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Figure 5

Figure 5. The N-terminal 30 amino acids of hA3G are located at the dimer interface and are therefore key residues for the
oligomerization of hA3G. Structural models of the hA3G N-terminal domain. The models were constructed by homology modeling
using the X-ray crystal structure of hA2. The head-to-head dimer structure of hA3G N-terminal domain is represented by ribbon
models (A and C) and space-filling models (B and D). (A, B) Views of the top (upper) and side (lower) of wild-type (WT) hA3G.
Cyan, N-terminal 30 amino acids of hA3G. (C, D) Views of the top (upper) and side (lower) of the N-terminal 30-amino-acid deletion
mutant of hA3G.

doi: 10.1371/journal.pone.0084228.g005
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Figure 6. Residues 24-28, as well as known residues 124-127, contribute to the ability of hA3G to homooligomerize and
its inhibitory activity against Alu retrotransposition. (A—F) Structural models of hA3G dimer based on the human APOBEC2
(hA2) crystal structure (A, C, and E) and the C-terminal hA3G (hA3G-C) NMR structure (B, D, and F). (A, B) The interaction surface
of the hA3G N-terminal domain in the head-to-head dimer is shown. The hydrophobic interactions formed between either 126 or L27
(green) and their counterpart residues of another monomer (green) are encircled by green dotted lines. A hydrogen bond is formed
between a basic residue R24 (blue) and another monomer's D130 (red). Another hydrogen bond is formed between the S28
residues (pink) of two monomers. Structural stability may be conferred by P25 (orange). (C, D) The dimer interface at amino acid
residues 124-127. Left panel, the aromatic amino acid cluster (YYFW) at positions 124-127 is depicted in light green; right panel,
the substitution of these residues with glycines is shown in cyan. (E, F) The dimer interface at amino acid residues 24-28. Left
panel, the dimer interface residues (RPILS) at positions 24—28 are depicted in colors similar to those in A; right panel, substitution of
these residues with glycines is shown in cyan. (G) IP-Western blot analysis was performed as described in Figure 4; upper, IP;
lower, cell lysates. (H) An Alu retrotransposition assay was performed as described in Figure 1. Crystal violet-stained G418R
colonies were counted to determine the level of Alu retrotransposition. The data shown are the mean +SD of triplicate experiments.
Mo, mock; WT, wild-type hA3G; GFP, GFP only. *P < 0.05, **P < 0.005, t-test.

doi: 10.1371/journal.pone.0084228.9g006
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hA3G oligomerization is associated with the inhibition
of L1 retrotransposition

The inhibitory effects of the hA3G protein on Alu
retrotransposition resembles its effects on L1 retrotransposition
in two regards, first, that hA3G showed similar levels of
inhibitory activity against the both retrotransposition events
(Figure 1C and ref [37,40]), and second, that the hA3G
restriction of retrotransposition is independent of deamination
in both cases (Figure 3C and refs. 35,37). These similarities
prompted us to determine whether the inhibition of L1
retrotransposition by hA3G requires hA3G oligomerization, as
does the inhibition of Alu retrotransposition. We performed an
L1 retrotransposition assay using all hA3G mutants that we
created in this study. As expected, the mutants that do not form
oligomers, including NA30, NA60, NAS0, NA120, NA150,
C97/100A, 5G(24-28), and 4G(124-127), did not inhibit L1
retrotransposition (Figure 7A, 7B, and 7C), whereas, as
observed for Alu retrotransposition in Figure 3C, the E259Q
deamination mutant had a wild-type level of anti-L1 activity
(Figure 7B). Thus, the inhibitory effect of hA3G on Alu
retrotransposition is associated with hA3G oligomerization but
independent of its deaminase activity. We therefore postulate
that the inhibitory activities of hA3G against Alu and L1
retrotransposition might share common mechanism(s).

Discussion

Our present study demonstrated that hA3 family proteins
inhibit Alu retrotransposition at differential levels, which are
very similar to the levels at which these host proteins block L1
retrotransposition. With respect to hA3G, the N-terminal 30
amino acids are important for the anti-Alu activity. The ability of
hA3G to inhibit Alu retrotransposition was independent of its
deaminase activity but associated with its oligomerization
activity, as previously reported by Hulme et al. [35] and Bulliard
et al. [34], respectively. In agreement with these findings, we
found that the N-terminal 30 amino acids that are responsible
for counteracting Alu retrotransposition are required for the
oligomerization of this protein. We used structural modeling to
identify the specific residues among the N-terminal 30 amino
acids that are responsible for the cligomerization of hA3G. We
finally identified amino acid residues 24-28 of hA3G as the
contributors of oligomerization.

Importantly, these residues were also critical for the inhibitory
activity of L1 retrotransposon, suggesting that this activity might
involve the same mechanism as that of Alu retrotransposition.
This hypothesis makes sense because Alu elements do not
encode a functional reverse transcriptase or endonuclease,
and therefore, they need to hijack the L1-encoded enzymatic
machinery for retrotransposition through mechanisms that are
currently unclear. It is intriguing to speculate that hA3G might
be able to physically block both the Alu and L1 retroelements
because hA3G is intrinsically an RNA-binding protein that can
associate non-specifically with cellular RNAs [48,59,65,69],
including those derived from Alu retroelements [34,70], or
because this protein might directly interact with the L1 ORF2
protein. It is likely that both cases would result in the effective
inhibition of Alu reverse transcription, and are dependent on
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the ability of hA3G to form oligomers. In the former case, Alu
RNA per se might help stabilize hA3G oligomer formation, as
suggested in Figure S2.

It was somewhat unexpected to find that the N-terminal 30
amino acids of hA3G are required for oligomerization in our
study because amino acid positions 124/127 have previously
been reported to be important [34,58,59]. Indeed, although only
minor effects of either a single R24 or S28 mutation on
oligomerization were shown by Huthoff et al. [59] and Bulliard
et al. [34] (the former of which was confirmed in Figure S3A),
respectively, our study revealed that the previously
unappreciated amino acid positions 24—28 among these first 30
residues are responsible for the abilty of hA3G to
homooligomerize. The dependence of oligomerization on these
residues is most likely because not only the amino acids R24
and S28 but also the residues between them are involved in
the formation of the interaction interface of an hA3G dimer, as
shown in our structural models (Figure 6). This study also
reveals that both the amino acid residues 24-28 and 124-127
are equally important for the oligomerization of hA3G.
Regarding this point, we assume that the lack or a functional
defect of a single interaction interface would be able to totally
abolish the protein-protein interaction by leading to the
structural destabilization.

Whereas transcriptional repressors such as SRY, SOX2 and
methyl-CpG-binding protein 2 have been reported to negatively
regulate L1 retrotransposition at the transcriptional levels
[71-73], post-transcriptional L1 regulation (apart from that by
endogenously encoded small interfering RNAs [74]) like
premature polyadenylation and aberrant splicing of its mMRNA
was also shown to result in a negative influence on L1
expression [75]. In the latter case, retrotransposition-
incompetent L1 elements that encode intact ORF2 protein are
still able to create DNA double-strand breaks [76] and therefore
keep mobilizing Alu elements [5,53]. Particularly in such
conditions, hA3 proteins would play pivotal roles in the
inhibition of Alu retrotransposition, putatively through binding to
either the ORF2 protein or Alu RNA as described above.

It should be noted that the superfamily-1 RNA helicase
protein MOV10 (Moloney Leukemia Virus 10; for review, see
ref[77].), which is highly conserved across a wide range of
species, has recently been reported to inhibit not only infection
by several retroviruses, such as HIV-1, simian
immunodeficiency virus, murine leukemia virus, and equine
infectious anemia virus [78,79], but also the retrotransposition
of endogenous retroelements [80-82], exactly as hA3G does.
Most importantly, MOV10 was identified to be a protein
interacting with hA3G in an RNA-dependent manner [83],
suggesting that these two proteins may play mutually
supporting roles in restricting exogenous viruses and
endogenous retroelements. Further analyses are required to
elucidate the precise mechanisms by which hA3 family proteins
negatively regulate Alu and L1 retrotransposition, possibly in
cooperation with other cellular factor(s).

December 2013 | Volume 8 | Issue 12 | 84228



Oligomeraized hA3G Inhibits Retrotransposition

Oligomerized hA3G inhibits retrotransposition

Figure 7

PO

" NA30  NAG0  NASO

UNA120  NA150  GFP

140
120
100
80
60
40

L1 retrotransposition (%)

20

Mo WT NA30 NAB0 NAS0 NA120 NA150 GFP

WT  C97/100A E259Q

L1 retrotransposition (%)
8

Mo WT  C97/100A E259Q

4G 5G
(124-127)  (24-28)

L1 retrotransposition (%)
g

SR O
o &

& <

Figure 7. The oligomerization of hA3G is also associated with its anti-L1 activity. Hela cells were cotransfected with the
neo’-based L1 expression vector pCEP4/L1mneol/ColE1 and either a wild-type (WT) or mutant hA3G expression plasmids.
Seventy-two hours later, cells were trypsinized, re-seeded into T25 or T75 flasks, and subjected to G418 (1 mg/ml) selection. At 14
days after selection, the resultant G418R colonies fixed, stained with crystal violet, and counted to determine the level of L1
retrotransposition. (A) Compare the results with Figure 2D and 2E. (B) Compare the results with Figure 3C and 3D. (C) Compare
the results with Figure 6H. The data shown are the mean + SD of triplicate experiments. Mo, mock; WT, wild-type hA3G; GFP, GFP
only. *P < 0.005, t-test.

doi: 10.1371/journal.pone.0084228.g007

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e84228



Supporting Information

Figure S81. Inhibitory effect of hA3G deletion mutants on
HIV-1 infection was evaluated by cotransfecting 293T cells
with hA3G and VSV-G plasmids, together with a luciferase-
based Vif (- ) Env () HIV-1 construct, as described by
Iwabu et al. (J. Biol. Chem., 285: 35350-8, 2010).

After 48 h, each viral supernatant was harvested. Normalized
supernatants were incubated with 293T cells for additional 48
h. Cells were then lysed and subjected to luciferase assay. The
data shown are the mean + SD of triplicate experiments. RLU:
relative light units.

(TIF)

Figure S2. Cellular RNA contributes to the stabilization of
hA3G’s  oligomer. HA-tagged hA3G-WT in the
immunoprecipitate as described in Figure 4, with or without
RNase A treatment.

(TIF)

Figure S3. hA3G mutants with individual amino acid
substitutions. (A) Oligomerization assay was performed by IP-
Western blot analysis, as described in Figure 4; upper, IP;
lower, cell lysates. (B) An Alu retrotransposition assay was
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performed as described in Figure 1. Crystal violet-stained
G418R colonies were counted to determine the level of Alu
retrotransposition. The data shown are the mean +SD of
triplicate experiments. Mo, mock; WT, wild-type hA3G; GFP,
GFP only. *P < 0.05, **P < 0.0085, t-test.

(TIF)

Figure S4. Inhibitory effect of hA3G oligomerization
mutant proteins on HIV-1 infection. The assay was
performed as described in Figure S1. The data shown are the
mean + SD of triplicate experiments. RLU: relative light units.
(TIF)
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Abstract

Macrophage-tropic human immunodeficiency virus type 1 (HIV-1) strains are able to grow to high titers in human
monocyte-derived macrophages. However, it was recently reported that cellular protein SAMHD!1 restricts HIV-1 replication
in human cells of the myeloid lineage, including monocyte-derived macrophages. Here we show that degradation of
SAMHD1 in monocyte-derived macrophages was associated with moderately enhanced growth of the macrophage-tropic
HIV-1 strain. SAMHD1 degradation was induced by treating target macrophages with vesicular stomatitis virus glycoprotein-
pseudotyped human immunodeficiency virus type 2 (HIV-2) particles containing viral protein X. For undifferentiated
monocytes, HIV-2 particle treatment allowed undifferentiated monocytes to be fully permissive for productive infection by
the macrophage-tropic HIV-1 strain. In contrast, untreated monocytes were totally resistant to HIV-1 replication. These
results indicated that SAMHD1 moderately restricts even a macrophage-tropic HIV-1 strain in monocyte-derived
macrophages, whereas the protein potently restricts HIV-1 replication in undifferentiated monocytes.
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Introduction

CD+ is the primary receptor molecule of human immuno-
deficiency virus type 1 (HIV-1) for viral attachment to the target
cells [1]. HIV-1 thus replicates in CD4" cells such as activated
human CD4" lymphocytes and macrophages [2.3]. Among
different  HIV-1 strains, macrophage-tropic HIV-1 strains
replicate particularly well in cultured human monocyte-derived
macrophages [4]. Many macrophage-tropic HIV-1 strains fail to
replicate well in established human T cell lines such as Hut78
and MT4, cell lines in which laboratory-adapted T-cell line-
tropic HIV-1 strains can replicate efficienty. Conversely, many
laboratory-adapted T-cell line-tropic HIV-1 strains fail to
replicate well in monocyte-derived macrophages [5]. Sequence
variations in the HIV-1 envelope protein, especially in the third
variable region, correlate with the HIV-1 cellular host range [6—
9], and this observation led to the identification of the CCR)
and CXCR<4 chemokine receptors as HIV-1 co-receptors for
viral fusion with target cell membranes [10-16]. Macrophage-
tropic HIV-1 strains utilize CCR5 as a co-receptor, and most
such macrophage-tropic HIV-1 strains now have been re-
designated as R-tropic strains, although not all the R5-tropic
HIV-1 strains can efficiently replicate in macrophages [17-19].
Laboratory-adapted T-cell line-tropic HIV-1
CXCR4 as a co-receptor, and most such T-cell line-tropic
HIV-1 strains now have been re-designated as X4-tropic strains,
although CXCR4 expression also was observed in macrophages
[20-22], cells in which X4-tropic strains cannot replicate well.

strains  utilize
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Despite the presence of the aforementioned HIV-1 strains that
can replicate well in macrophages, it has been also reported that
HIV-I-based lentivirus vectors composed of HIV-1 Gag and Pol
proteins and vesicular stomatitis virus glycoprotein (VSV-G)
showed markedly reduced efficiency for transduction of cells of
myeloid lineage [23,24]. The restriction was rather strong in
monocyte-derived dendritic cells and to a lesser extent in
monocyte-derived macrophages [25,26]. Such a myeloid lineage-
specific restriction was not observed in lentivirus vectors based on
simian immunodeficiency virus isolated from macaques (SIVmac)
[26], which is in the same lineage as human immunodeficiency
virus type 2 (HIV-2), or in simian immunodeficiency virus isolated
from sooty mangabey (SIVsm). The myeloid lineage-specific
restriction of HIV-1-based lentivirus vector could also be
abrogated by pretreatment of cells with SIVmac particles [27].
Members of HIV-2 and SIVsm lineage encode a non-structural
viral protein X (Vpx) that is absent from HIV-1. VpX was shown
to abrogate the myeloid lineage-specific restriction of HIV-1-
basesd lentivirus vectors [27-29].

In 2011, SAMHDI (a cellular protein SAM- and HD-domain-
containing protein) was implicated as a target of Vpx that was
responsible for abrogation of HIV-1 restriction in human cells of
myeloid lineage [30,31]. Subsequenty, SAMHDI was shown to
restrict HIV-1 infection in resting CD4™ T cells [32]. SAMHDI1
possesses deoxynucleoside triphosphate triphosphohydrolase ac-
tivity; this activity reduces levels of deoxynucleoside triphosphate
in cells of myeloid lineage and resting CD4" cells, thereby
preventing reverse-transcription of HIV-1 RNA in these cell types
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[33.34]. Vpx antagonizes SAMHDI and induces proteolytic
degradation of SAMHDI1 through the CUL4A/DCAF! E3
ubiquitin ligase complex [30].

In most of the SAMHDI studies cited above, the efficiency of
HIV-1 infection was assayed in the context of lentivirus vectors
composed of HIV-1 Gag and Pol proteins packaged with VSV-G
protein, along with reporter genes such as those encoding
luciferase or green fluorescent protein. This distinction raises the
question of whether SAMHDI provides the same function in live
HIV-1 viruses. Therefore, in the study presented here, we re-
evaluated the role of SAMHD 1 in HIV-1 replication in monocyte-
derived macrophages in the context of a live macrophage-tropic
HIV-1 strain that can replicate well in macrophages.

Results

Lack of Enhancing Effect of Macrophage-tropic HIV-1
Strain on HIV-1 Infection in Monocyte-derived
Macrophages

SAMHD1 was reported to suppress infection of HIV-1-based
lentivirus vectors containing VSV-G in cultured monocyte-derived
macrophages [30]. On the other hand, macrophage-tropic HIV-1
strains can efficiently replicate in monocyte-derived macrophages
[4]. To reconcile these potentially contradictory results, we tested
the hypothesis that live macrophage-tropic HIV-1 strains can
cvade restriction of SAMHD1 by an unidentified mechanism. As a
first step, we treated monocyte-derived macrophages with a
macrophage-tropic HIV-1 strain SF162 before inoculation with
VSV-G-pseudotyped lentivirus vector expressing luciferase (NL43-
Lucl/VSV-G). Results showed that pretreatment with SF162
failed to enhance subsequent infection by NL43-Lucl/VSV-G in
macrophages (Fig. 1A and 1B, left panels), wherecas pretreatment
with VSV-G-pscudotyped and Env-delective HIV-2 particles
containing Vpx (GHI123-Nhe/VSV-G) enhanced luciferase ex-
pression (Fig. 1A and 1B, left panels), as reported previously [30].
The effect of GHI123-Nhe/VSV-G was more prominent in
undifferentiated monocytes than in fully differentiated macro-
phages; a more than 200-fold increase of luciferase activity was
observed by pretreatment of monocytes with GH123-Nhe/VSV-
G (Fig. 1A and 1B, right panels). SF162 again failed to enhance
subsequent infection by NL43-Luci/VSV-G in monocytes (Fig. 1A
and 1B, right panels).

Enhancing Effect of VSV-G Pseudotyped HIV-2 Particles
on Macrophage-tropic HIV-1 Strain in Monocyte-derived
Macrophages

We next tested whether GHI123-Nhe/VSV-G also could
enhance replication of a macrophage-tropic HIV-1 strain in
monocyte-derived macrophages. Fig. 2 shows the effects of
GH123-Nhe/VSV-G on replication of SF162 in cultured macro-
phages that were differentiated from monocytes with granulocyte-
macrophage colony stimulating factor (GM-CSF). SF162 replicat-
ed to titers corresponding to approximately 100 ng/ml of p24 core
protein (Fig. 2A and 2B, left panels). Up to five-fold higher titers
were detected in SF162-infected macrophages pretreated with
GH123-Nhe/VSV-G (Fig. 2A and 2B, left panels). These results
indicated that GH123-Nhe/VSV-G could enhance replication of
macrophage-tropic HIV-1 in GM-CSF-differentiated macrophage
cultures. In contrast, the T-cell line-tropic HIV-1 strain NL43 did
not replicate at all in macrophages, regardless of the presence or
absence of GH123-Nhe/VSV-G treatment (Fig. 2A and B, right
panels).

PLOS ONE | www.plosone.org
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Monocyte-derived macrophages differentiated with macro-
phage colony stimulating factor (M-CSF) arc more susceptible to
HIV-1 infection than those differentiated with GM-CSF [35-38].
We therefore tested whether GH123-Nhe/VSV-G could enhance
SF162 replication in monocyte-derived macrophages differentiat-
ed with M-CSF. SF162 grew to titers corresponding to 200 ng/ml
of p24 in donor 1 macrophages (Fig. 3A, left) and to 400 ng/ml of
p24 in donor 2 macrophages (Fig. 3B, left), a level at least two-fold
higher than those found in SF162-infected macrophage cultures
differentiated with GM-CSF. Up to five-fold higher titers of SF162
also were detected in M-CSF-differentiated macrophage cultures
pretreated with GH123-Nhe/VSV-G (Fig. 3A and 3B, left panels).
These results indicated that GH123-Nhe/VSV-G could enhance
replication of macrophage-tropic HIV-1 replication even in M-
CGSF-differentiated macrophages. The T-cell line-tropic NL43
strain again did not replicate at all in M-CSI-differentiated
macrophages, regardless of the presence or absence of GHI123-
Nhe/VSV-G treatment (Fig. 3A and 3B, right pancls).

Enhancing Effect of VSV-G-pseudotyped HIV-2 Particles
on Macrophage-tropic HIV-1 Strain in Undifferentiated
Monocytes

In contrast to differentiated macrophages, undifferentiated
monocytes arc highly resistant to HIV-1 infection, but treatment
with GH123-Nhe/VSV-G greatly enhanced VSV-G-pseudotyped
lentivirus vector transduction (Fig. 1A and 1B, right panels). This
pattern also was observed for live SF162 infection of undifferen-
tiated monocytes (Iig. 4 and 5). SF162 replication in monocytes
was not obscrved until 12 days afler infection, when cell
morphology suggested that some of the monocytes in the culture
had differentiated into macrophages. On the other hand, GH123-
Nhe/VSV-G rendered cultured monocytes [ully permissive for
SF162 replication (Fig. 4A and 4B, left panels). Up to 50-fold
higher titers of SF162 were detected in monocytes treated with
GH123-Nhe/VSV-G than in untreated monocytes. Consistently,
large multi-nucleated  syncytia were observed 6 days after
infection, but only in monocytes treated with GHI23-Nhe/
VSV-G (Fig. 5). These results arc in good agreement with recent
findings that non-stimulated CD14" cells obtained from Aicardi-
Goutieres syndrome patients (who are homozygous for a nonsense
mutation in the SAMHD I-encoding gene) were highly susceptible
to macrophage-tropic HIV-1 infection [39]. As with GM-CSF-
and M-CSF-differentiated macrophages, the T-cell line-tropic
NL43 strain did not replicate at all in undifferentiated monocytes,
regardless of the presence or absence of GHI123-Nhe/VSV-G
treatment (Fig. 4A and 4B, right panels).

Levels of SAMHD1 Expression in Monocytes and
Macrophages

Vpx was reported to induce proteolytic degradation of
SAMHDI. We therefore compared levels of SAMHD! protein
expression in cells treated with GH123-Nhe/VSV-G and those
without treatment. As shown in Fig. 6, GHI123-Nhe/VSV-G
markedly reduced levels of SAMHDI protein expression in
monocytes and macrophages. Consistent with the previous
observation [31], levels of SAMHDI! protein expression were
apparently higher in undifferentiated monocytes than in macro-
phages.

We then quantitated levels of SAMHDI mRNA expression in
monocytes and macrophages. As expected, SAMHD] mRNA
levels were higher in monocytes than in macrophages (Fig. 7).
There was no difference in SAMHD1 mRNA levels between cells
treated with GH123-Nhe/VSV-G and those without treatment.
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Figure 1. Effects of macrophage-tropic HIV-1 strain and VSV-G-pseudotyped HIV-2 particles on lentivirus vector infection.
Monocytes were differentiated into macrophages for 11 days in the presence of GM-CSF. Macrophages or monocytes were treated with macrophage-
tropic HIV-1 strain (SF162) or VSV-G pseudotyped and Env-defective HIV-2 particles (GH123/VSV-G) and then infected with lentivirus vector NL43-
Luci/VSV-G. Luciferase activity was measured 4 days after infection. Data are plotted as the mean = SD of triplicate samples; presented data are
representative of three independent experiments using two donors. A: Results of samples obtained from a donor 1. B: Results of samples obtained

from a donor 2.
doi:10.1371/journal.pone.0090969.g001

These results confirmed that reduced SAMHDI protein levels in
cells treated with GH123-Nhe/VSV-G were caused by enhanced
degradation of SAMHD]1 by HIV-2 particles containing Vpx.

Phosphorylation of SAMHD1 in Monocytes and
Differentiated Macrophages

It was recently reported that Cyclin A2/CDKI1 phosphorylates
SAMHDI at the threonine 592 residues. Phosphorylation of the
SAMHDI threonine 592 correlates with loss of its ahility to restrict
HIV-1 [40-42]. We therefore analyzed the phosphorylation state
of SAMHDI in monocytes and differendated macrophages. As
shown in Fig. 8, SAMHDI proteins in monocytes were less
phosphorylated than those in GM-CSF-differentiated or M-CSF-
differentiated macrophages. This result is in good agreement with
those reported previously [40], and correlated well with our results
that SAMHDI restriction in monocytes was much more potent
than that in differentiated macrophages (Fig. 1 and 4). Treatment
with GH123-Nhe/VSV-G reduced both phosphorylated and
nonphosphorylated SAMHD!1 in all cells. There was no difference
in the phosphorylation state of SAMHDI! between GM-CSF-
differentiated and M-CSF-differentiated macrophages (Fig. 8).
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Enhancing Effect of SAMHD1 siRNA on HIV-1 Infection in
Monocytes and Monocyte-derived Macrophages

To confirm that the observed enhancing effect of VSV-G-
pseudotyped HIV-2 particles on HIV-1 infecdon was due to
degradation of SAMHDI in monocytes and macrophages, we
used siRINAs targeting SAMHDI to reduce levels of SAMHDI1
expression. The siRNAs targeuing SAMHD! reduced levels of
SAMHD1 mRNA in both monocytes and GM-CSF-differentiated
macrophages (Fig. 9A and 9B, left panels). Accordingly, increased
levels of NL43-Luci/VSV-G infection were observed in monocytes
(Fig. 9A and 9B, middle panels) and GM-CSF-differentiated
macrophages (Fig. 9A and 9B, right panels) transfected with the
siRNAs targeting SAMHD]1. These results confirmed that the
enhancing effect of VSV-G-pseudotyped HIV-2 particles on HIV-
1 infection was due to degradation of SAMHDI.

Discussion

SAMHDI was reported to suppress HIV-1 infection of cells of
myeloid lineage, including monocyte-derived macrophages
[30.31]. Nevertheless, macrophage-wopic HIV-1 strains can
efficientdy replicate in monocyte-derived macrophages [4,6-8].
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In the present study, we have shown that the treatment of
monocyte-derived macrophages or undifferentiated monocytes
with GH123-Nhe/VSV-G enhanced subsequent macrophage-
tropic HIV-1 infection. GH123-Nhe/VSV-G treatment reduced
levels of SAMHDI protein expression in monocyte-derived
macrophages and undifferentiated monocytes. Enhancing effects
by GH123-Nhe/V8V-G were observed even in M-CSF-induced
monocyte-derived macrophages, which were reported to be highly
susceptible to HIV-1 infection [35-38,43]. These results indicated
that SAMHDI1 could moderately suppress replication of the
macrophage-tropic HIV-1 strain in monocyte-derived macro-
phages. It is formally possible that live macrophage-tropic HIV-1
strains evade restriction of SAMHDI by an unidentified mech-
anism, although we consider such a possibility unlikely.

Levels of HIV-1 restriction by SAMHDI in monocyte-derived
macrophages were rather modest, while those in undiflerentiated
monocytes were quite strong (Fig. 2, 3 and 4). SAMHDI
expression levels were higher in undifferentiated monocytes than
in monocyte-derived macrophages (Fig. 6 and 7), showing a clear

PLOS ONE | www.plosone.org

correlation between levels of SAMHDI1 expression and those of
restriction. Furthermore, phosphorylation of SAMHDI, which
was reported to abolish HIV-1 restriction activity of SAMHDI
[40—42], was more prominent in M-CSF-induced or GM-CSF-
induced macrophages than in undifferentiated monocytes (Fig. 8).
When we compared M-CSF-induced and GM-CSI-induced
macrophages, HIV-1 grew to higher titers in M-CSF-induced
macrophages than in GM-CSF-induced macrophages. This result
is in good agreement with those of the previous studies [37,43].
The levels of restriction by SAMHDI1 also were slightly lower in
M-CSF-induced macrophages than in GM-CSF-induced macro-
phages, although we failed to observe clear differences in levels of
expression or phosphorylation state of SAMHDT1T between M-
CSF-induced and GM-CSF-induced macrophages (Fig. 6, 7, and
8). Thus, mechanisms underlying the higher sensitivity to HIV-1
infection in M-CSF-induced macrophages are not clear at present;
further studies are necessary, including comparisons of CD+ and
CCRS expression levels between M-CSF-induced and GM-CSF-
induced macrophages.
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pseudotyped and Env-defective HIV-2 particles (GH123/VSV-G) and then infected with HIV-1 strain SF162 or NL43. HIV-1 replication was quantified by
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It should be noted here that the effects of GH123-Nhe/VSV-G artificial potentiation of SAMHD1 in microglial cells might be a

treatment seem to last relatively long, although we treated cells novel approach to the treatment of HIV-1-associated neurological
only once with GH123-Nhe/VSV-G. It is possible that the Vpx disorders.

protein produced by the transduced HIV-2 genomes was In conclusion, we have shown that SAMHDI moderately
incorporated into infectious SF162 progeny virions and thus restricts even macrophage-tropic HIV-1 strains in monocyte-

facilitated replication of SF162 in the next cycle of infection. It is derived macrophages. SAMHDI resuwiction was much more
also possible that Env-deficient progeny HIV-2 virions were potent mn undifferentiated monocytes than that in GM-CSF-
pseudotyped with fully functional SF162 envelope proteins, and differentiated or M-CSF-differentiated macrophages. Levels of

thereby continued to produce Vpx that degraded SAMHD]. expression and phosphorylation state of SANHDI could at least
Similar to monocytes and macrophages, microglial cells in the partially explain the different levels of SAMHDI restricion
human brain are derived via the myeloid lineage and are also between undifferentiated monocytes and differentiated macro-

susceptible to HIV-1 infection [44]. HIV-l-infected microglial phages.

cells appear to play an important role in HIV-l-associated

neurological disorders such as dementia and necurocognitive Materials and Methods
disorder [45]. It therefore would be interesting to investigate

whether or not SAMHD1 moderately suppresses HIV-1 replica- Ethics Statement

tion in microglial cells just as in macrophages. If SAMHDI1 can Peripheral blood mononuclear cells (PBMC) were obtained
suppress HIV-1 replication at least moderately in microglial cells, from healthy donors with written informed consent. Use of human
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doi:10.1371/journal.pone.0090969.g004

materials in this study was approved by the Research Ethics
Committee of Osaka University.

Viruses

Macrophage-tropic HIV-1 strain SF162 and laboratory-adapt-
ed T-cell line-tropic HIV-1 strain NL43 were grown in CCRS5-
expressing M'T4 cells [46] and titrated for use with the RETROtek
Antigen ELISA kit (ZeptoMetrix, Buffalo, NY). VSV-G-pscudo-
typed lentivirus vector expressing luciferase (N143-Luci/VSV-G)
and VSV-G-pscudotyped and Env-defective HIV-2 particles
containing Vpx (GHI123-Nhe/VSV-G) were produced from
human embryonic kidney cells (293T cells) using polyethylenimine
(PEI) (molecular weight, 25,000; Polysciences, Warrington, PA).
Briefly, for NL43-Luci/VSV-G virus production, 293T cells were
transfected with 15 pg of pNL4-3-Luc-R-E- plasmid and 5 pg of
VSV-G-encoding plasmid; for GH123-Nhe/VSV-G virus pro-
duction, 293T cells were transfected with 15 ug of GH123-Nhe
and 5 pg of VSV-G-encoding plasmid. The GH123-Nhe plasmid

PLOS ONE | www.plosone.org

was generated by blunting the Miel site in the HIV-2 GHI123
plasmid, thereby introducing a frame-shift mutation in its env gene.
For transfected cells, medium was replaced 6 h after transfection,
and viruses were harvested 48 h later. Viral titers were measured
with the RETROtek Antigen ELISA kit.

Cells

PBMCs were obtained from blood buffy coats of healthy donors
using Ficoll-Paque density gradient centrifugation, and then plated
in 24-well, 12-well, or 6-well MULTIWELL PRIMARIA plates
(Becton Dickinson, Franklin Lakes, NJ) with RPMI 1640
supplemented with 10% fetal calf serum (FCS). To obtain the
monocyte population, the floating cells were removed by washing
the plates with phosphate-buffered saline (PBS) four times after
incubation at 37°C for 1 day. Monocytes were differentiated into
macrophages for 6-11 days in the presence of 100 ng/ml of
granulocyte macrophage colony stimulating factor (GM-CSF)
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strain SF162 or NL43. Presented data are representative of two independent experiments.
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(PeproTECH, Rocky Hill, NJ) or 100 ng/ml of macrophage
colony stimulating factor (M-CSF) (PeproTECH).

Luciferase Assay

Macrophages (1.6-2.4x10° cells) and monocytes (2.6-3.4x10°
cells) were pretreated for 2 h with a titer of macrophage-tropic
HIV-1 strain SF162 virus equivalent to 100 ng of p24 or with a
titer of GH123-Nhe/VSV-G virus equivalent to 100 ng of p27,
and then infected with a titer of NL43-Luci/VSV-G virus
equivalent to 7.7 ng of p24. After incubation for 2 h, the medium
was changed, and cells were incubated for 4 days at 37°C.
Luciferase activity was measured in cell lysates according to the
manufacturer’s instructions (Bright-Glo Luciferase Assay System,
Promega, Madison, WI) and read using a Cenwo LB960
Microplate Luminometer (Berthold, Bad Wildbad, Germany).

Virus Infection

Macrophages and monocytes (2.2-2.6x10° cells) were pretreat-
ed for 2 h with a titer of GH123-Nhe/VSV-G virus equivalent to
100 ng of p27, and then infected with a titer of virus equivalent to
100 ng of p24 of macrophage-tropic HIV-1 strain SF162 or
laboratory-adapted T-cell line-tropic HIV-1 strain NL43. After
incubation for 2 h, cells were washed with PBS and incubated with
RPMI 1640 supplemented with 10% FCS and 100 ng/ml GM-
CSF or 100 ng/ml M-CSF. Culture supernatants were collected
periodically, and levels of HIV-1 p24 antigen were measured by
the RETROtek HIV-1 p24 Antigen ELISA kit.

Western Blot

Monocytes and macrophages (3.5x10° cells) were lysed in
Laemmli sample buffer (100 mM Tris-HCI, pH 6.8, 0.04%
sodium dodecyl sulfate (SDS), 20% glycerol, 0.12% 2-mercapto-
ethanol). Proteins in the lysates were subjected to SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). Proteins in the gel were

M Macrophage Macrophage
onocyte  (GM-CSF)  (M-CSF)
SAMHDT | «s . —

CyclophilinA|
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©
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Figure 6. Western blot analysis of SAMHD1 in undifferentiated monocytes and macrophages. Monocytes were differentiated into
macrophages for 6 days in the presence of GM-CSF or M-CSF. Macrophages or monocytes were treated with or without VSV-G-pseudotyped and Env-
defective HIV-2 particles (GH123/VSV-G), and harvested. Whole-cell extracts were separated on SDS-PAGE and analyzed by western blot using the
indicated antibodies. Presented data are representative of two independent experiments.

doi:10.1371/journal.pone.0090969.g006
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then electrically transferred to a membrane (Immobilion; Milli-
pore, Billerica, MA). Blots were blocked and probed with anti-
CypA affinity rabbit polyclonal antibody (Sigma, St. Louis, MO)
overnight at 4'C. Blots then were incubated with peroxidase-
linked protein A (GE Healthcare, Buckinghamshire, UK), and
bound antibodies were visualized with a Chemilumi-One chemi-
luminescent kit (Nacalai Tesque, Kyoto, Japan). Quantities of cell
lysate were normalized by CypA level, then subjected to a new
round of SDS-PAGE and membrane transfer. For the new blot,
SAMHDI protein in the membrane was detected with anti-
SAMHDI1 (611-625) rabbit antibody (Sigma) followed by perox-
idase-linked protein A (GE Healthcare, Buckinghamshire, UK)

detection as described above.
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Figure 8. Phosphorylation state of SAMHD1. Monocytes (Mono-
cyte), M-CSF-differentiated macrophages (Macrophage (M-CSF)), and
GM-CSF-differentiated macrophages (Macrophage (GM-CSF)) were
treated with GH123-Nhe/VSV-G for 2 h and incubated at 37°C for 4 h
(4 h) or 24 h (24 h), or mock-treated (—). Cells were lyzed and subjected
for SDS-PAGE containing Phos-tag to separate phosphorylated proteins
from nonphosphorylated ones. SAMHD1 proteins were detected by
anti-SAMHD1 antibody. Upper bands shown by a vertical bar and a
lower band shown by an arrow represent phosphorylated and
nonphosphorylated SAMHD1, respectively. Ratios of phosphorylated
SAMHD1 levels to total SAMHD1 levels (ratio) are shown in vertical
numbers.

doi:10.1371/journal.pone.0090969.g008
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Phosphorylation State of SAMHD1

Monocyte or macrophages 6x10° cells) were treated with a
titer of GH123-Nhe/VSV-G virus equivalent to 500 ng of p25 for
2 h, washed with medium, and then incubated at 37°C for 4 h or
24 h. Cells were lysed in Lacmmli sample buffer. Proteins in the
lysates were separated by SDS-PAGE containing Phos-tag (Wako,
Osaka, Japan), a ligand that decreases the mobility of phosphor-
vlated proteins. Separated proteins in the gel were analyzed by
western blotting using anti-SAMHDI1 antibody. The gel images
were analyzed by CS analyzer 3.0 (ATTO, Tokyo, Japan).

Quantification of SAMHD1 mRNA Expression

Total RNA was extracted from monocytes or macrophages
using TRIZOL reagent (Life Technologies, Carlsbad, CA)
following the manufacturer’s instructions. cDNA was synthesized
from 1 pg of total RNA using the High-capacity cDNA Archive kit
(Applied Biosystems, Carlsbad, CA) according to the manufactur-
er’s instructions. For real time PCR, each 20-uL reaction mixture
consisted of 5 puL of ¢DNA, 10 pL TagMan Universal PCR
Master Mix (Applied Biosystems, Carlsbad, CA) and 1 uL of
TagMan Gene Ex Assays (Assay 1D: Hs00210019_m1). Real time
PCR was performed with an Applied Biosystems 7500 Real-Time
PCR System. Levels of SAMHDI mRNA were normalized with
those of GAPDH according to the manufacturer’s instructions.

RNA Interference

The cultured medium of monocytes (1.6-2.4x10° cells) was
replaced with 0.5 mL of Opti-MEM (Gibco, Carlsbad, CA) before
transfection. The SAMHDI-targeting pool comprised of the
siRNAs to the following target sequences: J-013950-09: 5'-
GACAAUGAGUUGCGUAUUU-3";  J-013950-10:  5'-CAU-
GUUUGAUGGACGAUUU-3"; J-013950-11: 5'-AAGUAUUG-
CUAGACGUGAA-3';  J-013950-12:  5'-UUAGUUAUAUC-
CAGCGAUU-3" were purchased from Dharmacon (Lafayette,
CO). The GFP-targeting siRNA to the sequence 5'-
GGCTACGTCCAGGAGCGCACC-3" were used as a control
siRNA. Monocytes were transfected with 40 pmol aliquots of
siRNA with 2 pL of Lipofectamine 2000 (Invitrogen, Carlsbad,
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(Monocyte) or macrophages (Macrophage) were treated with SAMHD1-

(siSAMHD1) or GFP- (siGFP) targeting siRNAs. Three days after transfection, cells were harvested or infected with NL43-Luci/VSV-G virus. SAMHD1
mRNA expression levels in harvested cells were detected by real-time RT-PCR and normalized against GAPDH. Data are shown as mean * SD.
Luciferase activity in infected cells was measured 4 days after infection. Data are plotted as the mean = SD of triplicate samples; presented data are
representative of two independent experiments using two donors. A: Results of samples obtained from a donor 1. B: Results of samples obtained

from a donor 2.
doi:10.1371/journal.pone.0090969.g00%

CA) per well. Six h after transfection, cultured medium was
replaced with RPMI 1640 supplemented with 10% FCS. At day 3,
monocytes were infected with a titer of NL43-Luci/VSV-G virus
equivalent to 7.7 ng of p24. In the case of GM-CSF-induced
macrophages (1.6-3.6 x10° cells), siIRNAs were transfected at day
4 after differendation by GM-CSF, and then infected with NL43-
Luci/VSV-G virus at day 7. Total RNA was extracted from cells
at the time point of NL43-Luci/VSV-G virus infection for
quantification of SAMHD1 mRNA expression.
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Human immunodeficiency virus type 2 (HIV-2) carries an accessory protein Vpx that is important
for viral replication in natural target cells. In its C~terminal region, there is a highly conserved poly-
proline motif (PPM) consisting of seven consecutive prolines, encoded in a poly-pyrimidine tract.
We have previously shown that PPM is critical for Vpx expression and viral infectivity. To elucidate
the molecular basis underlying this observation, we analysed the expression of Vpx proteins with
various PPM mutations by /n vivo and in vitro systems. We found that the number and position of
consecutive prolines in PPM are important for Vpx expression, and demonstrated that PPM is
essential for efficient Vpx translation. Furthermore, mutational analysis to synonymously disrupt the
poly-pyrimidine tract suggested that the context of PPM amino acid sequences is required for
efficient translation of Vpx. We similarly analysed HiV-1 and HIV-2 Vpr proteins structurally related
to HIV-2 Vpx. Expression level of the two Vpr proteins lacking PPM was shown to be much lower
relative to that of Vpx, and not meaningfully enhanced by introduction of PPM at the C terminus.
Finally, we examined the Vpx of simian immunodeficiency virus from rhesus monkeys (SIVmac),
which also has seven consecutive prolines, for PPM-dependent expression. A multi-substitution
mutation in the PPM markedly reduced the expression level of SIVmac Vpx. Taken together, it can
be concluded that the notable PPM sequence enhances the expression of Vpx proteins from
viruses of the HIV-2/SIVmac group at the translational level.

protein, Vpx, is highly conserved among viruses of the

human immunodeficiency virus type 2 (HIV-2) group, and

Primate immunodeficiency viruses carry a set of accessory
proteins necessary for their optimal growth in host
individuals (Blanco-Melo et al., 2012; Harris et al., 2012;
Malim & Bieniasz, 2012; Zheng et al, 2012). Extensive
virological and molecular biological studies carried out so
far have revealed that these auxiliary proteins profit the
viruses mostly by antagonizing cellular antiviral restriction
factors (Blanco-Melo et al., 2012; Harris et al., 2012; Malim
& Bieniasz, 2012; Zheng et al, 2012). One such viral

TThese authors contributed equally to this work.

plays a critical role in viral replication in different cell types
(Fujita et al, 2010). Vpx produced in cells is subsequently
incorporated into progeny virions through a specific
interaction of the putative third o-helix region (Jin et al,
2001; Park & Sodroski, 1995) with the p6 domain of Gag
(Accola et al., 1999; Pancio & Ratner, 1998). The packaged
Vpx then confers optimal infectivity on the virions in
specific target cells such as macrophages and primary T-
cells. Recently, it has been demonstrated that Vpx induces
proteasomal degradation of host factors SAMHD1 (Hrecka
et al., 2011; Laguette et al., 2011) and APOBEC3A (Berger
et al., 2011), relieving the restriction of virus infection.
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Vpx presumably has three major o-helices and unstruc-
tured amino/carboxy termini like its paralogue Vpr
(Khamsri ef al, 2006; Mahnke et al, 2006), another
accessory protein known to be abundantly virion-asso-
ciated. Despite this similarity, there is a notable poly-
proline motif (PPM) near the C terminus of Vpx (seven
consecutive prolines in the Vpx proteins of HIV-2; simian
immunodeficiency virus from rhesus monkeys, SIVmac;
and SIV from sooty mangabey monkeys, SIVsmm), which
is not present in Vpr. We have previously generated a
series of proviral HIV-2 mutant clones and performed
systemic virological studies on Vpx using primary
macrophage cultures and a T-lymphocyte cell line as
infection targets (Fujita et al., 2008a, b, 2010; Ueno et al.,
2003). Although all 19 point mutants, with mutations
scattered throughout the wvpx gene, produced virions
containing Vpx at a comparable level to a WT clone
upon transfection, many of them were found to be
defective for virus growth in macrophages and/or T-cells.
The defective replication step of these mutants was shown
to be in the early phase (before/during viral DNA synthesis
and/or its nuclear import) by extensive virological and
molecular analyses (Fujita et al, 2008a, b, 2010; Ueno
et al., 2003). In contrast to above, the other two multi-
substitution mutants of the proline stretch designated 103/
4A and 106/4A (Fig. la) failed to express Vpx upon
transfection and produced progeny virions without
detectable Vpx (Fujita et al, 2008a, b). Consistently, the
two mutant viruses were growth-defective both in
macrophages and T-cells (Fujita et al, 2008b). In
particular, the 106/4A mutant virus behaved exactly like
a AVpx virus in infection experiments (Table 1). Although
severely impeded, the 103/4A mutant virus was still
infectious for macrophages and T-cells (Table 1).
Because the expression of 103/4A and 106/4A Vpx
proteins was below the detection level of the system used
(Table 1), the reason for the different growth abilities of
the two viruses remained to be determined. Notably, it has
been shown that a PPM-deletion mutant, if expressed to
some extent, retains Vpx functionality in single-round
infection experiments (Goujon et al., 2008; Gramberg
et al., 2010).

In this study, we have focused on the role of the PPM in
Vpx expression and analysed the underlying molecular
basis. Expression plasmids of HIV-2 Vpx with the PPM
mutations were constructed for quantitative comparison
and utilized for protein expression analysis using various
cellular and in vitro cell-free translation systems. Our
results demonstrated that the PPM in HIV-2 Vpx is critical
for its efficient expression in the eukaryotic as well as
prokaryotic translation machineries. In addition, we found
that this effect is determined by the context of PPM amino
acid sequences, but not the nucleotide sequences. These
data support the notion that the PPM plays an important
role in enhancing the translational level of HIV-2 Vpx in
infected cells, thereby conferring optimal replication ability
on the virus in target cells.

RESULTS

PPM in Vpx is critical for its efficient expression in
cells

We have previously shown that the expression of Vpx in
PPM mutants carrying P103/4A or P106/4A is at an
undetectable level both in cells and in progeny virions
produced from transiently transfected cells (Table 1).
However, while the 106/4A mutant virus exhibited a AVpx
growth-like phenotype in lymphocytic HSC-F cells and no
viral growth in macrophages, the 103/4A mutant virus
grew better in both cell types than the AVpx virus (Table
1). These results led us to assume that the expression
plasmid, pME18Neo-Fvpx, used in the study (Fujita et al.,
2008b) was unable to efficiently express the protein.
Therefore, we have constructed a new expression plasmid
based on pEFl/myc-HisA (pEF-Fvpx in Fig. 1b), and
compared its ability with the old version (pME18Neo-Fvpx
in Fig. 1b). As clearly observed in Fig. 1(b), pEF-Fvpx was
much more efficient at producing Vpx than pME18Neo-
Fvpx upon transfection.

A series of mutants based on pEF-Fvpx were then
constructed (Fig. la, ¢, e) and examined for their
expression. First, we monitored the expression level of
the 103/4A and 106/4A mutants to see if there is a
significant difference that can account for the distinct
growth phenotype of viruses carrying these mutations
(Table 1). As shown in Fig. 1(c), only a faint amount of
Vpx was detected for the 106/4A mutant and a deletion
mutant lacking the entire PPM-coding region (d7P).
Although considerably reduced relative to the WT clone,
the 103/4A mutant clearly generated more Vpx than the
106/4A mutant. This result correlated well with the growth
potentials of the WT, 103/4A, and 106/4A viruses (Table
1). Next, we determined the effect of the number and
position of the alanine substitutions in PPM on Vpx
expression (Fig. 1d). A single substitution of proline with
alanine did not cause major reductions except for P106A
(approximately 50 % of the WT level). Double and triple
alanine substitutions gave distinct results. While the P104/
2A, P103/3A and P105/3A mutations did not have a
significant effect, the expression level of P107/3A relative to
that of WT markedly decreased (similar to the P103/4A
level). The P106/2A and P108/2A mutants expressed Vpx at
a slightly reduced level as observed for P106A. The results
in Fig. 1(c, d) showed that the number and position of
consecutive prolines in PPM are important for Vpx
expression. In addition to the PPM mutations, we analysed
the mutational effect of the glycine-rich domain (GRD),
which is a presumably flexible region just upstream of PPM
(Fig. la). In general, poly-proline sequences form a rigid
structure whereas glycine repeats provide flexibility.
Therefore, we speculated that the GRD may affect the
ability of PPM to enhance Vpx expression. However, the
introduction of alanine substitutions into the GRD showed
no appreciable effects (Fig. 1e).
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Fig. 1. Expression profiles of various Vpx—PPM mutants in transfected 293T cells. (a) A scheme of the domain structure and
sequences of HIV-2 GL-AN Vpx (112 amino acids) and its mutants. Expression plasmids with N-terminal (pEF-Fvpx series)/C-
terminal (pEF-vpxF series) FLAG were constructed in this study. Numbers indicate the positions of amino acid residues in the
HIV-2 Vpx. GRD, glycine-rich domain; PPM, poly-proline motif. (b) Expression of Vpx from two expression plasmids designated
pEF-Fvpx (this study) and pME18Neo-Fvpx (Fujita et al., 2008a, b; Khamsri et al., 2006). Relative amount of cell lysates used for
Western blotting is indicated. (c) Expression of Vpx—PPM mutants carrying four successive alanine substitutions or a deletion.
Short, short exposure; long, long exposure. (d) Expression of Vpx—PPM mutants carrying a single alanine substitution (upper) or
two/three alanine substitutions (lower). (e) Expression of Vpx—GRD mutants with or without the 106/4A mutation. (f) Expression
of Vpx—PPM mutants with a C-terminal FLAG tag. (-), pEF1/myc-HisA; WT, pEF-Fvpx or pEF-vpxF; AVpx, pEF-FxSt.

http://vir.sgmjournals.org



