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Abstract SAM domain and HD domain-containing protein
1 (SAMHDI1) is a dGTP-dependent triphosphohydrolase
that degrades deoxyribonucleoside triphosphates (dNTPs)
thereby limiting the intracellular ANTP pool. Mutations in
SAMHDI cause Aicardi-Goutieéres syndrome (AGS), an
inflammatory encephalopathy that mimics congenital viral
infection and that phenotypically overlaps with the autoim-
mune disease systemic lupus erythematosus. Both disorders
are characterized by activation of the antiviral cytokine
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interferon-« initiated by immune recognition of self nucleic
acids. Here we provide first direct evidence that SAMHD1
associates with endogenous nucleic acids in situ. Using
fluorescence cross-correlation spectroscopy, we demonstrate
that SAMHDI1 specifically interacts with ssSRNA and
ssDNA and establish that nucleic acid-binding and forma-
tion of SAMHDI1 complexes are mutually dependent.
Interaction with nucleic acids and complex formation do
not require the SAM domain, but are dependent on the HD
domain and the C-terminal region of SAMHDI1. We finally
demonstrate that mutations associated with AGS exhibit
both impaired nucleic acid-binding and complex formation
implicating that interaction with nucleic acids is an integral
aspect of SAMHDI1 function.

Keywords SAMHDI1 - Aicardi—Goutiéres syndrome -
Fluorescence cross-correlation spectroscopy - Nucleic acids

Introduction

SAMHDI1 (SAM domain and HD domain-containing pro-
tein 1) functions as a dGTP-dependent phosphohydrolase
which converts deoxynucleoside triphosphates (ANTPs) to
the constituent deoxynucleoside and inorganic triphosphate
[1]. SAMHDI1 was recently identified as a factor that
restricts infection of myeloid cells with human immunode-
ficiency virus type 1 (HIV-1) by depleting the dNTP pool
required for reverse transcription of the viral RNA genome
[2—4]. Mutations of SAMHDI1 cause Aicardi—Goutiéres
syndrome (AGS), an inflammatory encephalopathy [5].
AGS is also caused by mutations in the genes encoding
the 3'-repair exonuclease (TREX1) and the RNase H2 com-
plex (RNASEH2A-C) [6, 7]. The phenotype of AGS overlaps
with the autoimmune disease systemic lupus erythematosus
(SLE) [8, 9]. Mutations in SAMHD1 and TREX1 also cause
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familial chilblain lupus [10-12], and TREX1 variants confer a
high risk for developing SLE [13], highlighting the role of
nucleic acid metabolism in mechanisms of immune tolerance.
Although the association of SAMHD1 with AGS has
established its role as negative regulator of the innate immune
response [5], the mechanisms underlying SAMHDI1 deficien-
cy remain largely undefined. Given the role of self-nucleic
acids in the pathogenesis of systemic autoimmunity, we in-
vestigated the nucleic acid-binding properties of SAMHDI.
Here we provide further insight into the physiological role of
SAMHD1 by showing that it associates with single-stranded
nucleic acids and forms complexes of higher order. AGS-
associated mutations exhibit both impaired nucleic acid-
binding and complex formation implicating that SAMHDI1
function is dependent on its interaction with nucleic acids.

Materials and methods
Constructs

N-terminally GFP-tagged wild-type SAMHD1 (GFP-
SAMHDI1) and deletion mutants (GFP-SAMHD1,_;3,,
GFP-SAMHD1_¢26) were cloned into pEGFP-C1
(Clontech). SAMHD1 mutations identified in AGS patients
(H167Y, R290H, Q548X) were introduced by site-directed
mutagenesis (QuikChange Lightning). GFP was replaced by
mCherry using Agel and BsrGI.

Fluorescence lifetime imaging microscopy

In situ interaction of GFP-SAMHDI1 with nucleic acids was
determined by fluorescence lifetime imaging microscopy
using the fluorescent nucleic acid stain Sytox Orange
(Molecular Probes) as described previously [14]. HeLa cells
grown on coverslips were transfected with GFP-SAMHD1 -
plasmid using FuGENE HD (Roche Diagnostics). Cells
were fixed in 4 % paraformaldehyde and permeabilized with
PBS-Triton (0.5 %). Nucleic acids were digested with
20 U/ml DNase I (Applied Biosystems) or 0.1 mg/ml
RNase A (QIAgen) at 37 °C for 30 min. Cells were stained
for 30 min with 5 uM Sytox Orange, washed three times
with PBS-Tween (0.2 %) and mounted with Vectashield
HardSet Mounting Medium (Vector Labs).

Fluorescent cross-correlation spectroscopy

For FCCS experiments in cell lysates, HEK293 cells were
transfected with GFP-SAMHDI1 and mCherry-constructs
using polyethylenimine. Cells were lysed in lysis buffer
(137 mM NaCl, 12 mM phosphate, 2.7 mM KCI, 4 mM
CaCl,.6H,0O, 0.8 mM EGTA, protease and phosphatase
inhibitors) by sonication and shearing. Cellular debris was
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removed by centrifugation. For FCCS, 10 uMol of oligo-
nucleotide labelled with 6-TAMRA at the 3'-end without
further chemical modification (Metabion, Supplementary
Table S1) were added to 45 pl freshly prepared lysate and
measured immediately. Double-stranded oligonucleotides
were prepared by heat denaturation followed by slow cool-
ing to room temperature. Complete hybridization of oligo-
nucleotides was confirmed by polyacrylamide gel
electrophoresis. For analysis of complex formation, equal
amounts of GFP- and mCherry-labelled molecules were
achieved by count rate quantification prior to mixing of
lysates and incubation over night at 21 °C. For FCCS
experiments in living cells, HeLa cells were transfected with
GFP-SAMHDI!1 and mCherry-SAMHD 1-constructs using
FuGENE HD (Roche Diagnostics).

FCCS permits probing the dynamic interactions of mol-
ecules labelled with two spectrally different fluorophors [15,
16]. Diffusion of fluorescent molecules through the focal
spot induces fluorescence fluctuation. Both fluctuating fluo-
rescence signals are subjected to auto-correlation analysis,
and the cross-correlation function is obtained by correlating
intensity fluctuations with each other. Only dual labelled
molecules translocating through the detection volume con-
tribute to the cross-correlation curve. Hence, the amplitude
of the cross-correlation curve is directly proportional to the
amount of double-labelled species and allows a quantitative
analysis of interactions. FCCS was carried out as described
in Supplementary Methods.

Pull-down assay

THP-1 cells were lysed in 4-(2-hydroxyethyl)-1-piperazi-
neethanesulphonic acid (HEPES) buffer (20 mM HEPES,
4 mM CacCl,.6H,0, 0.8 mM EGTA, 150 mM NaCl, prote-
ase and phosphatase inhibitors), pre-cleared and incubated
with 3'-biotinylated oligonucleotides (Supplementary Table
S1) for 1 h at 4 °C. Samples were added to 25 pl of washed
Dynabeads MyOne Streptavidin T1 (Invitrogen) and incu-
bated overnight at 4 °C. Beads were washed ten times with
PBS containing 2 %Triton-X and 0.2 mM NaCl and sub-
jected to Western blotting using anti-SAMHD1-antibody.

Gel filtration chromatography

THP-1 cells were lysed in HEPES buffer. Aliquots containing
2.5 mg of'total protein were incubated with or without 500 U of
benzonase for 30 min at room temperature and size-
fractionated by fast performance liquid chromotography using
a Superose 6HR 10/30 column (Amersham Biosciences) equil-
ibrated with HEPES buffer at 4 °C. Collected fractions were
analysed by Western blotting using anti-SAMHD1-antibody.
Mass standards including ovalbumin (43 kDa), catalase
(240 kDa), ferritin (440 kDa) and thyroglobulin (669 kDa)
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were run in parallel and used for calculation of a standard curve
based on the elution volumes.

Immunofluorescence and Western blotting

HeLa transfected with GFP-SAMHD1 were fixed in 4 %
paraformaldehyde, washed twice with PBS and mounted in
Vectashield Mounting Medium with DAPI (Vector Labs).
SAMHDI in human fibroblasts was stained with mouse-
anti-SAMHDI1 (Sigma) followed by AlexaFluor 488 goat-
anti-mouse-IgG (Invitrogen). Confocal microscopy was car-
ried out on a Leica TCS SP5 II. For Western blotting, cell
lysates were subjected to sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred onto ni-
trocellulose membrane and incubated with rabbit-anti-
SAMHDI1 antibody (ProteintechGroup, Inc.) or mouse-
anti-f3-actin (Invitrogen) followed by HRP-conjugated
donkey-anti-rabbit-IgG (GE Healthcare) or rabbit-anti-mouse
IgG (Dako), respectively. Immunoreactive signals were
detected by chemiluminescence (Roche LumiLight PLUS).

Results
SAMHDI1 associates with nucleic acids in situ

In presence of Sytox Orange, the lifetime of GFP-SAMHD1
significantly decreased from 2.05+0.03 to 1.88+0.07 ns,
while the life time of GFP alone was not affected (Fig. 1),
indicating an energy transfer and thus interaction of SAMHDI1
with nucleic acids. To determine which nucleic acid species is
targeted by SAMHDI, cells were incubated with DNase I or
RNase A, respectively, prior to staining with Sytox Orange
(Supplementary Figure 1a). Preincubation with RNase A al-
most completely abolished the lifetime reduction of GFP-
SAMHDI in the presence of Sytox Orange (Fig. 1) indicating
that SAMHDI strongly interacts with RNA. Removal of
DNA by DNase I led to a significant reduction of GFP-
SAMHDI lifetime that was not as pronounced as in cells
without DNase I treatment demonstrating that SAMHD]1 also
interacts with DNA.

SAMHDI specifically interacts with ssSRNA and ssDNA

Using FCCS, we further examined the interaction of GFP-
SAMHDI1 with TAMRA-labelled oligonucleotides in cell
lysates. GFP-SAMHDI1 exhibited a strong cross-correlation
with ssSRNA (65428 %) and ssDNA (46413 %), while cross-
correlation of GFP-SAMHD1 with dsRNA, dsDNA or
RNA/DNA hybrids did not differ from background levels
observed with GFP alone (Fig. 2a, b). To test whether endog-
enous SAMHDI interacts with nucleic acids, pull-down
assays were carried out in monocytic THP-1 cells using 3'-

biotinylated oligonucleotides (Fig. 2¢). Consistent with our
FCCS data, endogenous SAMHDI1 was pulled down with
ssRNA and ssDNA, but not with dsRNA, dsDNA or
RNA/DNA hybrids. Thus, SAMHDI specifically targets
single-stranded nucleic acids.

Interaction of SAMHDI1 with ssRNA and ssDNA
is disrupted by mutations from patients
with Aicardi—Goutiéres syndrome

We next examined the effects of SAMHD1 mutations identi-
fied in AGS patients [5, 8, 9] on nucleic acid-binding
(Fig. 2d). H167Y affects the first histidine of the HD domain
and was found in the homozygous state. R290H affects a
highly conserved residue within the HD domain region and
was found along with Q548X in an AGS patient who also
presented with SLE. In addition, two deletion mutants, one
consisting of the N-terminal 130 amino acids containing the
SAM domain (SAM; GFP-SAMHDI1,_,30) and one lacking
the SAM domain (ASAM; GFP-SAMHDI1_sp¢), respec-
tively, were studied. As shown in Fig. 2e, all AGS-
associated mutations as well as SAM greatly reduced cross-
correlation with ssSRNA and ssDNA. In contrast, ASAM
displayed a cross-correlation similar to wild-type SAMHDI,
indicating that the C-terminal part containing the HD domain
is sufficient for nucleic acid-binding (Fig. 2e). Like wild-type
SAMHDI1, none of the AGS-associated SAMHD1 mutations
showed cross-correlation with double-stranded nucleic acids
(Supplementary Figure S2).

SAMHDI1 forms complexes of higher order

The auto-correlation curves of GFP-SAMHDI1 were shifted
to a longer lag time 7 compared to monomeric GFP consis-
tent with a 2.7-fold slower diffusion (Fig. 2). Assuming
globular molecules, the diffusion of GFP-SAMHD1
(99.1 kDa) would be expected to be only 1.5-fold slower
than monomeric GFP (26.9 kDa) suggesting oligomerisa-
tion of SAMHDI1. We therefore explored complex forma-
tion by FCCS. In cell lysates containing wild-type GFP-
SAMHDI1 and mCherry-SAMHDI1, a strong cross-
correlation of 79+14 % was observed indicating a high
likelihood of SAMHDI1 complexes of at least two mono-
mers (Fig. 3a). Cross-correlation of a GFP-mCherry-fusion
protein was approximately 45 % (data not shown) consistent
with a dark fraction of mCherry of 55 to 60 % [17].
Therefore, the very high cross-correlation of 79 % for
wild-type SAMHD1 could have only been achieved if more
than two mCherry-SAMHD1 molecules were present in the
complex with nearly no monomers left in the cell lysate
mixture. No cross-correlation was observed in lysates con-
taining monomeric GFP or mCherry mixed with mCherry-
SAMHDI1 or GFP-SAMHDI, respectively (Fig. 3a).
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Fig. 1 Interaction of GFP-SAMHDI1 with nucleic acids in situ. a
Fluorescence lifetime of GFP and GFP-TREX1, a DNA exonuclease,
expressed in HeLa cells in absence or presence of Sytox Orange (+
SO). The life time of GFP-TREX1 decreases significantly in the
presence of Sytox Orange indicating interaction with nucleic acids. b
Lifetime of GFP-SAMHDI in absence or presence of Sytox Orange (+
SO) alone or after incubation with DNase I (+ SO+DNase I) or RNase
A (+SO+RNase A), respectively. A significant reduction of lifetime of
GFP-SAMHDI in presence of Sytox Orange indicates interaction with

When we mixed each of the AGS-associated SAMHDI1
mutants as GFP- and mCherry-tagged fusion proteins,
respectively, cross-correlation significantly decreased to
10-30 %, consistent with impaired homomer formation
(Fig. 3a). Likewise, cross-correlation of wild-type
mCherry-SAMHD1 with either GFP-SAMHDI-H167Y,
GFP-SAMHD1-R290H or GFP-SAMHDI1-Q548X was
significantly reduced, showing that wild-type mutant het-
eromer formation was also disturbed (Fig. 3a). Since all
AGS-associated mutants carried an intact SAM-domain,
these findings indicate that the SAM-domain is dispens-
able for oligomerisation. Indeed, ASAM showed a strong
cross-correlation, demonstrating a preserved capability to
oligomerise. In contrast, mutations affecting either the
histidine of the HD domain (H167Y), the HD domain
region (R290H) or the C-terminal end of SAMHDI
(Q548X), respectively, greatly impair oligomerisation.
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nucleic acids. This interaction is partially or completely lost after
removal of DNA or RNA, respectively. Five to ten cells were measured
per experiment. Data are presented as mean+SD of three independent
experiments. **p<0.01, ***p<0.001 versus GFP-TREX1 or GFP-
SAMHDI1 without Sytox Orange, unpaired Student’s ¢ test. ¢ The fop
row shows the fluorescence intensity of HeLa cells expressing GFP-
SAMHDI, and the bottom row shows the corresponding false colour-
coded lifetime images

Thus, mutations that interfere with binding of SAMHDI
to nucleic acids also impair oligomerisation, indicating an
important role of nucleic acid-binding for oligomerisation
of SAMHDI.

To further characterize the composition of SAMHDI
complexes, we analysed the average brightness of GFP-
SAMHDI1 and mCherry-SAMHDI. In lysates with wild-
type SAMHDI, the relative brightness of GFP-SAMHDI1
in the complexes was on average 3.2-fold higher compared
to monomeric GFP (Fig. 3b). In the same mixture, wild-type
mCherry-SAMHDI1 was 3.7-fold brighter than monomeric
mCherry after correction for a dark fraction of 55 % [17,
18]. The correction formula and measured values are pro-
vided in Supplementary Methods and Supplementary Figure
S3. The relative brightness values of ~3 to 4 represent the
average overall particles sizes diffusing through the confo-
cal volume. This means that within the distribution of
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different oligomerisation states of SAMHDI, the average
particle consists of eight SAMHD1 molecules (four GFP-
SAMHDI and four mCherry-SAMHD1). A conclusion
about the width of this distribution, i.e. the smallest and
the biggest complexes, cannot be drawn from the FCCS
measurements. The average brightness values together with
the very high cross-correlation would be consistent with a
higher-ordered oligomeric configuration of SAMHDI1 in
cell lysates.

In agreement with the finding that the AGS-associated
mutants were unable to oligomerise, their average brightness
values were comparable to those of the monomeric fluorescent
proteins (Fig. 3b). Similarly, the brightness of GFP-
SAMHDI1-R290H or GFP-SAMHD1-Q548X was compara-
ble to that of monomeric GFP when mixed with mCherry-
SAMHDI1-Q548X or mCherry-SAMHD1-R290H, respec-
tively. Like wild-type GFP-SAMHD1, GFP-ASAM dis-
played an average brightness of close to four GFP units
demonstrating that is was also oligomerisation competent
(Fig. 3b) and confirming that the SAM domain region is not
required for complex formation.

We further assessed complex formation of endogenous
SAMHDI in THP-1 cells by gel filtration chromatography.
As shown in Fig. 3c, SAMHDI co-elutes over a molecular
weight range from 70 to over 700 kDa. Following pretreat-
ment of THP-1 lysate with benzonase, an endonuclease
degrading DNA and RNA, SAMHDI immunoreactivity in
fractions of higher mass disappeared suggesting disassem-
bly of higher-ordered complexes. Consistent with complex
formation observed with FCCS, these findings are in sup-
port of the notion that endogenous SAMHDI1 in THP-1 cells
forms higher-ordered complexes, which is promoted by the
presence of nucleic acids.

When we examined complex formation of wild-type GFP-
SAMHDI1 and mCherry-SAMHDI1 in living cells by FCCS,
cross-correlation was close to 30 %. This corresponds to a
relative high value when compared to 45 % cross-correlation
of'a GFP-mCherry fusion protein (data not shown) and taking
into account that in a mixture of GFP-SAMHDI1 and
mCherry-SAMHD1, GFP-SAMHD1/GFP-SAMHD1 and
mCherry-SAMHD 1/mCherry-SAMHD1 dimers can be
formed with the same probability as the mixed coloured
dimers. In cells, expressing GFP-SAMHDI1-H167Y and
mCherry-SAMHDI1-H167Y, no cross-correlation was ob-
served (Fig. 4a) indicating that mutation of the catalytic HD-
domain renders SAMHDI1 incapable of complex formation. In
cells transfected with GFP-SAMHDI1 alone, the relative
brightness was ~2, consistent with an average particle size
of at least two monomers, while GFP-SAMHD1-H167Y dis-
played an average brightness similar to monomeric GFP
(Fig. 4b). Thus, within living cells, the most prevalent mobile
fraction of wild-type SAMHDI consists of particles contain-
ing two SAMHD1 molecules.

The auto-correlation curves of GFP and SAMHD1-GFP
were analysed using a two-component diffusion model
(Fig. 4c; Supplementary Methods). As expected for a single
diffusing species, monomeric GFP displayed a fast fraction
of more than 97 % with a diffusion time of 710+370 us. For
wild-type GFP-SAMHDI, a fast and a slow fraction could
be distinguished. The diffusion time of the fast fraction was
1,390+700 ps, which was 1.96 times slower than that of
free GFP. As a GFP-SAMHDI1 dimer (2x99.1 kDa) would
diffuse 1.95 times slower than monomeric GFP (26.9 kDa)
under the assumption of globular molecules, the fast diffusing
component describes the wild-type GFP-SAMHDI1 dimer. In
contrast, diffusion of the fast fraction of GFP-SAMHDI1-
H167Y was significantly faster compared to wild type GFP-
SAMHDI indicating impaired dimerization (Fig. 4c). To quan-
titatively compare the slow diffusing components, we reana-
lysed the auto-correlation curves using fixed fast diffusing
times corresponding to a dimer (1,390 ps, 1.95 times GFP)
for wild-type GFP-SAMHDI1 and a monomer (1,090 ps, 1.54
times GFP) for GFP-SAMHDI1-H167Y, respectively. As
shown in Fig. 4d, e, GFP-SAMHDI1-H167Y harboured a
significantly reduced slow fraction compared to wild type
GFP-SAMHDI, consistent with impaired oligomerisation.

AGS-associated mutations of SAMHDI1 interfere
with nuclear targeting

Wild-type GFP-SAMHDI1 localized within the nucleus.
GFP-SAMHDI1-H167Y and GFP-SAMHD1-R290H partial-
ly mislocalized in the cytosol, while GFP-SAMHDI1-
Q548X was persistently distributed both in the nucleus
and in the cytosol (Fig. 5a). ASAM showed an exclusive
cytosolic distribution, whereas SAM properly targeted to the
nucleus (Fig. 5a). Thus, while the SAM domain of
SAMHDI1 is dispensable both for nucleic acid-binding and
oligomerisation, it is required for nuclear targeting.

SAMHDI in cells of AGS patients is unstable

In fibroblasts from the AGS patient, compound heterozygous
for R290H and Q548X, SAMHDI1 protein was absent.
Similarly, SAMHDI1 was undetectable in lymphoblastoid
cells of this patient, while a weak band of the expected size
of 72 kDa could be observed in cells from the patient homo-
zygous for H167Y (Fig. 5¢). SAMHDI1-mRNA in lympho-
blastoid cells was reduced by 48 % in the patient carrying
R290H and Q548X while it was similar to wild-type cells in
the patient homozygous for H167Y (Supplementary Figure
S4). Thus, the absence of SAMHDI protein is due to degra-
dation of unstable SAMHDI protein in the homozygous
patient, while in the compound heterozygous patient it is most
likely also caused by nonsense-mediated decay of mRNA
transcribed from the Q548X allele.
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Discussion

SAMHDI1 degrades dNTPs, the building blocks of DNA
synthesis [1, 19], indicating a role in nucleic acid metabo-
lism. Mutations of SAMHDI1 cause AGS which features
signs of the autoimmune disease SLE [8]. Both disorders
are characterized by activation of the antiviral IFN-x axis
[20, 21]. Indeed, inappropriate activation of an IFN-«-
mediated innate immune response triggered by recognition
of self-nucleic acids is regarded as a central mechanism in
lupus pathogenesis [21]. Here we show that SAMHDI1
interacts with single-stranded nucleic acids and forms com-
plexes of higher order providing further insight into
SAMHDI function. Our observations are in agreement with
a recent study that identified SAMHDI as a nucleic acid-
binding protein using an affinity-based proteomic approach
with phosphorothioate DNA and poly (I:C), a synthetic
dsRNA analogue, as bait [22]. In contrast to this study, we
do not find interaction of SAMHDI with short blunt-end
dsRNA, although we cannot exclude that SAMHDI1 may
also interact with long dsRNA or with partially dSRNA such
as RNA hairpins. The positive cross-correlation between
SAMHDI1 and nucleic acids in cell lysates indicates that
the two molecule species are components of a same mobile
complex. Although this may also be explained by the pres-
ence of additional yet unknown molecules within the com-
plex, which mediate this association, a direct interaction is
confirmed by the positive FRET signal between GFP-
SAMHDI1 and fluorescently labelled nucleic acids in situ
and by pull down of endogenous SAMHDI1 from THP-1
cells using biotinylated oligonucleotides.

We show that the SAM domain is not required for nucleic
acid binding as a deletion mutant lacking the SAM domain can
still fully interact with both ssSRNA and ssDNA. Consistent
with previous findings [22], we also demonstrate that the
nucleic acid-binding region includes the catalytic HD domain
as H167Y cannot bind nucleic acids. The observation that
Q548X, which lacks the last 78 amino acids, but still carries
an intact HD domain, has lost nucleic acid-binding capacity,
implicates that the C-terminal end of SAMHDI1 is also required
for nucleic acid binding. Interestingly, the highly conserved C
terminus of SAMHDI1 harbours sequences that are necessary
for Vpx-dependent recruitment of SAMHDI to the E3 ubig-
uitin ligase complex CRL4-DCAF1 and its subsequent protea-
somal degradation [23-25]. Our findings suggest that this
process may be modulated by interaction of the C terminus
of SAMHD1 with nucleic acids possibly of retroviral origin.

By FCCS, we demonstrate that in cell lysates, SAMHD1
forms complexes of higher order corresponding to an average
size of eight molecules. However, insight into the precise
molecular configuration of these complexes requires further
investigation. Oligomerisation does not depend on the SAM
domain since deletion of the SAM domain does not interfere

@ Springer

Fig. 2 Association of nucleic acids with SAMHD visualized by FCCS. p
a Background- and crosstalk-corrected auto- and cross-correlation curves
of GFP-SAMHDI1 with ssRNA and dsRNA, respectively, and of mono-
meric GFP with ssRNA. Each graph depicts the auto-correlation curves
for GFP-SAMHDI (cyan, right y-axis) and the TAMRA-labelled oligo-
nucleotide (magenta, left y-axis) as well as the cross-correlation curve
(blue, left y-axis). The average amplitude of the auto-correlation curve for
the TAMR A-labelled oligonucleotide (magenta) was ten times lower than
the amplitude of GFP-SAMHDI (cyan) indicating a 10-fold molar excess
of the oligonucleotide. The high cross-correlation amplitude between
GFP-SAMHDI and ssRNA indicates a strong interaction. A cross-
correlation of ~50 % means that ~50 % of all GFP-SAMHD1 molecules
bound an ssSRNA molecule. Low cross-correlation amplitudes indicate
absent interaction between GFP-SAMHDI1 and dsRNA or between mo-
nomeric GFP and ssRNA, respectively. b FCCS analysis reveals a high
amount of cross-correlation of wild-type GFP-SAMHD1 (open bars)
with sSRNA and ssDNA, but not with dsSRNA, dsDNA or RNA/DNA
hybrids. The “T” indicates which strand of the hybrid was labelled with
TAMRA. GFP (dark grey bars) alone does not show any cross-
correlation with nucleic acids. Differences in cross-correlation of GFP-
SAMHDI1 with ssRNA and ssDNA compared to GFP alone were signif-
icant with p<0.001 and p<0.01, respectively, by unpaired Student’s ¢ test.
¢ Endogenous SAMHDI1 from THP-1 cells is pulled-down by ssRNA
and ssDNA, but not by double-stranded oligonucleotides. d Schematic of
the SAMHDI1 peptide, the AGS mutations (H167Y, R290H, Q548X) and
two deletion mutants (SAM: GFP-SAMHDI1,_;39; ASAM: GFP-
SAMHD1;;_g36) examined. e Cross-correlation of the AGS-associated
mutations or the SAM mutant with ssSRNA (light grey bars) or ssDNA
(dark grey bars), respectively, is significantly decreased. Cross-
correlation of the ASAM mutant with ssSRNA and ssDNA is similar to
that of wild-type SAMHD1 (WT). Differences in cross-correlation of
wild-type GFP-SAMHD1 with ssSRNA and ssDNA compared to mutant
GFP-SAMHDI, with the exception of ASAM, were significant with p
values ranging from p<0.001 to p<0.01, respectively (Student’s ¢ test).
Indicated are the means of three independent experiments+SD

with complex formation. Interestingly, while the deletion mu-
tant lacking the SAM domain, but capable of nucleic acid-
binding, can still oligomerise, all AGS-associated mutations
that have lost the ability to interact with nucleic acids are
oligomerisation incompetent. Consistent with this, cells from
AGS patients show decreased levels of SAMHDI protein,
supporting the conclusion that loss of complex formation
and impaired nucleic-acid binding renders mutant SAMHD1
protein unstable. In addition, decreased SAMHDI protein
may also be due to nonsense-mediated decay as shown for
Q548X. Our gel filtration data on THP-1 cell lysates further
support complex formation of endogenous SAMHDI.
Moreover, complex formation is promoted by the presence
of nucleic acids, since removal of nucleic acids by benzonase
impedes complex formation.

While the SAM domain region of SAMHD is dispensable
for both the interaction with nucleic acids and oligomerisation,
it is important for subcellular targeting. A deletion mutant
lacking the HD domain shows preserved nuclear localization,
while the deletion mutant lacking the SAM domain is exclu-
sively cytosolic in distribution. This is in line with recent
studies providing evidence for a nuclear localization signal
within the N-terminal region preceding the SAM domain [26,
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27]. However, partial impairment of nuclear targeting of the
AGS-associated SAMHD1 mutations, all of which harbour an
intact SAM domain, indicates that subcellular targeting is also
influenced by the overall structural integrity of SAMHDI.
Collectively, our findings suggest that the properties of
SAMHDI1 to bind single-stranded nucleic acids and to oligo-
merise are mutually dependent. This also implies that an
impaired interaction of SAMHD]1 with nucleic acids may be
relevant to AGS pathogenesis.

Intriguingly, H167Y, which affects the first histidine of the
catalytic site, abolishes interaction with nucleic acids. This
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raises the possibility that binding of ssSRNA or ssDNA to
SAMHDI could influence enzyme activity by inducing con-
formational changes that modulate substrate affinity or the
allosteric control by dGTP. Notably, dGTP constitutes the
most underrepresented dNTP and comprises just 5-10 % of
the total ANTP pool, and an increase of dGTP has been shown
to correlate with replication errors [28, 29]. Since SAMHD is
a dGTP-dependent ANTP degrading enzyme, this could argue
for a role of SAMHDI in genome stability. In this scenario,
the nucleic acid targets of SAMHDI1 may be cell cycle-
specific RNA transcripts and DNA intermediates that form
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Fig. 3 Complex formation of
SAMHDI in cell lysates. a
Cross-correlation for the indicated
combinations of GFP (_g) and
mCherry (_r)-labelled wild type
(WT) and SAMHD1 mutants.
Shown are the means of at

least three experiments+SD.
When compared to wild-type
complexes, the cross-correlations
observed for all hetero- and
homozygous combinations of
the AGS mutants differ signifi-
cantly with a value of p<0.001
(unpaired Student’s ¢ test). SAM:
GFP-SAMHDI],UO; ASAM:
GFP-SAMHDI;;_¢26. b Bright-
ness analysis of the fluorescence
signal from both fluorescence
channels. For GFP and mCherry
the mean relative brightness,
normalized to the brightness

of a single GFP or mCherry
molecule£SD is shown. The
brightness values for mCherry
were corrected for a dark fraction
of 55 % (see Supplementary
Methods). A value higher than 1
indicates that the average particle
of a given measurement is the
indicated times brighter than a
single fluorescent GFP or
mCherry molecule. ¢ Gel filtra-

Q

100 -

cross-correlation [%]

(o3

5 4

relative brightness

tion chromatography of THP-1
cell lysate in absence (upper) or
presence (lower) of benzonase.
Numbers of eluted fractions are
indicated below each blot.
Fractions were analysed by
SDS-PAGE followed by Western
blot using anti-SAMHD1
antibody. The predicted elution
positions of the apparent masses
corresponding to SAMHD1
complexes with one (~70 kDa),
two (~140 kDa), four

(~280 kDa), eight (~560 kDa)
and 16 (~1120 kDa) molecules
are indicated by arrows. The
molecular weight was estimated
from a calibration curve based on
the elution volume of standards.
Ly lysate before fractionation

16 15

16 15

during DNA replication and repair. It is of interest in this
context that RNase H2 functions at sites of genome replication
and repair [30, 31]. In keeping with this notion is the recent
description of an AGS patient carrying a homozygous
SAMHDI deletion, who presented with multiple deletions
of mitochondrial DNA, a phenotype typically observed in
inborn errors of mitochondrial ANTP metabolism [32].
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Oligomerisation is an integral functional aspect of a
many nucleic acid-binding proteins. Recognition of target
DNA sequences by p53 is achieved through tetramer for-
mation [33]. Likewise, assembly of replication factors or
ribonucleoprotein components into oligomeric complexes is
often initiated by binding to nucleic acids [34, 35]. In
contrast to the finding of higher-ordered complexes in cell
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Fig. 4 Complex formation of SAMHDI in living cells. a Cross-
correlation of GFP (_g) and mCherry (_r)-labelled wild type (WT)
and H167Y mutant. Shown are the means of at least 20 different cells
measured in three independent experiments+SD. b Brightness analysis
of the green fluorescence signal measured in GFP-SAMHDI trans-
fected cells. Shown is the mean relative brightness, normalized to the
brightness of a single GFP molecule, of at least 19 cells measured in

lysates, live-cell FCCS revealed that within the intact nucle-
ar environment of living cells, the mobile fraction of wild-
type SAMHDI1 consists mostly of dimers. This is consistent
with previous data showing that recombinant SAMHD1
adopts a dimeric configuration in a concentration-dependent
manner [1]. As FCCS measures diffusing particles, only
mobile particles contribute to the FCCS signal, while
particles bound to nucleic acids within the chromatin
will not be captured by FCCS. This is consistent with
the finding of a reduced fraction of slow diffusing par-
ticles containing H167Y. The increase in diffusion time of
this slow fraction in living cells may possibly reflect an
association with other molecules or a modification of
mutant SAMHDI that could be involved in protein deg-
radation. The observation of SAMHDI1 immunoreactivity
in gel filtration fractions of very high mass raises the
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two independent experiments+SD. ¢ Averaged and normalized auto-
correlation curves of GFP, wild-type GFP-SAMHD1 and H167Y mu-
tant. d, e Rate and diffusion time of the slow fractions of wild-type and
mutant GFP-SAMHDI. Shown are the means for at least 17 cells
measured in two independent experiments+SD. ***p<0.001, unpaired
Student’s ¢ test

possibility that multiple SAMHDI1 dimers could co-
assemble on single-stranded nucleic acid segments. Thus,
one may speculate that the SAMHDI1 dimer may represent
a stable intermediate form able to form complexes of
higher order by binding single-stranded DNA or RNA.
Although the exact structural nature of SAMHDI com-
plexes requires further investigation, our findings provide a
possible explanation of how nucleic acid binding could
impact complex formation and, thus, SAMHDI1 function.
SAMHDI1 has been shown to down-regulate the dANTP
pool required for reverse transcription of the HIV-1 genome
[2] implicating SAMHDI in defence mechanisms against
retroviral infection. However, absence of viral infection is a
cardinal feature of AGS suggesting a cell-intrinsic source for
activation of an innate immune response. Given the role of
TREXI in restriction of endogenous retroelements [36], one
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Fig. 5 Subcellular targeting of SAMHDI is altered by AGS muta-
tions. a Nuclear localization of wild-type GFP-SAMHD1 (WT)
expressed in HeLa cells is partially impaired in cells expressing the
substitution mutations H167Y and R290H, respectively, while the
deletion mutant Q548X is consistently distributed both within the
nucleus and the cytosol. b Nuclear expression of endogenous

may also speculate that the nucleic targets of SAMHD1 may
originate from retroelements.

The mammalian ANTP supply is regulated by an intricate
network of enzymes responsible for synthesis and degrada-
tion of dNTPs. Imbalances in the dNTP pool can have
genotoxic consequences [37]. SAMHDI represents a cellu-
lar defence against ANTP imbalances by limiting the dNTP
supply available for DNA synthesis. Hence, SAMHD]1 defi-
ciency could contribute to aberrant synthesis of nucleic acid
species that trigger an immune response (Supplementary
Figure S5). Our findings establish that SAMHDI1 function is
tightly regulated by its interaction with single-stranded nucleic
acids. The elucidation of the endogenous nucleic acid targets
of SAMHDL1 is expected to shed more light on the physiolog-
ical functions of this enzyme and to provide further insight

@ Springer

SAMHDI protein in wild-type fibroblasts (WT) is absent in fibroblasts
from the AGS patient with compound heterozygosity for R290H and
Q548X. ¢ Western blot analysis of lymphoblastoid cells from two AGS
patients shows absent (Q548+R290H) or markedly reduced (H167Y
hom) expression of SAMHDI consistent with complex instability

into pathogenic mechanisms underlying activation of the in-
nate immune system in SAMHD]1 deficiency."
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