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SUMMARY

SAMHD1 has recently been identified as an HIV-1 restriction factor operating in myeloid cells.
As a countermeasure, the VVpx accessory protein from HIV-2 and certain lineages of SIV have
evolved to antagonize SAMHD1 by inducing its ubiquitin-proteasome-dependent degradation.
Here, we show that SAMHD1 experienced strong positive selection episodes during primate
evolution that occurred in the Catarrhini ancestral branch prior to the separation between
hominoids (gibbons and great apes) and Old World monkeys. The identification of SAMHD1
residues under positive selection led to mapping the VVpx-interaction domain of SAMHDL1 to its C-
terminal region. Importantly, we found that while SAMHDL restriction activity toward HIV-1 is
evolutionarily maintained, antagonism of SAMHD by Vpx is species-specific. The distinct
evolutionary signature of SAMHDL1 sheds light on the development of its antiviral specificity.

INTRODUCTION

Eukaryotic organisms have been exposed to viral infections for millions of years. This
coevolutionary process has driven the development and adaptation of immune responses
against invading viruses. In turn, viruses have evolved countermeasures to escape immune
control. The human immunodeficiency virus (HIV) targets susceptible cells of the immune
system that express the CD4 receptor and coreceptors (CCR5 or CXCR4) necessary for viral
entry. However, certain cells of the immune system are nonpermissive to HIV-1 infection
despite efficient entry. Indeed, dendritic cells (DCs) are largely refractory to HIV-1 infection
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(Coleman and Wu, 2009). This block to viral replication is linked to the presence of the
cellular dominant negative factor SAMHD1 (Laguette et al., 2011). Three other cellular
proteins have previously been shown to restrict HIV infection: tripartite motif 5 alpha
(TRIM5a), APOBEC3G (apolipo-protein messenger RNA-editing enzyme catalytic
polypeptide-like editing complex 3 [A3G]) and BST-2/tetherin (Neil et al., 2008; Sheehy et
al., 2002; Stremlau et al., 2004). These restriction factors are all induced by interferon (IFN)
treatment, act on discrete steps of the viral replication cycle, and are ubiquitously expressed
in the organism (Douville and Hiscott, 2010). TRIM5a. causes untimely uncoating after
delivery of the viral core in the cytoplasm of target cells (Stremlau et al., 2006). A3G causes
hypermutations of the viral genome, thus rendering it unstable, unable to integrate or to give
rise to new functional viral particles (Harris et al., 2003). BST-2 tethers viral particles to the
cell surface and therefore prevents viral budding (Neil et al., 2008). The precise step upon
which SAMHD1 acts remains to be fully unraveled. Nonetheless, SAMHDL1 silencing in
DCs favors accumulation of full-length HIV-1 DNA, suggesting that it may affect reverse
transcription (Laguette et al., 2011).

SAMHD1 belongs to a family of proteins that have been involved in a rare genetic disorder,
the Aicardi-Goutiéres Syndrome (AGS) (Rice et al., 2009). Sequencing the genome of AGS
patients revealed mutations in TREX1, RNASEH2A-C, and SAMHD1 (Crow et al., 2006a,
2006b; Crow and Rehwinkel, 2009). TREX1 and RNaseH2 both play important roles in
nucleic acid metabolism (Mazur and Perrino, 1999), suggesting a similar mode of action for
SAMHD1. Notwithstanding the involvement of these proteins in similar pathways, their
impact on HIV replication is divergent. TREX1 and RNASH?2 are both facilitating factors
(Genovesio et al., 2011; Stetson et al., 2008; Yan et al., 2010), whereas SAMHDL is a bona
fide restriction factor (Hrecka et al., 2011; Laguette et al., 2011). AGS patients experience
increased leukocytosis and IFN plasma levels (Dale et al., 2010; Rice et al., 2009). As it is
the case for the TRIM family of proteins, SAMHD1 appears to be at the crossroads of
inflammation and restriction.

Genetic conflict between hosts and lentiviruses leads to rapid selection of mutations that
alter amino acid composition of both actors, especially at positions involved in protein-
protein interaction (Emerman and Malik, 2010; Ortiz et al., 2009). This process of positive
selection characterizes A3G interaction with Vif (Sawyer et al., 2004), TRIMb5a. interaction
with CA (Sawyer et al., 2005), and BST-2 interaction with Vpu, Nef, or Env (McNatt et al.,
2009; Sauter et al., 2009). While HIV-1 has no means to counteract SAMHD1 restriction,
HIV-2 and certain SIV strains encode the auxiliary protein Vpx that potently overcomes the
block to viral replication constituted by SAMHD1 by promoting its degradation by the
proteasome machinery (Hrecka et al., 2011; Laguette et al., 2011). Thus, SAMHDL1 is
expected to be in a genetic conflict with the lentiviral protein Vpx.

Here, we show that SAMHD1 experienced strong positive selection episodes during primate
evolution. The identification of SAMHDZ1 residues under positive selection allowed
mapping of the interaction domain with Vpx to the C-terminal region. Furthermore, we
demonstrate that SAMHD1 proteins of apes, monkeys, and lemurs are all active against
HIV-1, whereas Vpx degrades and antagonizes SAMHDL in a species-specific manner.

SAMHD1 Evolved under Strong Selective Pressures that Occurred along the Catarrhini
Ancestral Branch

To determine whether selection pressure has shaped SAMHDL evolution, we first
constructed a phylogenetic tree using SAMHD1 coding sequences (CDSs) from 34 different
mammals, including primates, available from ongoing sequencing projects and present in the
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database of Orthologous Mammalian Markers (OrthoMaM) (Ranwez et al., 2007).
SAMHD1 showed an atypical gene tree relative to other 1:1 orthologous genes represented
in the OrthoMaM database. Indeed, the maximum likelihood (ML) phylogenetic tree
inferred from SAMHD1 amino acid sequences (Figure 1A) exhibited an exceptionally long
ancestral branch for Catarrhini, including Old World monkeys (OWMs) and hominoids.
This branch was more than 17 times as long in the SAMHD1 gene tree (0.1032 substitution/
site) as in the ML phylogenetic tree (0.0058 substitution/site) inferred from the
concatenation of the 786 1:1 orthologous CDS for which the same 34 mammalian taxa are
available in OrthoMaM (Figure 1B). The distribution of the ancestral Catarrhini branch
length across the same 786 ML gene trees confirms that SAMHDL1 is an extreme outlier
(Figure 1C and Figure S1 available online). The atypical branch length of the SAMHD1
gene tree underlines an exceptional accumulation of amino acid substitutions in this gene,
suggesting the occurrence of an episode of adaptive evolution in the ancestral lineage
leading to Catarrhini.

To test this hypothesis, we sequenced the complete SAMHD1 open reading frame (ORF;
approximately 1880 bp) from 25 primate species (Table S1 and Figure S1). ML analysis of a
32-taxa data set allowed reconstruction of a well-resolved phylogeny of primates including
seven New World Monkeys (NWMs, Platyrrhini) and 20 OWMs and hominoids (Catarrhini)
(Figure 2A). The inferred phylogeny is almost fully compatible with the reference topology
obtained from the most recent primate multigene phylogeny (Perelman et al., 2011), except
for some difficulties to resolve phylogenetic relationships between short internal branches
within OWMs and NWMs. Using the ML topology, we performed a number of statistical
tests based on the ratio of nonsynonymous (dN) to synonymous (dS) substitutions (dN/dS)
to define the selective pressures acting on the SAMHD1 molecule in primates (Table 1).
Estimation of the global dN/dS ratio across the whole tree using the one-ratio branch model
(MO) resulted in a w value of 0.36, showing that SAMHDL is globally under purifying
selection in primates. However, hierarchical likelihood ratio tests (LRTs) performed
between different branch models allowing w to vary among branches of the phylogeny
(YYang, 1998) reveals that strong positive selection occurred in the Catarrhini ancestral
branch (Table 1). Indeed, the alternative two-ratio model (M2w), that allows the single
ancestral Catarrhini branch to have its own w, results in a significant increase in likelihood
over the one-ratio MO model (p < 0.001). Under this two-ratio model, w is estimated to be
1.27 along the ancestral branch leading to Catarrhini, indicating episodes of positive
selection. Overall, the best-fitting branch model distinguishes three categories for w
distributed across the phylogeny. This model confirms that positive selection occurred along
the Catarrhini ancestral branch (w = 1.30), followed by a decrease in Old World monkeys
and hominoids (w = 0.59) whereas New World Monkeys and other primates present a dN/dS
ratio characteristic of purifying selection (w = 0.26) (Figure 2A). Such branch models
nevertheless require a priori choice of the branches or group of branches of the phylogenetic
tree among which w might differ. To relax this assumption, we used a recently developed
alternative approach that consists in an integrated Bayesian framework that allows joint
reconstruction of variations in the molecular evolutionary process, including dN/dS ratios,
life-history traits and divergence times (Lartillot and Poujol, 2011). We used this approach
to reconstruct the variation of the dN/dS ratio in SAMHD along primate phylogeny while
controlling divergence times and the effect of three life-history traits: body mass, longevity,
and maturity (Figure 2B). The Bayesian reconstruction shows a clear increase of the dN/dS
ratio in the Catarrhini ancestral branch length (mean dN/dS = 1.05) with elevated values
persisting in Hominidae, especially in orangutans, while Platyrrhini show uniformly low dN/
dS ratios. Moreover, the Bayesian chronogram infers that positive selection episodes
experienced by SAMHD1 during primate evolution occurred approximately 45 to 25 million
years ago, just before diversification of Catarrhini and their separation into hominoids and
cercopithecoids.
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These observations lead us to explore SAMHDL restriction activity across evolution. For
this purpose, we analyzed the anti-HIV-1 activity of a panel of SAMHD1 orthologs from
hominoids, OWMs, NWMs, and prosimians (Figure 2C). SAMHD1-silenced THP-1
myeloid cells or U937 promyeloid cells—that express no detectable levels of endogenous
SAMHD1—were transduced with retroviral vectors to express human (hu) short hairpin
RNA (shRNA) resistant SAMHD1 (H1.4R) or a panel of primate SAMHDL. Cells were
differentiated and subsequently infected with a vesicular stomatitis virus G protein
pseudotyped HIV-1 molecular clone that harbors the luciferase gene in place of nefas a
reporter—HIV-LUC-G. Measuring the luciferase activity shows that all tested SAMHD1
alleles were able to restrict HIV-1 infection (Figure 2C and Figure S2). Next, we asked
whether SIV nac239 iS restricted by huSAMHD1. We infected differentiated THP-1 with
either a wild-type (WT) SIVmac239 molecular clone that possesses an IRES-eGFP sequence
as a reporter or its AVpx counterpart. Infection with SIVac239 Causes a net decrease of
SAMHD1 levels as observed by immunofluorescence, whereas infection with
SIVmac239AVpX causes no significant variation in SAMHDL levels (Figure 2D and Figures
S2D and S2E). Moreover, infection of parental THP-1 cells or THP-1 cells stably expressing
VPXmac2s1 (THP-1-Vpx) with the same molecular clones of SIV ac239 Shows, in a flow
cytometry assay, that expression of VpXmacos1 restores SIVmac23gAVpx infection to levels
similar to those of SIV 0239 (Figure 2D). This suggests that optimal SIV hac239 infection of
THP-1 cells requires the presence of a functional VVpx. Taken together, these experiments
show that SAMHDZ1 restriction activity has been conserved throughout the evolutionary
history of primates.

Identification of Positive Selected Sites Clustered in SAMHD1 C-Terminal Domain

In order to further characterize episodes of molecular adaptation that occurred in SAMHD1
and identify putative Vpx-interacting domains, we explored branch-site models for detection
of positive selection on SAMHD1 domains. These models, that allow « variation among
sites in the protein and across branches on the tree, aim at detecting positive selection that
affects a few sites along particular lineages (Yang and Nielsen, 2002). The branch-site tests
1 and 2 (Zhang et al., 2005) were applied to the Catarrhini ancestral branch, which was set
as the foreground branch. The conservative branch-site test 1 was not significant, whereas
the branch-site test 2 was significant (p < 0.05). Under branch-site model A, the empirical
Bayes procedure did not identify positively selected sites with significant posterior
probability along the Catarrhini ancestral branch (data not shown).

We investigated the among-site dN/dS ratio variation along the SAMHD1 molecule using
site-specific codon models for detection of positively selected sites (Nielsen and Yang,
1998; Yang et al., 2000). Both LRT computed between nearly neutral models and models
allowing for site-specific positive selection rejected the null hypothesis of nearly neutral
evolution of SAMHD1 (p < 0.001) with the identification of sites under positive selection
(Table 1). The site-specific selection profile of SAMHDL1 inferred under the M8 model
revealed 17 positively selected codons with a posterior probability of more than 0.95 (Figure
3A). The more conservative but less powerful M2a model identified four of these codons at
positions 256, 408, 601, and 614 to be under positive selection. One of these codons
(position 256) falls within the functional HD domain of the molecule. Strikingly, we
identified a cluster of positively selected sites in the C-terminal part of the protein,
comprising five sites (positions 601, 602, 614, 618, and 626) that localized within the last 25
amino acids of SAMHD1 (Figure 3B).

Vpx/SAMHDL1 Interaction Is Mediated by the C-Terminal Domain of SAMHD1

Based on the assumption that genetic conflict between viral proteins and restriction factors
leads to the rapid fixation of mutations at the site of protein-protein interaction, we
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hypothesized that the C-terminal domain of SAMHDZ1 might be involved in interaction with
Vpx. To test this hypothesis, we generated constructs where human FLAG-tagged wild-type
SAMHD1 (WT-SAMHD1) is truncated for either the N-terminal SAM domain (ASAM) or
portions of the C-terminal tail (SAMHD1-F575, SAMHD1-F595, SAMHD1-F611; Figure
4A). The mutant SAMHDZ1-HD/AA, that has no restriction activity toward HIV-1 (Laguette
etal., 2011), was used as a control. Like WT-SAMHD1, all truncated SAMHD1 mutants
localized to the nucleus as demonstrated by immunofluorescence in HeLa cells (Figure S4).

We tested the ability of HA-tagged Vpx from SIV maco51 (VPXmac2s1) t0 degrade ASAM,
HD/AA and F575 as compared to WT-SAMHDL1, in 293T cells (Figure 4B). VpXmac251
expression correlated with decreased levels of WT-SAMHD1, SAMHD1-ASAM, and
SAMHD1-HD/AA, whereas no significant decrease of SAMHD1-F575 levels was observed.
We next tested the ability of VpXmaco51 to interact with SAMHD1 mutants. FLAG-tagged
WT-SAMHD1, SAMHD1-F575, SAMHD1-F595 were coexpressed with HA-tagged
VPXmac2s1 in 293T cells. FLAG immunoprecipitation of whole-cell extracts reveals the
interaction of VpXmaco51 With WT-SAMHD1 whereas no interaction with SAMHD1-F575
and SAMHD1-F595 was detected (Figure 4C). This indicates that the interaction of
SAMHD1 with VpXmac2s1 is mediated by the last 31 amino acids of SAMHD that
comprises amino acids 601, 602, 614, 618, and 626, which are under significant positive
selection. To further map this interaction, we generated a fragment of SAMHD1 (SAMHD1-
F611) that allows discriminating between amino acids 601/602 and 614/618/626. The fact
that SAMHD1-F611 fails to interact with Vpx indicates that the last 11 residues of
SAMHD1 (Figure 4D) comprising amino acids 614, 618, and 626 are involved in the
SAMHD1/Vpx interaction. We next generated point mutants of SAMHD1 where amino
acids S614, V618, and M626 are substituted by alanines and tested their ability to interact
with VpXmac2s1. Whole-cell extracts of 293T cells coexpressing FLAG-SAMHD1-S614A, -
V618A, or -M626A together with HA-VpXmac2s1 Were subjected to FLAG
immunoprecipitation. Analysis by immunoblot revealed that SAMHD1-S614A, SAMHD1-
V618A, both interacted with VpXmac2s; at levels similar to WT-SAMHD1, whereas
SAMHD1-M626A failed to interact with VpXmac2s1 (Figure 4D). Taken together our results
demonstrate that the C-terminal region of huSAMHDL is required for its interaction with
VPXmac2s1 and is therefore critical for Vpxmaco51-induced degradation of SAMHD1. We
further map amino acid M626 of huSAMHD as required for this interaction.

Vpx-Induced huSAMHD1 Degradation Depends on Vpx/SAMHDL1 Interaction and Involves
Relocalization of SAMHD1 to the Cytoplasm

We previously observed that, when expressed in THP-1 cells, Vpx from SIV nac251, and
HIV-2rop (VpXrop) potently induced huSAMHD1 degradation whereas Vpx from
SIVRem-ng (VPXRem-ng) failed to affect huSAMHDL levels (Laguette et al., 2011). To extend
this observation, we analyzed the ability of Vpx from additional HIV-2 and SIV strains to
cause huSAMHDY degradation in THP-1 cells, using VpXmac2s1, VPXroD, and VPXRem-ng
as controls. In the tested panel of Vpx alleles, we included both alleles from laboratory-
adapted lentiviral strains—Vpx from SIVmac239 (VPXmac239), VPXmac2s1, and VpXgop—and
from “primary” viral strains—SIV sooty mangabey (VpXsmm), manarill (N pXmnd2), arill
(VpXgrin), HIV-2 A (Vpxaa), and HIV-2 B (Vpx2p) (Figure 5). These alleles were all
engineered to be FLAG and HA tagged and inserted in a retroviral vector allowing for
transduction of proliferating THP-1 cells. Immunostaining of SAMHD1 and Vpx showed no
significant costaining of VpXmac251, VPXmac239: VPXsmm» VPXdri1, VPXRop, and Vpxoa With
huSAMHDL1 (Figures 5A and 5B), suggesting a degradation of huSAMHDL in the presence
of these Vpx alleles. To the contrary, significant costaining between VpXrem.ng and
VpPXmnd2 With huSAMHD1 was observed (Figure 5B), suggesting that no significant
decrease of huSAMHDL levels was induced by these Vpx alleles. Intriguingly, Vpx/
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huSAMHDL costaining was also observed when Vpx,g was expressed, but this costaining
was cytoplasmic (Figures 5A and 5B), indicating a relocalization of huSAMHDZ1 to the
cytoplasm in the presence of Vpxog. To investigate whether this cytoplasmic localization of
SAMHD1 might be an intermediate step en route toward degradation, we treated
differentiated THP-1 cells with pseudoparticles expressing VpXmac2s51 (VLP-Vpx) and
followed SAMHD1 staining over time by immunofluorescence (Figure 5C). Two hours after
VLP-Vpx treatment, a decrease of huSAMHDL1 staining could be observed, whereas 6 hr
after VLP-Vpx treatment, the cells displayed a heterogeneous SAMHD1 staining pattern,
including cells where no SAMHD1 signal could be detected and cells where the SAMHD1
staining was cytoplasmic. Additionally, Vpx was unable to degrade SAMHD1 when
differentiated THP-1 cells were treated with leptomycin B an inhibitor of protein export
(Figure Sb). This strongly suggests that relocalization of SAMHD1 from the nucleus to the
cytoplasm might be an intermediate step toward its final degradation.

We next analyzed the ability of these Vpx alleles to overcome huSAMHD1 restriction
activity. Differentiated THP-1 cells were transduced so as to express Vpx alleles. Cells were
infected with HIV-LUC-G. Luciferase activity shows a significant increase of infection by
HIV-LUC-G after VPXmac2s1, VPXmac239: VPXsmm, VPXdri1, VPXrop, and Vpxaa
expression (Figure 5D). In this context, VPXrem-Ng: VPXmnd2, and Vpxpg poorly affected
huSAMHDL1 restriction. These experiments show a correlation between Vpx ability to
degrade huSAMHDZ1 and to overcome its restriction activity.

To further investigate the importance of Vpx/SAMHDL1 interaction in this phenotype, we
performed HA-immunoprecipitation on whole-cell extracts from 293T cells coexpressing
FLAG- and HA-tagged Vpx and FLAG-huSAMHD1. We thereby show that VpXmac251,
VpXsmm: VPXdri1, VPXRoD, and Vpxs,g interact with huSAMHD1, whereas only weak
interaction was observed with Vpx from SIVRrem.ng and SIVmng (Figures 5E and 5F). Of
note, the interaction of SAMHD1 with VpXgmm Was weaker than with VpXmac2s:. It should
be noted however that Vpx,g which interacts with huSAMHD1 will ultimately induce its
degradation and enhance HIV-1 infectivity but with slower kinetics compared to Vpxoa.
Indeed, when Vpx,g-expressing THP-1 cells are harvested 96 hr after transduction, or when
HeLa cells are transiently transfected with huSAMHD1 and Vpxog, protein levels of
huSAMHDL are decreased at similar levels as when cells express VpXrop or VpXaoa (data
not shown).

Species-Specific Degradation of Primate SAMHD1 by Vpx

Given the differential activity of Vpx alleles to counteract huSAMHDL restriction activity,
we finally tested the ability of Vpx from different lentiviral strains to degrade SAMHD1
from various primates by cotransfection of Vpx and SAMHD1 expressing plasmids in HelLa
cells (Figure 6A). In agreement with previous degradation assays performed in THP-1 cells
(Laguette et al., 2011), human SAMHD1 was significantly degraded in the presence of
VPXRoD: VPXmac2s1, and VpXsmm but not in the presence of VpXgem-ng and VpXmnpdo- A
similar degradation pattern was observed for SAMHD1 from another hominoid, the gibbon,
which is not naturally infected by SIV. Efficient degradation of rhesus macaque SAMHD1
was observed when coexpressed with Vpx from HIV-2rop, and Vpx from two SIV strains
able to infect rhesus macaques (SIVmacos1 and SIVsmm). Additionally, protein levels of
rhesus SAMHD1 were strongly decreased in the presence of Vpx from SIV strains infecting
mangabeys (VpXRrem-ng) and mandrills (SIVmng2). Consistently, VpXmacos1 and VpXrem-Ng
interacted with rhesus SAMHD1 in an immunoprecipitation assay (Figure 6B). Similar to
rhesus SAMHD1, mangabey SAMHD1 was strongly degraded when coexpressed with all
Vpx proteins, including VpXrem-ng and VpXmng2- These results show that VpXgem-ng and
VPXmnd2 can induce the degradation of SAMHDL1 proteins from Old World monkeys
(rhesus and mangabeys) and not from hominoids (human and gibbon). Levels of SAMHD1
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from the owl monkey, a NWM that has not been exposed to SIV, were significantly
decreased in the presence of VpXrop, VPXmac2s1, and VpXgmm. Interestingly, SAMHD1
from the gray mouse lemur, the most distant primate as compared to humans, was resistant
to degradation in the presence of all tested Vpx alleles. These data highlight that VVpx alleles
mediate the degradation of primate SAMHDL1 in a species-specific manner (Figure 6C).

DISCUSSION

Evolutionary analysis of host restriction factors (Strebel et al., 2009) such as TRIM5a.,
APOBEC3G, and BST-2 highlight episodes of selective pressure during primate evolution
that likely result from genetic conflict with retroviral elements (Ortiz et al., 2009; Patel et
al., 2011). Likewise, by analyzing the molecular evolution of SAMHD1 in primates, and
consistent with Lim et al. (2012), we present evidence that SAMHD1 was subjected to
strong positive selection since catarrhines diverged from platyrrhines. Unlike the above-
cited host restriction factors, the episodes of selection did not abrogate SAMHD restriction
activity toward HIV-1, since SAMHD orthologs from very distant primates exhibit potent
anti-HIV-1 activity similar to that of huSAMHD1. However, certain lentiviruses have
evolved means of counteracting SAMHDL restriction through the viral auxiliary protein
Vpx. Here, we harnessed positive selection analysis as a tool to identify the C-terminal
domain of huSAMHD1 as required for interaction with VpXmac2s51 and subsequent targeting
of SAMHDL to proteasomal degradation. We further mapped the amino acid M626 of
SAMHD1 as required for the Vpx/SAMHD1 interaction. Finally, we show that, in contrast
to SAMHD1 broad range activity, the ability of Vpx to induce the degradation of primate
SAMHD1 is species specific.

Inference of Catarhinni, Platyrhinni, Simiiformes, and primate ancestral SAMHD1 (Figure
S3) illustrates the accumulation of amino acid changes along SAMHD1 sequence over 60
million years of evolution. Adaptation of the SAMHD1 sequence prior to diversification of
the Catarrhini coincides with multiple events of invasion of the primate lineage by
endogenous retroviruses such as HERV-K, HERV-H, HERV-E, HERV-W, and ERV-9
(Bannert and Kurth, 2006). In this perspective, it will be important to investigate whether
endogenous retroviruses played a role in SAMHD1 adaptation and whether SAMHD1 may
affect other retroviruses. In agreement, Vpx may alleviate a monocyte-specific restriction of
murine leukemia virus infection (Jarrosson-Wuilleme et al., 2006; Kaushik et al., 2009).
This notwithstanding, the accumulation of positively selected sites clustered in the N-
terminal and C-terminal of the protein possibly results from lineage-specific adaptation of
SAMHD1, after the split between hominoids and OWMs that occurred around 18 million
years ago and may therefore result from genetic conflict between SAMHD1 and more recent
viruses such as lentiviruses. Indeed, the most recent dating estimates the age of lentiviruses
to a minimum of 12 million years (Katzourakis et al., 2007; Keckesova et al., 2009).

One of the hallmarks of positively selected restriction factors in primates is their species-
specific antiretroviral activity (Mariani et al., 2003; McNatt et al., 2009; Song et al., 2005).
However, we observed that primate SAMHD1 orthologs distant by 60 million years
(divergence human/gray mouse lemur) were able to block HIV-1. Thus, despite selective
pressure occurring over millions of years, SAMHD1 restrictive potential against HIV-1
appears to be evolutionarily conserved.

Genetic conflict between host restriction factors and viruses is predicted to lead to rapid
selection of mutations that alter amino acid composition of both actors, especially at
positions that affect protein-protein interaction. This type of genetic conflict has been shown
to occur between APOBEC3G and Vif (Sawyer et al., 2004), TRIM5a. and the viral capsid
(Stremlau et al., 2005), BST-2 and Vpu, Nef, or Env (McNatt et al., 2009). In the case of
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APOBEC3G, TRIM5a, and BST-2, domains involved in direct interaction with retroviral
factors are enriched in positively selected sites (Ortiz et al., 2009). Similarly, analysis of
positive selection on SAMHD1 sequence reveals a cluster of sites in the C-terminal domain
under selective pressure. Deletion of the C terminus of huSAMHD1 results in loss of
interaction with VpXmac251 and subsequent loss of SAMHD1 degradation. This suggests that
Vpx may have dictated the evolution of the C-terminal domain of SAMHD1. Mutational
analysis of the sites under selection in C terminus reveals that at least M626 of huSAMHD1
is important for the interaction with VpXmac2s1. M626 is one of the few amino acids of
SAMHDL1 that vary in a lineage-specific manner in primates. Position 626 may be important
for the interaction of VVpx with cognate SAMHD1, considering the species-specificity of
Vpx-induced SAMHD degradation. However, both owl monkey and gray mouse lemur
SAMHD1 harbor a V626, but only owl monkey SAMHDL is efficiently degraded by
VPXmac2s1- This raises the possibility that position 626 is not the only site recognized by
Vpx. Indeed, Lim et al. (2012) show that positively selected residues within the N-terminal
domain of SAMHD1 determine both binding and susceptibility to Vpx. Additional traces of
positive selection are seen in the N-terminal domain of SAMHD1, comprising the SAM
domain predicted to mediate SAM/SAM, protein/protein, or protein/RNA interaction. It is
therefore possible that SAMHD1 does not solely interact with VVpx and suggests that
SAMHD1 may target another viral component to exert its restriction activity. Interestingly,
position 256, within the HD domain, was also detected to be under positive selection. It will
be of importance to determine whether this residue is involved in SAMHD1 function.

Additionally, we also show that Vpx,a and Vpxog differ in their ability to degrade
SAMHDL1. Indeed, Vpxyg causes SAMHD1 degradation at a slower rate than Vpxoa. This
feature allows for a mechanistic insight into Vpx-induced SAMHD1 degradation: Vpx
seems to cause relocalization of SAMHDL1 to the cytoplasm prior to routing toward the
proteasome machinery. Since Vpx»g efficiently interacts with SAMHD1, one may speculate
that the interaction of Vpx,g with the E3-ligase complex involved in SAMHD1 degradation
and its export from the nucleus are less efficient than those of Vpx,a. The different clades of
HIV-2 may have originated from independent cross-species transmission event (Lemey et
al., 2003). Whether the differential kinetics of VVpx-mediated enhancement of DC infection
after infection with HIV-2 from clades A or B affects pathogeny, remains to be explored.

Since the viral auxiliary protein Vpx is not shared by all lentiviruses, this raises concerns of
the necessity to bypass this restriction for efficient viral spread. In particular, pandemic
HIV-1 strains have not evolved means to induce SAMHD1 degradation, whereas
nonpandemic HIV-2 induces SAMHD. degradation through its Vpx. A consequence of
HIV-1 not possessing Vpx is the inability of this virus to infect DCs, particularly at an early
stage of viral transmission when viral loads are very low. Whether DCs from HIV-2 patients
are productively infected in the context of a natural infection is unknown. Interestingly,
phylogenetic studies have traced the origin of pandemic and nonpandemic HIV-1 (group M
and groups N, O, and P, respectively) infections to cross-species transmissions from
chimpanzees and gorillas (Keele et al., 2006). SIV¢p, has been shown to originate from a
probable recombination of lentiviruses from red-capped mangabeys (SIVrem) and greater
spot-nosed monkeys (SIVgsn) (Bailes et al., 2003). In this process, it appears that the vox
gene of SIVRem was lost. Infection by SIV ¢y, in chimpanzees causes symptoms closely
related to AIDS (Keele et al., 2009). Whether this ORF was lost before the transmission to
chimpanzees is unknown. This observation is to be examined in the light of previous reports
hypothesizing that vpx would have originated from gene duplication of an ancestral vprgene
or by acquisition of a heterolougous vprallele (Tristem et al., 1992; Tristem et al., 1990).
HIV-2 infection originated from an independent cross-species transmission of SIVgym from
Sooty mangabeys (Hirsch et al., 1989; Wertheim and Worobey, 2009) that possess a vpx
gene. One may question whether the presence of Vpx may have represented an advantage
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favoring the cross-species transmission. However, HIV-2 infection is characterized by its
nonpandemicity and the decline in its prevalence as compared to the increasing prevalence
of HIV-1 (Tebit and Arts, 2011). Nonetheless, VVpx seems to be dispensable for persistence
and spread in humans. The restriction factor SAMHD1 appears to bridge anti-viral responses
and innate immune responses. The interplay between SAMHD1 and Vpx reflects how the
immune system adapts to the reciprocal constraints exerted by viruses and the host,
especially in the light of restriction factors being involved in the triggering of innate immune
responses.

EXPERIMENTAL PROCEDURES

Evolutionary Analyses and Ancestral Sequence Reconstruction

The CDS amino acid alignment containing the 34 sequences available for SAMHD1 was
retrieved from the OrthoMaM database (Ranwez et al., 2007). Other 786 1:1 orthologous
CDS amino acid alignments for which the same 34 taxa were available were also
downloaded from OrthoMaM. Ambiguously aligned sites were excluded using Gblocks
default parameters (Castresana, 2000). Maximum likelihood branch lengths were then
optimized for each alignment by using maximum likelihood under the LG+G8+F model on
a fixed topology with PhyML 3 (Guindon et al., 2010). The same branch length optimization
protocol was applied to the concatenation of the 786 genes but using RAXML v7.2.8
(Stamatakis, 2006).

The 32-taxa data set was constructed from the 25 newly obtained SAMHD1 sequences and
seven sequences retrieved from EnsEMBL (Table S1). The alignment length was restricted
to the length of the human SAMHD1 sequence (626 codons) by excluding all sites
containing gaps in nonhuman sequences. Maximum likelihood phylogenetic reconstruction
was performed from this nucleotide alignment under the GTR+GAMMA model with
RAXML.

Most of the analyses aiming at describing the selective constraints acting on SAMHD1 in
primates were conducted using the site-specific, branch-specific, and branch-site models for
detecting positive selection implemented in the CODEML program of the PAML 4.4
package (Yang, 2007). All calculations were performed using the ML topology previously
inferred by RAXML.

The Bayesian reconstruction of dN/dS variation along the primate SAMHD1 ML phylogeny
was conducted using the dsom procedure implemented in the CoEvol program (Lartillot and
Poujol, 2011). We used the seven calibrations proposed by Perelman et al. (2011) that were
compatible with our taxon sampling to infer divergence times. The values of the three life-
history traits incorporated in the analysis (body mass, longevity, and maturity) were
obtained from the PanTheria database. Two independent MCMC were run for a total of
100,000 cycles sampling points every ten cycles. The first 1,000 points were then excluded
as the burnin and inferences were made from the remaining 9,000 sampled points.

Expression Constructs and Plasmids

All SAMHD1 coding sequences were C-terminally tagged with FLAG and HA by cloning
into the previously described MMLV-based retroviral vector (Kumar et al., 2009). For
immunoprecipitation experiments, selected SAMHDL1 alleles were subcloned into a similar
vector except that the HA tag was removed. Constructs expressing FLAG- and HA-tagged
VPXmac251, VPXROD: VPXRCM-NG: and VPXrem-cas Were previously described (Laguette et
al., 2011). Vpx alleles from SIVmac239, SIVsm, SIVmnd2, SIVdrll, HIV-2A, and HIV-2B
were synthesized by GenScript (Table S2) and subcloned in pOZ vector (Nakatani and

Cell Host Microbe. Author manuscript; available in PMC 2013 March 13.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Laguette et al.

Page 10

Ogryzko, 2003). For immunoprecipitation experiments, VpXmac2s1 Was further subcloned in
pOZvector where the FLAG tag was deleted.

N-terminal (SAMHD1DSAM) and C-terminal (SAMHD1-F575, SAMHD1-F595,
SAMHD1-F611) truncations in SAMHD1 were generated with the phusion enzyme
(Finnzym). Point mutations in the SAMHD1 (SAMHD1-S614A, V618A, and M626A)
sequence were introduced using the Quickchange lightning kit (Agilent Technologies)
according to the manufacturer’s recommendations. SAMHD1-HD/AA and SAMHD1-R
mutants, HIV-LUC, VSV-G, MMLYV packaging, A-MLV envelope, and ShRNA constructs
were previously described (Laguette et al., 2011).

pBRSIVmac239 nef+ IRES eGFPd5 was generated by introducing a Mlul restriction site
just upstream of the unique Smal site located downstream of the nef ORF in
pBRSIVmac239nef+TPId5 (Minch et al., 2001). Next, a Smal-IRES-eGFP-Mlul fragment
was inserted. SIVmac vpx STOP was generated by mutating the start codon of vpxto ACG
and introducing a stop codon (TGA) at position 2 without changing the reading frame of v/f.
These mutations were introduced by PCR site-directed mutagenesis using the Phire
polymerase (Finnzymes) and cloned into the SIVmac proviral contruct via Pacl/Sphl.

Immunopurification

For immunoprecipitation experiments, whole-cell extracts were prepared with 10% glycerol,
0.5% triton, 150 mM NaCl, 10 mM KCL, 1.5 mM MgCI2, 0.5 mM EDTA, 10 mM p-
mercaptoethanol, and 0.5 mM PMSF. When FLAG-tagged SAMHD1 was
immunoprecipitated, extracts were incubated with anti-FLAG antibody conjugated agarose
beads (Sigma), and the bound polypeptides were eluted with Flag peptide (Sigma). When
HA-tagged Vpx was immunoprecipitated, extracts were incubated with anti-HA antibody
conjugated agarose beads (Santa Cruz), and the bound polypeptides were eluted with Flag
peptide (Roche) under native conditions.

Immunofluoresence

THP-1 cells were transduced with VVpx expressing retroviral constructs 48 hr prior to 16 hr
differentiation on polylysine treated coverslips. Alternatively, THP-1 cells were
differentiated on polylysine treated coverslips prior to VLP-Vpx treatment. HeLa cells were
differentiated on coverslips prior to transfection with SAMHDZ1 constructs. Fixation was
performed using PBS with 3% paraformaldehyde and 2% sucrose. Permeabilization was
achieved with 0.5% Triton X-100, 20 mM Tris (pH 7.6), 50 mM Nacl, 3 mM MgCl2, and
300 mM sucrose. Wash steps and antibody incubation steps were performed in
PBS-0.1%Tween. For SAMHD1 visualization, anti-SAMHD1 (Abcam) was used (1:1000
dilution). For Vpx visualization, anti-HA from Covance was used (1:1000 dilution).
Secondary antibodies were purchased from Invitrogen. Nuclei were stained with DAPI in
mounting media (Vectashield; Vector Labs) and images were collected on a Leica DM6000
microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the Atypical Catarrhini Ancestral Branch Length in the SAMHD1
Gene Tree

(A) Amino acid branch lengths inferred for SAMHD1 sequences available for 34 mammals
in the OrthoMaM database (Ranwez et al., 2007) as inferred by maximum likelihood under
the LG+G+F model implemented in RAXML (Stamatakis, 2006). Only the Scandentia
+primates sub-tree is presented. Note the extremely long ancestral branch (0.1032
substitutions per site) leading to Old World monkeys (OWMs, Catarrhini) represented in
red.

(B) Amino acid branch lengths inferred from a concatenation of 786 1:1 orthologous CDSs
available for the same 34 taxa in the OrthoMaM database. Note the much shorter Catarrhini
ancestral branch (0.0058 substitutions per site) represented in red.

(C) Distribution of the ancestral Catarrhini amino-acid branch length inferred across the 786
1:1 orthologous gene trees showing that SAMHDL1 is an extreme outlier with a branch
length about 17 times longer than the one inferred from the concatenation.

See also Figure S1 and Table S1.
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Figure 2. Evolutionary Conservation of SAMHD1 Restriction Activity against HIV-1

(A) SAMHD1 phylogenetic tree for 31 primate species rooted by the treeshrew Tupaia
belangeri. The topology was inferred by maximum likelihood from the nucleotide sequences
under a GTR+G model using RAXML. This topology is fully congruent with the most recent
multigene phylogeny obtained by Perelman et al. (2011). Branch lengths are those inferred
by Codeml under the best fitting branch model (Yang and Nielsen, 1998). Note the episode
of positive selection along the Catarrhini ancestral branch (w = 1.30), followed by a
decrease in OWMs and hominids (w = 0.59), whereas New World monkeys (NWMs,
Platyrrhini) and other primates show a dN/dS characteristic of purifying selection (w =
0.26). * indicates sequenced SAMHDL in this study. Scale is in number of substitutions per
codon. (B) The variation of w in SAMHD1 along the primate phylogeny was jointly
reconstructed with divergence times while controlling the effect of three life-history traits
(body mass, longevity, and maturity) using the Bayesian framework recently proposed by
Lartillot and Poujol (2011). The Bayesian chronogram obtained shows that the positive
selection episode experienced by SAMHD1 during primate evolution occurred along the
ancestral Catarrihini approximately between 45 and 25 million years ago. Time scale is
expressed in million years with vertical lines delimitating the main geological periods (Pli.,
Pliocene; P., Pleistocene). (C) SAMHDL expression was induced through retroviral
transduction of SAMHD1-silenced THP-1 myeloid cells. Forty-eight hours after
transduction, cells were differentiated and infected with a HIV-LUC-G. Luciferase activity
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was measured 24 hr after infection, normalized for protein levels and represented as relative
infection compared to untransduced cells. Mock, untransduced; H1.4R, shRNA-resistant
huSAMHDZ; Gib, gibbon; Mng, mangabey; Rh, rhesus macaque; Agm, African green
monkey; Tam, tamarin; Owl, owl monkey; Gml, gray mouse lemur; OWM, Old World
monkeys; NWM, New World monkeys. (D) THP-1 and THP-1 stably expressing Vpx were
differentiated on coverslips and infected with a SIVmac239-IRES-eGFP molecular clone
with an IRES-eGFP sequence as a reporter (SIVmac239) or with the same virus with a stop
codon in the vpx ORF (SIVmMac239AVpx). Cells were analyzed by immunofluorescence 48
hr after infection for SAMHD1 expression. Nuclei were stained with DAPI. Cells were
further analyzed by flow cytometry for the expression of GFP. Results are presented as the
percent of GFP-positive cells, with the percent of GFP+ THP-1 cells infected with
SIVmac239 set to 1. Error bars represent the standard deviation from the mean.

See also Figure S2.
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Figure 3. Site-Specific Positive Selection Profile of SAMHDL1 in 31 Primates

(A) The dN/dS ratio (w) of the 626 codons of the human SAMHD1 sequence was inferred
under the M8 site model (Nielsen and Yang, 1998) implemented in Codeml (Yang, 2007)
from an alignment of 31 primates species with 7upaia belangeri as an outgroup. The dash
line represents the dN/dS = 1 limit, above which codons are inferred to be under positive
selection. The 17 codons shown in red are those identified as being under positive selection
with posterior probability PP > 0.95 under M8 model. The four codons indicated by red stars
are those identified using the more conservative M2a site model with PP > 0.95 (Zhang et
al., 2005). The position of the two functional SAM and HD domains is indicated.

(B) Amino acids in the C-terminal domain of SAMHD1 that are subject to strong positive
selection and their distribution among primates is represented.

See also Figure S3.
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Figure 4. Interaction between VpXmac251 and huSAMHD1 through the C-Terminal Domain of
SAMHD1

(A) Schematic representation of truncations and point mutants of huSAMHD1 that were
engineered in the pOZ retroviral vector. All constructs were C-terminally FLAG-tagged.
The limits of SAM and HD domains are indicated.

(B) Amino acids 575 to 626 of SAMHD1 are required for VpXmac251-induced hSAMHD1
degradation. FLAG-tagged WT-SAMHD1, SAMHD1-HD/AA, SAMHD1-ASAM, and
SAMHD1-F575 were transfected in 293T cells together or not with HA-tagged VpXmac251-
Whole-cell extracts were analyzed 48 hr later by immunoblot using anti-FLAG, anti-HA,
and anti-tubulin antibodies.

(C) Amino acids 595 to 626 of huSAMHD are involved in the interaction between
VPXmac2s51 and huSAMHD1. Whole-cell extracts from 293T cells transfected to express HA-
VPXmacosi together with WT-SAMHD1, SAMHD1-F575, or SAMHD1-F595 were FLAG
immunoprecipitated. After peptide elution, immunoprecipitates and whole-cell extracts were
analyzed by immunoblot with anti-FLAG, anti-HA, and anti-DDB1 antibodies.

(D) FLAG-tagged WT-SAMHD1, SAMHD1-F611, SAMHD1-S614A, SAMHD1-V618A,
and SAMHD1-M626A were FLAG immunoprecipitated from 293T cells expressing HA-
VpXmac2s1- Peptide-eluted immunoprecipitates were analyzed by western blot with anti-HA,
anti-FLAG, and anti-tubulin antibodies.

See also Figure S4.
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Figure 5. Ability of Vpx Alleles from SIV and HIV-2 Strains to Degrade huSAMHD1

(A) THP-1 cells were transduced with retroviral vectors allowing expression of FLAG- and
HA-tagged VPXmac2s1, VPXmac239: VPXsmm: VPXRem-Ng: VPXmnd2, VPXdriz, VPXROD:
Vpxoa, and Vpxog. Forty-eight hours later, transduced cells were differentiated overnight on
polylysine treated coverslips prior to immunostaining with anti-SAMHD1 and anti-HA
antibodies. Nuclei are stained in mounting media with DAPI. Arrows point at examples of
cells displaying a representative staining.

(B) Vpx-positive cells from (A) were counted. Results are expressed as the percent of Vpx-
positive cells where Vpx/SAMHDL1 costaining, Vpx/SAMHDL1 exclusion and cytoplasmic
SAMHD1 is observed.

(C) THP-1 cells differentiated on coverslips were treated with VLP-Vpx. Cells were fixed
and stained with anti-SAMHD antibody at 0, 2, and 6 hr after VLP-Vpx exposure. Nuclei
are stained in mounting media with DAPI. Arrows point at examples of cells displaying a
representative staining.

(D) Cells treated as in (A) were infected with HIV-LUC-G. Luciferase activity was
measured 24 hr after infection and is expressed as fold increase luciferase activity over
untransduced parental THP-1 cells. Error bars represent the standard deviation from the
mean.

(E) FLAG- and HA-tagged Vpx alleles from selected SIV strains were coexpressed with
FLAG-tagged huSAMHD1 or empty vector in 293T cells. Whole-cell extracts were
subjected to HA immunoprecipitation prior to peptide elution and analysis by immunoblot
with anti-FLAG, anti-HA, and anti-tubulin antibodies.
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(F) FLAG- and HA-tagged Vpx alleles from HIV-2gop and HIV-2B strains were
coexpressed with FLAG-tagged huSAMHD1 or empty vector in 293T cells. Whole-cell
extracts were subjected to HA immunoprecipitation prior to peptide elution and analysis by
immunoblot using anti-FLAG, anti-HA and anti-tubulin antibodies.

See also Figure S5.
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Figure 6. Vpx-Induced SAMHD1 Degradation Is Species Specific

(A) SAMHD1 expression patterns in the presence of Vpx from HIV-2 and SIV strains.
FLAG- and HA-tagged SAMHD proteins from a selected panel of primates were
coexpressed with various FLAG- and HA-tagged Vpx proteins in HeLa cells. Whole-cell
extracts were analyzed 30 hr after transfection by immunoblot with anti-HA and anti-tubulin
antibodies. Hu, human; Gib, gibbon; Rh, rhesus macaque; Mng, mangabey; OWM, Old
World monkeys; Owl, owl monkey; NWM, New World monkeys; Gml, gray mouse lemur.
(B) VPXRem-Ng and VpXmacos1 interact with rhesus SAMHD1. FLAG- and HA-tagged Vpx
alleles were coexpressed with FLAG-tagged rhesus SAMHD1 or empty vector in 293T
cells. Whole-cell extracts were subjected to HA immunoprecipitation prior to peptide elution
and analysis by immunoblot with anti-FLAG, anti-HA, and anti-tubulin antibodies.

(C) Schematic representation summarizing the data obtained showing that Vpx targeting of
SAMHD1 is species specific. HIVV-2 Clade B Vpx (discontinuous arrow) degrades
huSAMHD but with slower kinetics compared to HIV-2rop VpX.
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Table 1

Results of Likelihood Ratio Tests for Positive Selection in SAMHD1

Hypotheses

LRT

Null Hypothesis

Alternative Hypothesis  -2ALnL

df p Value

Branch Models

MO: one-ratio model M20: two-ratio model? 2046 1 p<0.001 el
MO: one-ratio model M3c: three-ratio model? 4692 2 p<o.001™
MO: one-ratio model Mdc: four-ratio model® 48.76 3 p< 0.001
MO: one-ratio model M5co: five-ratio model? 4913 4 p<oo01™
M2w: two-ratio model M3w: three-ratio model 2646 1 p< 0.001
M2w: two-ratio model M4w: four-ratio model 2831 2 p< 0.001
M2w: two-ratio model M5e: five-ratio model 2867 3 p< 0,001
M3uw: three-ratio model ~ M4cw: four-ratio model 18 1 ns

M3w: three-ratio model ~ M5c: five-ratio model 221 2 ns

M4w: four-ratio model ~ M5w: five-ratio model 036 1 ns
Branch-Site Models

M1a (nearly neutral) Model A (w, 2 1) 326 1 ns

Null model A(w, =1) Model A (w; 2 1) 278 1 p<0.05 *
Site Models

M7: beta M8: beta and w 4041 2 p<0.001™
M1a: nearly neutral M2a: positive selection 5092 2 p<o.001

Aok

highly significant;

*
significant; ns, not significant.

a .
Ancestral Catarrhini branch versus all other branches.

b . -
Ancestral Catarrhini branch, Catarrhini versus all other branches.

c - - -
Ancestral Catarrhini branch, Catarrhini, Platyrrhini versus all other branches.

Ancestral Catarrhini branch, Hominoidea, Cercopithecoidea, Platyrrhini versus all other branches.
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