester
linkages and a guanine rich 5 sequence (5-TGGAG]...]-
3/)(11,12). The second DNA was a short Smer contain-

ing a racemic mixture of Rp and Sp diastereomer non-
bridging phosphorothioate substitutions at each internu-
cleotide linkage (SFAM-dC*G*C*C*T) (PsDNAS). Ps-
DNAS5 was chosen based on a previous report that this
construct binds SAMHDI1 with high binding affinity, and
a crystal structure reveals that the dG residue of PsDNAS
binds specifically in the Al site like GTP, while the dC nu-
cleotides dock across the A2 site (PDB: 6U6X)(41).

Anisotropy-based binding experiments were performed
by adding small portions of a concentrated SAMHDI1
solution to 50 nM [DNA] and recording the anisotropy
increases of the FAM fluorophore after each addition.
Using this approach, we found no notable differences
in binding affinity of SAMHDI1, T592E or pSAMHDI1
for ssDNAS57 or PsDNAS (Figure 1E, F). Consistent
with a previous report, the PSDNAS bound with slightly
higher affinity than ssDNAS57 despite its shorter length
(KDWT, PsDNAS _ 119 + 7 I’IM, KDT592E’ PsDNAS _ 283 + §
HM, KDpSAMHDl, PsDNAS — 257 + 9 l’lM,
KDWT, ssDNAS7 _ 286 + 17 nM, KDT592E, ssDNAS7 _ 431 4+ 25
nM, KpPSAMHDLsDNAST — 412 + 26 nM; standard er-
rors are indicated (n = 3)] (Supplemental Table S5). We
conclude that neither phosphomimetic mutation nor
phosphorylation at Thr592 perturbs binding of SAMHD1
monomers to long or short ssDNA constructs in the
absence of nucleotides.

GTP displaces bound ssDNA from SAMHDI1 and its Thr592
variants

Based on the structural observation that PsSDNAS bound
to the A1/A2 activator sites we investigated whether GTP
and the non-hydrolysable substrate analogue dTTPaS im-
pacted DNA binding to SAMHDI1, T592E and pSAMHD1
(Figure 2). The three enzyme forms were titrated into solu-
tions of 50 nM 5’ FAM-labeled ssDNAS57 or PsSDNAS in the
presence of increasing concentrations of GTP in the range
0.01 to I mM. The data for ssDNAS57 are shown in Figure
2A and the data for PSDNAS5 are shown in Supplemental
Figure S5. For all three enzymes, the apparent Kp values
for ssDNAS57 and PsDNAS increased with a linear depen-
dence on [GTP] (Figure 2B), consistent with competitive
binding of GTP with both short and long DNA ligands.
The relative slopes for GTP competition in Figure 2B are
inversely related to the respective binding affinities of the
bound DNA as required by the equation for competitive
binding (see Methods) (i.e. the tighter binding PsDNAS re-
quires higher concentrations of GTP for displacement). The
slopes also indicate that GTP is less potent at displacing
ssDNA from pSAMHDI1 than from wild-type SAMHDI1,
with the T592E variant showing an intermediate sensitivity
to GTP. Thus, phosphorylation and the glutamate mimetic
bias the binding equilibrium to favor the ssDNA complex.
Finally, when both 1 mM dTTPaS and 1 mM GTP were
added—driving the enzyme to a mixed population of dimer
and tetramer—no ssSDNA binding was detected, confirm-
ing that both GTP binding and tetramerization are antago-
nistic to ssDNA binding (Figure 2A) (Supplemental Figure
S6).

The similar GTP competition effects observed with Ps-
DNAS5 and ssDNAS57 suggest that one of the guanines
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Figure 1. Both the T592E phosphomimetic mutation and phosphorylation have no significant impact on the dNTPase activity or DNA-binding affinity of
SAMHDI. (A) Kinetic analysis of wild-type SAMHD1. SAMHDI (0.5 wM) was incubated with varying concentrations of GTP and [2-'4C]-dTTP. Curves
represent least-squares regression fit to the Michaelis-Menten equation. (B) Kinetic analysis of SAMHD1 T592E under the same conditions as in (A). Error
bars in (A) and (B) indicate standard error of reaction rate determined by the linear regression fit of the linear phase of three replicate reactions performed
for each condition. (C) Secondary replot of apparent Ky, with respect to dTTP substrate concentration as a function of GTP activator concentration.
Error bars indicate standard error of the Ky, values determined in (A) and (B). (D) dNTPase activity of pPSAMHD1 compared with wild-type SAMHD1
and SAMHDI1 T592E under select conditions from the kinetic analysis in (A) and (B). Error bars indicate standard error of the slope determined by the
linear regression fit of the linear phase of three replicate reactions under each condition. (E) Binding of SAMHDI1 wild-type T592E, and pPSAMHDI to
5'FAM-labeled ssDNAS57 (50 nM). (F) Binding of SAMHD1 wild-type, T592E, and pPSAMHDI1 to 5FAM-labeled PsSDNAS5 (50 nM). Error bars in (E)
and (F) indicate the standard error of mean determined by three replicate titrations.

at the 5'-end of ssDNAS7 occupies the Al site. Support-
ing this binding orientation, our previous BrdU DNA
photo-crosslinking approach identified SAMHDI amino
acid residues in the dimer-dimer interface that were near the
bound DNA. These residues (red) are mapped on the struc-
ture of SAMHDI1 in Figure 2C, along with cationic residues
(blue) that were implicated in ssDNA binding by charge re-
versal mutations (11). Comparison of the crosslinking re-
sults with the structure of PsSDNAS bound to SAMHDI1
(Figure 2D) supports the proposal that the 5’ end of longer
DNAs would occupy the activator site(s) and extend into
the contiguous binding surface identified in the crosslink-
ing experiments. Based on this extended DNA binding site,
our interpretation is that saturation of the Al site with 1
mM GTP prevents binding of the 5 DNA end, increases
the mobility of the FAM probe, and therefore ablates the
expected anisotropy increase upon DNA binding. However,
we surmise that the remaining ssDNA chain is still bound

to its extended binding site across the dimer-dimer inter-
face. These data imply that binding of long ssDNAs would
displace GTP from the A1 site, sterically blocking tetramer-
ization and inhibiting dNTPase activity.

Effects of Thr592 variants on binding of GTP and ssDNA to
the Al site

Since GTP is capable of displacing ssDNA, we then asked
whether ssDNA could also displace bound GTP. For this
question, we validated a new fluorescent probe for the Al
site, N-methyl anthraniloyl (mant) GTP. Mant-GTP is ex-
cited at 335 nm and shows an emission maximum at ~440
nm, making it a historically useful environmentally sensitive
probe for GTP binding sites (42). We first observed that ad-
dition of a near saturating concentration of SAMHDI1 (10
M) to 0.5 pM mant-GTP resulted in an increase in the
mant-GTP fluorescence intensity and a 7 nm blueshift in
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PSAMHDI to 5 FAM-labeled ssDNAS57 in the presence of no nucleotides, increasing concentrations of GTP, and a combination of GTP/dTTPaS (1 mM

each). (B) Apparent K4 values from (A) plotted as a function of GTP concentration. Error bars indicate standard error of KappDN
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regression fit of the data in (A) to Equation (5). (C) Isolated SAMHDI1 monomer from the GTP & dATP bound tetrameric SAMHDI1 structure (PDB
6TXC). DNA-interacting residues identified via BrdU-crosslinking are highlighted in red and cationic residues involved in DNA binding are highlighted
in blue. (D) Isolated SAMHDI monomer from a PsDNAS5 bound SAMHDI structure (PDB: 6U6X). DNA-interacting residues identified via BrdU-
crosslinking are highlighted in red and cationic residues involved in DNA binding are highlighted in blue.

the emission wavelength maximum (Figure 3A), indicating
that mant-GTP might be a useful probe of the Al site. We
then established that 1 mM mant-GTP activated SAMHDI1
dTTPase activity in the same manner as an equivalent con-
centration of GTP (Figure 3B, Supplemental Figure S7).
The specificity of mant-GTP for the Al site was further
established through partial displacement by GTP, but not
dATP, which only binds to the A2 and catalytic sites (Fig-
ure 3C) (Supplemental Figure S8). Although we observed
that addition of 1 mM GTP largely returned the mant-GTP
emission maximum to the value observed with free mant-
GTP (Figure 3A), consistent with complete competition,
the mant-GTP fluorescence intensity increased linearly with
SAMHDI1 concentration (Figure 3C). This result suggested
an additional fluorescence contribution from non-specific
binding of mant-GTP. We conclude that the blueshift cor-
responds to specific binding of mant-GTP to the Al site
(100% competition with GTP), but that the total fluores-
cence intensity increase had contributions from both spe-
cific binding and weak non-specific binding. We note that
the mant-GTP reagent employed in this experiment is a
mixture of regioisomers where the N-methyl-anthranilate
fluorophore is attached to the 2’ or 3’ sugar oxygen. If one
of these isomers is sterically blocked from binding to the

Al site, but interacts weakly elsewhere on the enzyme, this
could be the source of non-specific binding. Accordingly, a
standard linear correction for the contribution from non-
specific binding was performed on all subsequent measure-
ments using mant-GTP. The ability of mant-GTP to bind to
the A1 site and activate the enzyme establishes this ligand
as a useful and functional A1 site probe.

The corrected fluorescence increase associated with the
specific binding of mant-GTP to the Al site was used to
obtain dissociation constants of mant-GTP for SAMHDI,
T592E, pSAMHDI, (Figure 3D-F). The binding affini-
ties and fluorescence amplitude changes were similar for
all three of these constructs (Kp values fell in the range
1-2 uM with overlapping confidence intervals) (Supple-
mental Table S6). We then asked whether ssDNAS57 and
PsDNAS could displace mant-GTP from the Al site of
each of these enzyme forms (Figure 3D-F). For each en-
zyme, PSDNAS was the most effective competitor, result-
ing in essentially complete displacement of mant-GTP for
T592E and pSAMHDI1, and ~65% displacement for wt-
SAMHDI1. Competition was not as efficient for sSDNAS7,
even though GTP was found to greatly increase the mobility
of the 5FAM end of DNAS57 in the DNA anisotropy mea-
surements (Figure 2A). These differences in apparent com-
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Figure 3. Single-stranded DNA displaces N-methyl anthraniloyl GTP (mant-GTP) from the Al site. (A) Emission spectra of mant-GTP (0.5 wM) alone
and bound to 10 pM SAMHDI. Emission scans were taken from 380 nm to 500 nm with an excitation wavelength of 335 nm. (B) Activation of dTTP
(1 mM) hydrolysis by mant-GTP (0.5 mM) as compared to the same concentration of GTP (Figure 1A). Error bars indicate standard errors determined
by linear regression fitting to the linear phase of three replicate reactions. (C) Binding of mant-GTP (0.5 wM) to wild-type SAMHDI in the presence of
dATP (I mM) or GTP (1 mM). (D) Binding of mant-GTP (0.5 pM) to wild-type SAMHDI in the presence of ssDNAS7 (20 uM) or psDNAS (20 wM).
The nonspecific binding measured in (C) was subtracted from each of the binding isotherms. (E) Binding of SAMHD1 T592E to mant-GTP (0.5 uM)
in the presence and absence of ssDNAS57 (20 wM) or psDNAS (20 wM). The background nonspecific binding contribution was subtracted from each of
the binding isotherms (Supplemental Figure S8A). (F) Binding of pPSAMHD1 to mant-GTP (0.5 wM) in the presence and absence of ssDNAS57 (20 wM)
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petition may arise from conformational differences between
bound GTP and mant-GTP. Nevertheless, the two compe-
tition experiments with DNA and GTP suggest a linkage
between GTP Al site occupancy and the interaction of the
enzyme with the 5’ end of longer DNA molecules.

Structural basis for communication between Thr592 phos-
phorylation and the A1 site

To gain some insights into the structural basis for how
ssDNA may gain access to the Al site, we turned to
(1) a coarse-grained normal mode analysis (NMA) of
SAMHDI, (ii)) a comparison of the structures of the
TS592E and T592V variants of SAMHDI]1 via alignment
and structure-to-structure morphing using the ChimeraX
software (PDB: 4ZWE and 4ZWG, respectively) and (iii) a
new cryo-EM structure of SAMHDI1 bound to dGTPasS.
The NMA was performed on an isolated monomer of

SAMHDI1 and the relative displacements of individual Ca
atoms of the peptide backbone were plotted against the lin-
ear sequence for comparison with the observed displace-
ments between the two tetramer crystal structures (Figure
4A). The largest displacements in both analyses were lo-
calized in two clustered regions corresponding to residues
462498 and 555-600. Mapping of Cae NMA fluctuations
onto the input SAMHDI1 structure revealed that the mo-
tion is concentrated in a bundle of wa-helixes at the C-
terminus of the enzyme which contains Thr592, hence forth
referred to as the C-terminal domain (CtD) (Figure 4B).
The excellent correlation between the NMA and the struc-
tural changes observed upon phosphomimetic mutation
of Thr592 indicate that perturbations of Thr592 modu-
late the intrinsic flexibility of the peptide chain. In other
words, the native Thr592 and its phosphorylated form can
stabilize/destabilize different conformations of the CtD
that are present in dynamic equilibrium. Videos of the dy-
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namic motions determined from the NMA and the struc-
ture morphing approach are found in Supplemental Videos
V1 and V2.

A further deconstruction of the NMA and morphing re-
sults shows that the CtD lobe can oscillate between two lim-
iting conformations that either (i) partially occlude the cat-
alytic site (stabilized by phosphomimetic mutation T592E),
or (ii) partially occlude the A1l site (favored in the T592V
structure) (Figure 4D). The motions of the lobe are facili-
tated by a flexible hinge consisting of two B-strands (498—
506, 546-554) flanking the catalytic site (Figure 4C). These
findings support a mechanism where intrinsic dynamic mo-
tions of the tetramer are perturbed by phosphorylation
thereby exposing the Al site and hindering access to the
catalytic site. These effects could easily be attenuated or
obscured in steady-state dNTPase kinetic measurements
where the rate-limiting steps are much slower than these

events, as well as in equilibrium binding measurements that
are heavily weighted towards detection of the major bound
species and not changes in populations of minor species that
are in dynamic equilibrium.

To bolster these findings, we solved a structure of
tetrameric SAMHD1 bound to dGTPasS via cryo-EM. Ex-
amination of the density map colored via local resolu-
tion shows that tetrameric SAMHDI consists of a high-
resolution core with eight low-resolution (i.e. conforma-
tionally flexible) lobes on the surface of the tetramer (Fig-
ure 4E) (Supplemental Figure S9). An atomic model built
into the SAMHDI catalytic domain of the cryo-EM map
guided by a published crystal structure (PDB: 4TNX) al-
lowed definitive assignment of four of the lobes to the CtD’s.
The remaining four lobes are inferred to be the SAM do-
mains, which are absent in all previous structures of the
human enzyme (Figure 4F). The three nucleotide binding



sites of each SAMHD1 monomer (catalytic site and two
allosteric sites) are some of the highest-resolution regions
of the structure (Supplemental Figure S10). Inspection of
dGTPasS bound to each nucleotide binding site reveals the
same canonical nucleotide binding modes as previously re-
ported in high-resolution crystal structures (5). In compari-
son, the resolution of the mobile CtD and SAM domains is
>5 A. A new insight from this structure is that CtD and
SAM domains of adjacent monomer chains are spatially
close in the context of the tetrameric holoenzyme, with pairs
of allosteric sites buried in the cleft underneath the two
domains. This highlights potentially important functional
roles for the CtD and SAM domains in maintaining the
stability of the tetramer and controlling access to the al-
losteric sites and nucleic acid binding site at the tetramer
interface.

Tetrameric state of Thr592 variants has a reduced thermal
melt temperature

Thermal shift assays utilizing fluorogenic dyes that bind to
exposed hydrophobic surfaces of proteins are a convenient
and efficient tool for evaluating changes in protein thermal
stability arising from mutation or ligand binding (43). We
used thermal shift assays to evaluate the effects of phospho-
mimetic mutation, phosphorylation and two C-terminal
truncations (A583-626 and A600-626) on the thermal sta-
bility of the SAMHDI tetramer. The deletion variants differ
in that A583-626 lacks Thr592 while A600—626 retains this
residue. We first determined the melting temperature (77,)
of each enzyme in the absence of nucleotides and found that
the T}, of all enzymes fell between 44 and 46°C with no clear
correlation between Ty, and perturbation of Thr592 (Sup-
plemental Figure S11). The tetrameric form of each enzyme
was generated by the addition of a saturating concentration
of dGTPaS (2 mM), which binds to the Al, A2 and the
catalytic sites (4,44). In comparison to the unliganded en-
zymes, the tetramer forms all showed a remarkable increase
in Tp,, now falling in a range of 74 to 78°C (first deriva-
tive plots are shown in Figure 5A). Except for variant
A600-626, each showed a reduced T;, value compared
to SAMHDI, indicating that the tetramers were destabi-
lized (Figure 5B). The Ty, value of SAMHDI tetramer in
the presence of dGTPaS was 77.07 + 0.11°C, while the
phosphomimetic T592E and pSAMHDI1 had T, values
that were both 1.2°C lower (7, 2?%E = 75.98 + 0.16°C,
T,PSAMHDL — 76 01 4 0.25°C). The Ty, value for A583—
626 was nearly 3 degrees lower than full-length SAMHD1
(T = 74.30 & 0.19°C), while A600-626 was slightly ele-
vated (T, = 77.65 £ 0.06°C). These results indicate that
Thr592 phosphorylation destabilizes the nucleotide-bound
tetrameric state of SAMHDI, while having little impact
on the monomeric apoenzyme. The mechanism of destabi-
lization appears to involve a stabilizing interaction of the
Thr592 hydroxyl side chain that is disrupted upon phos-
phorylation or mutation. Supporting this view, the hydroxyl
group of Thr-592 participates in a hydrogen bonding triad
with Asp-585 and Lys-580 (Figure 5C), which would be dis-
rupted upon phosphorylation of Thr592 based on charge
repulsion and steric clashes. This explanation is consistent
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with the lower thermal melting temperature of A583-626,
which disrupts this network by eliminating Thr592 entirely.

Tetrameric state of the Thr592 variants is susceptible to dis-
ruption by ssDNA

We previously developed a method to ‘pre-activate’
SAMHDI by incubating it in the presence of high concen-
tration of dGTP activator and then diluting the activated
enzyme into a reaction buffer containing a substrate ANTP
but no activator (4). This approach (variations of which
have been subsequently used by other groups) (2), allows
the activation step to be separated from enzyme turnover
because activating nucleotides remain tightly bound after
dilution of the tetramer into reaction buffer containing sub-
strate. Under such conditions in the presence of substrate,
the enzyme tetramer persists for at least 6 h with no change
in activity.

Here, we explored the behaviors of pre-activated
SAMHDI, T592E and pSAMHD1 when each were diluted
one-hundred-fold into a buffer containing no nucleotides
and 50 nM 5YFAM-ssDNAS57 to monitor DNA binding
through the increase in anisotropy (Figure 6A). This
experiment is designed to explore if the dynamic behavior
of the T592E and pSAMHDI1 enzymes facilitates invasion
of ssDNA into the dimer—dimer interface of the tetramer.
Without pre-activation with dGTP, simple dilution of
apo-SAMHDI1, T592E, and pSAMHDI1 into buffer con-
taining 5SFAM-ssDNAS7 results in immediate attainment
of the higher anisotropy value expected from binding 50
nM DNA (Figure 6B-D) (dead time ~ 15 s). In contrast,
when the enzymes are pre-activated in the presence of
I mM dGTP and then diluted one hundred-fold into
a buffer containing 50 nM 5FAM-ssDNAS57, a slower
increase in anisotropy occurs that is consistent with the
requirement to disassemble the tetramer prior to or during
binding of the DNA. The rates of DNA binding followed
the trend SAMHD1 (t% = 134 s) < T592E (t% =365s) <

pSAMHDI1 (t% = 16 s). Thus, pSAMHDI1 binds DNA

about 8-fold faster as compared to the non-phosphorylated
enzyme. Each of the kinetic curves was repeated five times
in independent measurements and the average values and
standard errors are shown in Figure 6.

Since binding of long ssDNA requires access to the dimer
interface, the above results suggested that the dNTPase ac-
tivity of T592E and pSAMHD1 would also be inhibited in
the presence of ssDNA under similar conditions of limit-
ing nucleotides. To test this prediction, we carried out dNT-
Pase assays for the three enzymes (0.5 wM) using 10 pM
dTTP, 10 M GTP and increasing concentrations of ss-
DNAO90 in the range 0 to 50 wM (Figure 6E, Supplemen-
tal Figure S12). The dTTP substrate concentration used in
this experiment is typical of that in many human cell lines
(45). Consistent with the prediction, the dNTPase rates of
T592E and pSAMHDI1 declined in response to increasing
DNA concentrations while SAMHD1 remained largely un-
affected by the presence of DNA. Taken together, these find-
ings suggest that phosphorylation destabilizes the tetramer,
promotes ssDNA binding and leads to selective inhibition
of pPSAMHDI as compared to SAMHDI.
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Figure 6. Both phosphorylation and phosphomimetic mutation sensitize
SAMHDI to inhibition by single-stranded DNA. (A) Schematic of dilu-
tion experiment in (B), (C) and (D). A 25 oM SAMHDI solution was
preincubated for 30 s with | mM dGTP or with no dGTP, then diluted
100-fold into a solution of 50 nM 5'FAM labeled ssDNA57. Anisotropy
of the FAM fluorophore was measured at 15 second intervals for 10 min-
utes. (B) ssDNA binding kinetics of SAMHD1 WT. (C) ssDNA binding
kinetics of SAMHD1 T592E. (D) ssDNA binding kinetics of pPSAMHDI.
Error bars for (B), (C) and (D) indicate standard error of mean from 5
replicate reactions. (E) Inhibition of SAMHD1 dNTPase activity by in-
creasing concentrations of single-stranded DNA. SAMHDI (0.5 wM) was
incubated with 10 uM dTTP, 10 wuM GTP and 0-50 wM ssDNA90. Error
bars represent standard error of the reaction rate as determined by linear
regression analysis of the linear phase of three replicate reactions.

Tetramer dissociation kinetics of SAMHDI1 and its Thr592
variants

To directly establish that the presence of Thr592 in wild-
type SAMHD1 promotes stabilization of the tetramer and
resistance to ssSDNA invasion, we monitored tetramer dis-
sociation in the absence and presence of ssDNA using

a previously described glutaraldehyde crosslinking assay
(GAXL) that allows interrogation of the oligomeric states
of SAMHDI1 that are present under various solution con-
ditions (4,46). The experimental approach mimics the pre-
activation and dilution experiments described above (Fig-
ure 7A). In the first series of experiments, we mixed 25
pM SAMHDI or the variants T592E, pPSAMHDI1, A583—
626 and A600-626 with 1 mM dGTP before rapidly dilut-
ing one hundred-fold into reaction buffer (final [enzyme] =
250 nM). As a function of time post-dilution, samples of
each reaction were removed and rapidly crosslinked using
50 mM glutaraldehyde. The fraction tetramers present at
each time were quantified by fluorescence imaging after sep-
aration by SDS-PAGE and staining using Coomassie dye.
In the absence of ssDNA, the variants where Thr592 was
deleted, mutated to glutamate, or phosphorylated showed
dramatically increased rates of tetramer (T) dissociation
into monomers (M) as compared to native SAMHD1 and
A600-626 which both retain Thr592 (Figure 7B). Although
the tetramer dissociations were best fit to double exponen-
tial decays, a simple comparison of the phenomenological
half-life for dissociation of SAMHDI1 (~55.6 min), indi-
cates that dissociation occurs at least 6 to 15-fold slower
than T592E, pSAMHDI1 and A583-626 (~8.8, 3.6 and 4.2
min half-lives, respectively). Like the thermal shift results,
these findings indicate that Thr592 is involved in tetramer
stabilization which is abrogated by phosphomimetic mu-
tation, phosphorylation, and by elimination of the phos-
phorylation site. Interestingly, A600-626 appears to form
a moderately more stable tetramer than the wild-type, with
a phenomenological half-life of 260 min, consistent with its
higher melting temperature in the TSA measurements.

The same tetramer dissociation experiment was repeated
except that the dilution buffer contained 5 pM ssDNAS57
(Figure 7C). The presence of ssDNA was observed to ac-
celerate tetramer dissociation for all enzymes, but once
again, the most rapid dissociation was observed with the
Thr592 variants. Dissociation of SAMHDI1 and T592E
tetramers was accelerated ~3- and 5-fold in the presence of
ssDNA (#1/, = 17 and 1.6 min, respectively), while 90% of
PSAMHDI tetramer dissociated in the first five minutes of
the experiment. Of interest, the final crosslinked species in
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Figure 7. SAMHDI tetramer dissociation is enhanced by phospho-
mimetic mutation, phosphorylation, elimination of the phosphorylation
site, and by the presence of single-stranded DNA. (A) Schematic of dilu-
tion experiment. SAMHDI1 (25 wM) was incubated with | mM dGTP for
30 seconds, then rapidly diluted 100-fold into a solution containing no ac-
tivating nucleotides, as in (B), or into a solution of 5 wM ssDNA90, as in
(C), and crosslinked in glutaraldehyde (50 mM) at regular timer intervals
to monitor dissociation of the tetrameric state. (B) Dissociation kinetics
of wild-type SAMHDI1, T592E, pSAMHDI1, SAMHD1 A583-626 and
SAMHDI1 A600-626. Select excerpts of gels are shown on the left, and
quantification of the three replicates done for each enzyme are shown on
the right. Error bars represent standard error of mean from three repli-
cate reactions. (C) Dissociation kinetics of wild-type SAMHDI, T592E,
pPSAMHDI in the presence of 5 wM ssDNA90. Select excerpts of gels are
shown on the left, and quantification of the three replicates done for each
enzyme are shown on the right. Error bars indicate standard error of mean
for three replicate reactions.

the presence of ssDNA migrated predominantly as dimers,
whereas in the absence of DNA, a mixture of monomers
and dimers were produced. These findings indicate that ss-
DNA lowers the activation barrier for the rate-limiting step
in tetramer dissociation and that DNA binding brings two
monomers in proximity for crosslinking. The lack of glu-
taraldehyde crosslinking between the enzyme and DNA
is not unexpected because the exo-cyclic amine groups in
DNA bases are far less reactive than primary amines in ly-
sine side chains of proteins. The binding of two SAMHDI1
monomers to DNA of this length is consistent with previ-
ous AFM images and binding stoichiometry measurements

(12).
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Figure 8. A model for phosphorylation-dependent disassembly of
SAMHDI at stalled replication forks. Structural perturbation of the C-
terminal domain (shown in purple) caused by phosphorylation decreases
the stability of the tetrameric state. While this destabilization does not
have a strong impact on the steady-state dNTPase activity of the enzyme
in the presence of activating and substrate nucleotides, it does increase
tetramer dynamics. The presence of ssDNA induces rapid dissociation of
the pPSAMHDI tetramer into predominantly dimeric products. Due to
the antagonistic nature of GTP and ssDNA binding, we presume that
dissociation involves displacement of GTP by ssDNA strand invasion
into the allosteric sites and DNA binding interface.

DISCUSSION

Although functional requirements for SAMHD1 Thr592
phosphorylation in restart of stalled replication forks and
promoting DNA end resection in homologous recombina-
tion have been reported (14,21), there is no coherent mecha-
nism for how this covalent modification changes SAMHD1
activity and facilitates such DNA repair processes. Consis-
tent with previous reports, we have shown that phosphory-
lation has unremarkable effects on dNTPase activity. Since
the DNA binding surface of SAMHD1 is not exposed in the
dNTPase tetrameric form, a hypothetical productive role
for phosphorylation during ssDNA transactions would be
to expose this surface (12). Consistent with this hypothesis,
our findings suggest that phosphorylation destabilizes the
tetramer, allowing ssDNA to invade the Al site and dimer-
dimer DNA binding interface. This mechanism provides re-
giospecificity because it requires both phosphorylation and
proximal ssDNA.

The extensive series of in vitro experiments performed in
this study have established the required elements for such a
mechanism (Figure 8). A central paradox is how a modifi-
cation that gives rise to unremarkable changes in standard
activity measurements of SAMHDI can serve as a func-
tional switch to turn on the S phase replication fork activity
of SAMHDI. Our thermal shift results, ssDNA trapping,
structural analyses, and observations that ssDNA and GTP
bind antagonistically to the A1 site all indicate that removal
or phospho-modification of Thr592 energetically destabi-
lizes the SAMHDI tetramer leading to ssDNA invasion
of the tetramer interface. This mechanism involves several
steps that are supported by the collective data (Figure 8).
The thermal melt shifts of tetrameric SAMHD1 upon phos-
phorylation indicate that this modification increases the free
energy of the tetramer (destabilizes) through negation of the
favorable interactions of the Thr592 side chain (step 1). This
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destabilization shifts the internal conformational equilib-
rium of the CtD such that the A1l site is more exposed, and
the catalytic site is more occluded (Figure 4). This confor-
mational state is minimally populated in the unphosphory-
lated enzyme due to the stabilization provided by Thr592.
However, in the phosphorylated enzyme the internal equi-
librium shifts to increase the concentration of the unsta-
ble conformation, and the more exposed Al site can be ac-
cessed by guanine nucleotides present within ssDNA (step
2). The nascent interaction with ssDNA at the A1 site then
promotes further invasion of ssDNA into its previously de-
fined extended binding site along the tetramer interface.
Since the presence of ssDNA accelerates tetramer dissoci-
ation (Figure 7), the activation barrier is decreased in the
presence of ssDNA (step 2). The crosslinking results sug-
gest that with ssDNA90, dimers of SAMHD1 are bound to
DNA and are trapped by chemical crosslinking. Contrary
to previous reports, we see no evidence of mixed-occupancy
tetramer formation in the presence of ssDNA (41). In the
absence of ssDNA, tetramer dissociation is much slower
and results in a mixture of dimers and monomers (Figure
7). A key feature of the above mechanism is the invasion
of ssDNA using a guanine specific DNA interaction with
the A1l site. This is supported by the crystal structure and
the displacement of GTP by both PsSDNAS5 and ssDNAS7.
Such a mechanism would provide specificity for ssDNA be-
cause guanine bases are not accessible in duplex DNA. In-
deed, SAMHDI1 has poor affinity for duplex DNA. A full
investigation into DNA length and sequence effects on this
invasion mechanism will be reported in a subsequent study.

Our in vitro studies show how the dynamic properties
of pSAMHDI1 are more suited for rapid displacement
of GTP followed by ssDNA strand invasion than native
SAMHDI. If these properties are manifested at replication
forks and sites of homologous recombination, they suggest
that SAMHDI tetramer is disassembled during such trans-
actions. Although we focus on the aspect of ssDNA bind-
ing, these DNA interactions do not negate the possibility
that SAMHDI1 binds to other proteins at these sites such
as C-terminal interacting protein (CTIP) and MRE-11 as
previously reported (14,21).
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