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ABSTRACT

Sterile alpha motif domain and HD domain-containing protein 1 (SAMHD1) restricts human immunodeficiency virus type 1
(HIV-1) replication in myeloid and resting T cells. Lentiviruses such as HIV-2 and some simian immunodeficiency viruses (SIVs)
counteract the restriction by encoding Vpx or Vpr, accessory proteins that are packaged in virions and which, upon entry of the
virus into the cytoplasm, induce the proteasomal degradation of SAMHD1. As a tool to study these mechanisms, we generated
HeLa cell lines that express a fusion protein termed NLS.GFP.SAM595 in which the Vpx binding domain of SAMHD1 is fused to
the carboxy terminus of green fluorescent protein (GFP) and a nuclear localization signal is fused to the amino terminus of GFP.
Upon incubation of Vpx-containing virions with the cells, the NLS.GFP.SAM595 fusion protein was degraded over several hours
and the levels remained low over 5 days as the result of continued targeting of the CRL4 E3 ubiquitin ligase. Degradation of the
fusion protein required that it contain a nuclear localization sequence. Fusion to the cytoplasmic protein muNS rendered the
protein resistant to Vpx-mediated degradation, confirming that SAMHD1 is targeted in the nucleus. Virions treated with pro-
tease inhibitors failed to release Vpx, indicating that Gag processing was required for Vpx release from the virion. Mutations in
the capsid protein that altered the kinetics of virus uncoating and the Gag binding drug PF74 had no effect on the Vpx-mediated
degradation. These results suggest that Vpx is released from virions without a need for uncoating of the capsid, allowing Vpx to
transit to the nucleus rapidly upon entry into the cytoplasm.

IMPORTANCE

SAMHD1 restricts lentiviral replication in myeloid cells and resting T cells. Its importance is highlighted by the fact that viruses
such as HIV-2 encode an accessory protein that is packaged in the virion and is dedicated to inducing SAMHD1 degradation.
Vpx needs to act rapidly upon infection to allow reverse transcription to proceed. The limited number of Vpx molecules in a vi-
rion also needs to clear the cell of SAMHD1 over a prolonged period of time. Using an engineered HeLa cell line that expresses a
green fluorescent protein (GFP)-SAMHD1 fusion protein, we showed that the Vpx-dependent degradation occurs without a
need for viral capsid uncoating. In addition, the fusion protein was degraded only when it was localized to the nucleus, confirm-
ing that SAMHD1 is targeted in the nucleus and thus explaining why Vpx also localizes to the nucleus.

The replication of human immunodeficiency virus type 1
(HIV-1) and other lentiviruses is limited in mammalian cells

by host restriction factors that interfere with specific steps in the
virus life cycle. To counteract these factors, lentiviruses have
evolved accessory proteins that act primarily by inducing their
degradation. Sterile alpha motif domain and HD domain-con-
taining protein 1 (SAMHD1) interferes with lentivirus replication
in monocytes, macrophages, dendritic cells (DCs), and resting T
cells but has no effect in activated T cells (1–4). SAMHD1 is a
dGTP-regulated deoxynucleoside triphosphate (dNTP) triphos-
phohydrolase (5–7) that depletes the pool of dNTPs, preventing
reverse transcription of the viral genomic RNA upon infection (8).
In addition, SAMHD1 has been found to have 3=¡5= exonuclease
activity on single-stranded DNA and RNA, and these activities
may play a role in restriction by degrading the viral genomic RNA
or reverse transcripts (9, 10). Polymorphisms in the SAMHD1
gene are associated with Aicardi-Goutières syndrome (AGS), a
rare childhood neurologic condition characterized by the consti-
tutive production of type I interferon, a situation that resembles
congenital infection (11, 12).

HIV-2 and some simian immunodeficiency viruses (SIVs)
counteract SAMHD1 by encoding the accessory protein Vpx or, in
the case of SIVmus and SIVdeb, Vpr (13). Vpx and Vpr are packaged
into virions. Upon virus entry, Vpx induces the proteasomal deg-
radation of target cell SAMHD1 by forming a complex with the
CRL4DCAF1 E3 ubiquitin ligase (14). The degradation begins rap-

idly upon infection, being detected as early as 2 h postinfection
(15). In the CRL4DCAF1 E3 ubiquitin ligase complex, the carboxy-
terminal domain of Vpx is bound to DCAF1 (16, 17) and the
amino-terminal domain binds to the carboxy terminus of
SAMHD1 (14). This complex polyubiquitinates SAMHD1, tar-
geting it for degradation by the proteasome (14, 18). The activity
of the CRL4DCAF1 E3 ubiquitin ligase is regulated by the conjuga-
tion of Nedd8 to Cul4A. Inhibition of neddylation using the drug
MLN4924 prevents SAMHD1 degradation (19). DCAF1 also
functions in HECT-family EDD/UBR5 E3 ubiquitin ligases (re-
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viewed in reference 20), and HIV-1 Vpr interacts with the EDD-
DDB1-DCAF1 E3 ligase complex to inhibit telomerase activity
(21).

HIV-1 is susceptible to SAMHD1 restriction, and yet its Vpr
does not induce SAMHD1 degradation and it lacks a Vpx. As a
result, the virus is limited in its ability to infect myeloid cells such
as DCs and monocyte-derived macrophages (MDMs). Vpx is
packaged into virus particles by a 10-amino-acid packaging motif
at amino acids 17 to 26 of SIVmac Gag p6 (22–24). HIV-1 p6 lacks
the Vpx packaging motif and, as a result, does not package Vpx if
provided in trans. Placement of the motif into p6 of HIV-1 results
in a virus that packages Vpx (25). Vpx-containing HIV-1 infects
myeloid cells with a 10- to 100-fold increase in titer.

The carboxy-terminal region of SAMHD1 is sufficient for in-
teraction with Vpx (26), and the kinetics of binding of the
CRL4DCAF1-Vpx complex to C-terminal SAMHD1 are the same as
to full-length SAMHD1 (27). Furthermore, fusing the carboxy
terminus of SAMHD1 to thioredoxin (14) or GFP (26) makes
those proteins susceptible to ubiquitination and degradation me-
diated by CRL4DCAF1-Vpx.

SAMHD1 is a nuclear protein that contains a canonical nuclear
localization signal (NLS) near its amino terminus (11, 18, 28–30).
Disruption of the NLS does not prevent antiviral activity (28, 29)
but renders the protein resistant to Vpx-mediated degradation
(18, 28–31). We and others reported that nuclear localization of
SAMHD1 is required for Vpx-mediated degradation and that
SAMHD1 polyubiquitination and degradation occurred in the
nucleus, most likely through the utilization of nuclear protea-
somes (18, 28). However, evidence has been reported suggesting
that Vpx can target SAMHD1 for proteasomal degradation in the
cytoplasm. A cytoplasmic HIV-2 Vpx induced the degradation of
an NLS-deleted SAMHD1 (29). In addition, leptomycin B, a drug
that blocks the nucleocytoplasmic shuttling of nuclear proteins,
was found to block the Vpx-induced degradation of SAMHD1
(32), further suggesting cytoplasmic degradation of the protein.

It is presumed that, following fusion of the virus at the plasma
membrane and entry into the cytoplasm, Vpx is released to asso-
ciate with CRL4 and induce SAMHD1 degradation. However, lit-
tle is known about when and how this occurs. In this report, we
describe the generation of a HeLa cell line that expresses a fusion
protein in which an NLS-tagged GFP is fused to the Vpx-bind-
ing domain of SAMHD1. The cell line, termed HeLa NLS.
GFP.SAM595, serves as a rapid and accurate model to study Vpx-
induced SAMHD1 degradation. Using this cell line, we deter-
mined that only nuclear localized fusion proteins were subject to
Vpx-mediated degradation. Degradation of the fusion protein was
rapidly induced upon infection with Vpx-containing virus and
was maintained by continued proteasome-dependent degrada-
tion for at least 5 days. Vpx-mediated degradation appeared to be
independent of uncoating but was dependent on HIV-1 matura-
tion. Small interfering RNA (siRNA) knockdown experiments to
determine the role of the CRL4 complex in SAMHD1 degradation
showed that DCAF1, but not DDB1, was required, suggesting that
Vpx may be able to use another DCAF1-containing E3 ubiquitin.
Together, these findings suggest that Vpx is located outside the
viral core and, upon cytoplasmic entry, without a need for uncoat-
ing, travels to the nucleus, where it serves to induce the degrada-
tion of SAMHD1 over an extended time period.

MATERIALS AND METHODS
Cell culture. 293T and HeLa cell lines were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS).

Plasmids. NLS and/or SAMHD1 Vpx-binding-site-tagged GFP (NLS.
GFP.SAM595, GFP.SAM595, and NLS.GFP) constructs and NLS.GFP.
muNS.SAM595 and GFP.muNS.SAM595 constructs were generated by
overlapping PCR. The amplicons were cloned into pLenti (Addgene) at
the BamHI and XhoI sites. pNLS.GFP.SAM595, pNLS.GFP, and pGFP.
SAM595 proteins were generated using pLenti.huSAMHD1 (described in
reference 8) and pLenti.EGFP as the templates. pNLS.GFP.muNS.
SAM595 and pGFP.muNS.SAM595 were generated using pLenti.
huSAMHD1 and pcDNA3.1-NLS.GFP.muNS (29). All plasmids were
confirmed by nucleotide sequence.

pLenti-mCherry was constructed by cleaving mCherry from HIV-
cytomegalovirus (CMV)-mCherry plasmid with XbaI and SalI and
ligating it into pLenti-Neo at the XbaI and SalI sites. The myc-tagged
Vpx (SIVmac239) plasmid and Gag/Pol p6 chimeric plasmid (pMDL-
chp6) have been described previously (25, 33). Unstable K170A and
hyperstable CA point mutations E128A/R132A (34) and Gag cleavage
mutants CA/p2 and CA/NC have been described previously (35). The
Gag mutations were introduced into pMDL-chp6.

Virus and VLP preparation. HIV-1 reporter viruses containing or
lacking Vpx were produced by cotransfecting 293T cells with pLenti-
mCherry, pMDL-chp6, pcVSV-G, pRSV-Rev, and pc.myc-Vpx or
pcDNA6 by calcium phosphate coprecipitation. pcVSV-G expresses a
CMV-driven vesicular stomatitis virus (VSV) envelope glycoprotein (G),
and pRSV-Rev expresses a Rous sarcoma virus (RSV) long terminal repeat
(LTR)-driven HIV-1 Rev. Virus-like particles (VLPs) containing or lack-
ing Vpx were produced by transfection of 293T cells with pMDL-chp6,
pVSV-G, pRSV-Rev, and myc-His-tagged Vpx or pcDNA6. At 48 h post-
transfection, supernatants were harvested, filtered, and concentrated 10-
fold by ultracentrifugation over a 20% sucrose cushion at 30,000 rpm for
90 min. To produce virions blocked for proteolytic maturation, 3 �M
nelfinavir was added to the 293T cells upon transfection. SIV VLPs con-
taining Vpx or Vpr from different HIV-2 or SIV isolates were produced by
cotransfecting 293T cells with pSIV3� �vpx �vpr and their respective
FLAG-tagged Vpx or Vpr expression vectors for each of the accessory
proteins as we have previously described (28).

Lentiviral expression vectors for NLS.GFP.SAM595, GFP.SAM595,
NLS.GFP, NLS.GFP.muNS.SAM595, and GFP.muNS.SAM595 were pro-
duced by cotransfecting 293T cells with the pLenti expression vector,
pRSV-Rev, pMDL Gag-Pol, and pVSV-G. HeLa cell lines that stably ex-
pressed NLS and/or Vpx-binding site-tagged GFP fusion protein with or
without muNS were generated by lentiviral vector transduction followed
by selection in 1 �g/ml puromycin at a limiting dilution. GFP fluorescent
cell clones were expanded.

GFP degradation assay. GFP-expressing HeLa cells (2 � 104) were
plated in clear-bottomed 96-well plates. The next day, the cells were in-
fected with HIV-1 mCherry reporter virus or with 10 ng or 50 ng of p24
HIV-1 VLPs per well. The following day, GFP fluorescence was measured
on an Envision (Perkin-Elmer) microplate fluorometer. The fluorescence
of control HeLa cells was subtracted. At 3 days later, the cells were fixed in
1% paraformaldehyde (PFA) and analyzed by flow cytometry to quantify
GFP- and mCherry-positive cells.

For time course experiments, virus was added to the cells at 4°C and
the cells were then centrifuged at 16°C for 2 h at 2,500 rpm. Unbound
virus was then removed by two washes with 4°C medium, after which
37°C medium was added. The GFP fluorescence was measured over time.
At 24 h after infection, either 10 �M MG132 or 1 �M MLN4924 was
added or the cells were transfected with nontemplate control (NTC)
siRNA (25 nM) or against DCAF1. For time course experiments over 24 h,
10 �M PF74, 20 mM cyclosporine (CsA), 25 �M zidovudine (AZT), or 5
�M nevirapine was added before infection where indicated.
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siRNA transfection. HeLa single-cell clones expressing NLS.GFP-
.SAM595 (2 � 105) were plated in 6-well plates. The next day, the cells
were transfected with 6 �M siRNA (Dharmacon) using Lipofectamine
RNAiMAX (Life Technologies). Two days later, the cells were plated in
96-well plates for the subsequent GFP fluorescence assay. For time course
experiments, 2 � 104 NLS.GFP.SAM595 HeLa cells were plated in 96-well
plates and synchronously infected. The next day, the cells were transfected
with 50 nM siRNA. The extent of knockdown was tested by immunoblot
analysis. The siRNA target sequences were as follows: for DCAF1, 5=-CG
GAGUUGGAGGAGGACGAUUUU-3= (61); for DDB1, 5=-CCUGUUG
AUUGCCAAAAACUU-3= (61); and for EDD, 5=-AGACAAAUCUCGG
ACUUGUU-3=. ON-TARGETplus nontargeting siRNA no. 2 (Dhar-
macon) was used as a control siRNA NTC (target sequence, UGGUUUA
CAUGUUGUGUGA).

Immunoblot analysis. Virions were pelleted from the supernatant of
transfected 293T cells by ultracentrifugation over a 20% sucrose cushion
for 90 min at 30,000 rpm and 4°C and then solubilized in lysis buffer
containing 50 mM HEPES, 150 mM KCl, 2 mM EDTA, 0.5% NP-40, and
protease inhibitor. The cells were solubilized in lysis buffer, and the pro-
tein concentration was quantified by bicinchoninic acid (BCA) assay. Vi-
rus and cell lysates were separated by SDS-PAGE, transferred to polyvi-
nylidene difluoride (PVDF) membranes, and probed. The antibodies
(Abs) used were anti-EDD rabbit antiserum (Abcam), anti-DDB1 mono-
clonal Ab (MAb) ZD001, anti-DCAF1 rabbit antiVprBP antiserum (Pro-
teintech Group), anti-GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) MAb, anti-myc MAb for Vpx (Covance), and anti-p24 AG3.0 MAb.
The membranes were washed and then probed with a goat anti-mouse or
anti-rabbit (Sigma) horseradish peroxidase (HRP)-conjugated second
antibody and visualized using HRP substrate (Pierce) on an Odyssey Fc
dual-mode imaging system (Li-Cor).

Confocal microscopy. HeLa single-cell clones (4 � 105) expressing
transduced GFP were plated in 35-mm-diameter glass-bottomed culture
dishes coated with poly-D-lysine (MatTek). Nuclei were stained with
Hoechst 333429, and the cells were fixed with 4% PFA. The cells were
visualized with a Leica SP5 confocal microscope and analyzed using Im-
ageJ software.

RESULTS
Establishment of a cell line for the analysis of Vpx-induced
SAMHD1 degradation. To establish a cell-based assay for Vpx-
induced degradation of SAMHD1, we generated a HeLa cell line
that expressed GFP fused to the Vpx binding domain of
SAMHD1. This part of SAMHD1 is bound by the Vpx of viruses
such as SIVmac and HIV-2 and was shown to be sufficient to sub-
ject a heterologous protein to Vpx-induced degradation (14, 26).
To derive the cell line, we constructed a lentiviral vector that ex-
pressed a protein in which a consensus NLS-tagged GFP was fused
to the Vpx binding domain of SAMHD1. As a control, we gener-
ated a cell line that expressed NLS.GFP (Fig. 1A). Single-cell clones
were derived, and highly fluorescent clones were chosen for both
proteins. To test the sensitivity of the fusion protein-expressing

cell lines to Vpx, we generated VLPs that contained or lacked Vpx
by cotransfecting 293T cells with pMDL.chp6, an HIV-1 gag/pol
packaging vector in which Gag p6 was modified to contain the
Vpx packaging motif and a Vpx expression vector or empty vector
control (25). We treated the cells with equivalent amounts of VLPs
and, after 24 h, analyzed GFP fluorescence in a microplate fluo-
rometer, which allowed rapid analysis of live cells in 96-well mi-
crotiter plates, and by flow cytometry. The fluorometer results
showed that Vpx-containing VLPs caused a 10-fold decrease in
the fluorescence of cells that expressed NLS.GFP.SAM595
whereas the NLS.GFP protein was unaffected by VLPs containing
or lacking Vpx (Fig. 1C). Analysis of the cells by flow cytometry
showed similar results and demonstrated the relatively uniform
response of the individual cells to the VLPs (Fig. 1B).

To test whether the degradation of the NLS.GFP.SAM595 re-
porter protein utilized the same pathway as the full-length
SAMHD1, we tested its response to MG132, a proteasome inhib-
itor, and MLN4924, a neddylation inhibitor, both of which are
known to inhibit Vpx function (1, 2, 19). We found that MG132
prevented degradation of the fusion protein and that MLN4924
partially blocked the degradation (Fig. 1E), responses that mimic
those of full-length SAMHD1.

To determine the specificity of Vpx in the assay, we tested the
sensitivity of the fusion protein to the Vpx and Vpr proteins of
different primate lentiviruses. For this, we generated SIV VLPs
that contained the Vpx from SIVmac239, HIV-2rod, HIV-27312a,
SIVrcm, and SIVmnd2 and the Vpr from SIVmus, SIVdeb, SIVagm gri,
and SIVagm ver. Each of the accessory proteins was packaged in the
VLPs (28). The VLPs were then tested on the indicator cells.
SIVmac239, HIV-2rod, and HIV-2-7312a Vpx degraded the GFP fu-
sion protein and are known to bind to the C terminus of SAMHD1
(36) (Fig. 1F). SIVrcm, SIVmnd2, SIVagm gri, and SIVagm ver Vpr had
no effect, and each of these is known to be inactive against human
SAMHD1 (13). Vpr of SIVmus and SIVdeb, which target a more
N-terminal site on SAMHD1, did not degrade NLS.GFP.SAM595
(36, 37). Taken together, these data demonstrate the specificity of
the assay for the interaction of Vpxmac with the C-terminal Vpx-
binding site on SAMHD1.

The release of Vpx from virions requires processing of Gag.
Upon entry of the virus into the cytoplasm, Vpx is thought to be
released and then transit to the nucleus. Whether this requires
uncoating of the capsid is unknown; neither is it known whether
Vpx is located inside or outside the capsid. If Vpx is inside the
capsid, as might be predicted given its association with p6 at the
carboxy-terminal portion of Gag, uncoating would be required
for its release. If outside the capsid, Vpx could be released upon
removal of the matrix shell without a need for capsid uncoating.

FIG 1 Protease inhibitor prevents Vpx-induced degradation. (A) The structure of GFP.SAMHD1 fusion proteins used to generate HeLa stable cell lines is
diagrammed. The fusion proteins were expressed in lentiviral vectors in which an amino-terminal NLS (KRPR) is fused to GFP with or without the Vpx-binding
domain of SAMHD1 (NLS.GFP.SAM595 or NLS.GFP, respectively). Numbers in the diagram indicate the corresponding SAMHD1 amino acids. (B) NLS.GFP.
SAM595 and NLS.GFP cell lines were treated with Vpx-containing (Vpx�) or control (Vpx�) VLPs and, after 24 h, analyzed by flow cytometry. As shown in the
bottom two rows, the VLPs were produced in cells treated with 3 �M nelfinavir protease inhibitor. (C) At 24 h postinfection, GFP fluorescence of the cells treated
as described for panel B was measured on a microplate fluorometer. The bars represent the means of the results determined with quadruplicate wells, and the
error bars represent the standard deviations. AU, arbitrary units. (D) VLPs produced in the presence or absence of 3 �M nelfinavir were analyzed on an
immunoblot probed with anti-CA antibody (top panel) or with anti-myc MAb to detect Vpx (bottom panel). (E) GFP reporter cells were incubated with 10 �M
MG132 or 1 �M MLN4924 for 12 h or 2 h, respectively, and then infected with virus containing Vpx (Vpx�) or lacking Vpx (Vpx�), and the GFP fluorescence
was measured 24 h postinfection. (F) VLPs were prepared containing HIV-2 and SIV Vpx or Vpr and used to infect NLS.GFP.SAM595 cells. GFP fluorescence
was measured 24 h postinfection. The data points represent the means of the results determined with quadruplicate wells, and the error bars represent the
standard deviations.
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To determine the requirements for the release of Vpx, we treated
the virus producer cells with the protease inhibitor nelfinavir. Pro-
tease inhibitor treatment causes virions to retain an immature
morphology in which the p55Gag polyprotein forms a ring-shaped
structure underneath the envelope lipid bilayer and the mature
capsid does not form (38–40). Such structures cannot uncoat as
they lack a functional capsid and are likely to be stable structures.
To test the requirement for Gag processing, we produced Vpx-
containing VLPs in cells treated with nelfinavir. Immunoblot
analysis showed that the virions contained mainly unprocessed or
partially processed p55Gag with no fully processed CA and that
they packaged normal amounts of Vpx (Fig. 1D). The VLPs were
applied to NLS.GFP.SAM595 cells and were analyzed 24 h later by
flow cytometry (Fig. 1B) and microplate fluorometry (Fig. 1C).
The results showed that nelfinavir-treated VLPs failed to induce
the degradation of NLS.GFP.SAM595, suggesting that Gag pro-
cessing and formation of a mature virion(s) are required to allow
the release of Vpx.

SAMHD1 is degraded in the nucleus. SAMHD1 and Vpx lo-
calize to the nucleus, but whether that is the site of SAMHD1
degradation is not clear. We previously reported that deletion of
the SAMHD1 NLS rendered the protein resistant to Vpx-induced
degradation and that leptomycin B, a drug that prevents the nu-
clear export of nuclear proteins, did not interfere with Vpx-in-
duced degradation (28), findings that are consistent with those of
others (18) and that suggest that SAMHD1 is targeted and de-
graded in the nucleus. However, it has also been reported that
NLS-deleted SAMHD1 is degraded by a cytoplasmic HIV-2 Vpx
(29) and that leptomycin B blocks the degradation of SAMHD1,
suggesting that the degradation occurs in the cytoplasm as the
result of nucleocytoplasmic shuttling (32). To further investigate
this issue, we generated cell lines that expressed GFP.SAM595 fu-
sion proteins localized to the nucleus or the cytoplasm. The pro-
teins were constructed with or without an amino-terminal NLS.
These included GFP linked to an amino-terminal NLS (NLS-
.GFP), GFP fused to a Vpx-binding site of SAMHD1 (GFP-
.SAM595 and NLS.GFP.SAM595), and GFP fused to SAM595 and
muNS, a reovirus nonstructural protein that forms inclusion
bodies in the cytoplasm (GFP.MuNS.SAM595 and NLS.GFP.
muNS.SAM595). Clonal cell lines expressing each of the fusion
proteins were established by lentiviral vector transduction. Con-
focal microscopy showed that as predicted, NLS.GFP localized to
the nucleus, GFP.SAM595 was both cytoplasmic and nuclear,
NLS.GFP.SAM595 localized to the nucleus, GFP.MuNS.SAM595
was cytoplasmic, and NLS.GFP.muNS.SAM595 localized to the
nucleus (Fig. 2A and B).

To determine the sensitivity of the fusion proteins to Vpx, we
infected the cell lines with mCherry-expressing HIV-1 reporter
virus that contained or lacked Vpx and, after 3 days, quantified
GFP and mCherry by flow cytometry. mCherry served as an inter-

nal control to determine the number of infected cells. While HeLa
cells express SAMHD1, no effect of Vpx on infectivity was ex-
pected in HeLa cells since SAMHD1 is phosphorylated in cycling
cells, which prevents its antiviral function (41, 42). Analysis of
GFP showed that the NLS.GFP protein was not affected by Vpx.
The intensity of GFP.SAM595 was moderately decreased, while
NLS.GFP.SAM595 was efficiently degraded. GFP.muNS.SAM595
was resistant to Vpx, and the addition of an NLS resulted in effi-
cient degradation (Fig. 2C). Analysis of mCherry fluorescence
showed that similar numbers of cells were infected and that there
was no effect of Vpx on the infectivity of the viruses. Analysis of
the GFP fluorescence 24 h after infection in a microplate fluorom-
eter yielded similar results (Fig. 2D). Thus, only those proteins
that localized to the nucleus were efficiently degraded, and the
extent of nuclear localization was associated with the efficiency of
degradation. We conclude that nuclear localization is required for
susceptibility of SAMHD1 to Vpx.

The kinetics of Vpx-mediated SAMHD1 degradation. In
HIV-infected myeloid cells, SAMHD1 must be degraded before
reverse transcription can proceed. This requires that Vpx act as
soon as possible upon virus entry into the cytoplasm such that the
dNTP pool is increased before the virus becomes inactive. To track
the kinetics of Vpx-mediated degradation, we synchronized the
infection of the NLS.GFP.SAM595 cells by spin infection with
Vpx-containing mCherry reporter HIV-1 at 16°C. Unbound viri-
ons were removed, and the cultures were then transferred to 37°C.
We measured GFP fluorescence in the synchronously infected
cells over a span of 24 h. To determine whether SAMHD1 degra-
dation was associated with uncoating, we tested the effect of PF74,
a drug that binds to a groove on the capsid, on the kinetics of
SAMHD1 degradation. In the absence of drug, GFP fluorescence
began to decrease 30 min postinfection, and the levels continued
to drop over 24 h (Fig. 3A). Treatment of the cells with PF74 at 10
�M, a concentration that blocks infection (data not shown), had
no effect on the kinetics of SAMHD1 degradation (Fig. 3B). In
addition, we tested the effect of capsid point mutations that affect
the rate of uncoating by altering capsid stability (34). This in-
cluded the unstable K170A CA and hyperstable E128A/R132A CA
(34). We found that there was no effect of either CA mutation on
the kinetics of Vpx-mediated degradation (Fig. 3C). Mutations at
the proteolytic processing sites in Gag also affect capsid stability
such that mutation at the CA/NC junction blocks uncoating
whereas mutation of the CA/p2 junction destabilizes the capsid
(35). Analysis of virus containing these two mutations showed
that neither affected the kinetics of SAMHD1 degradation (Fig.
3D). A similar analysis using a 5-fold-lower volume of virus
showed similar kinetics, indicating the results were not due to the
use of an excessive amount of virions (data not shown). In addi-
tion, we tested whether the reverse transcriptase (RT) inhibitors
nevirapine and AZT would affect SAMHD1 degradation, as it has

FIG 2 Vpx-mediated degradation occurs in the nucleus. (A) The structure of GFP.SAMHD1 fusion proteins used to generate clonal HeLa cell lines is
diagrammed. The numbers on the top indicate amino acids corresponding to the NLS and SAMHD1 Vpx-binding sites. The predicted cellular localization of the
proteins is diagrammed on the right. (B) The HeLa cell lines were stained with Hoechst 33342 and visualized by confocal microscopy to localize the GFP.SAM595
fusion proteins. (C) HeLa clones expressing the different constructs were infected at an MOI of 0.5 with HIV-1 mCherry reporter virus containing Vpx (Vpx�)
or lacking Vpx (Vpx�). GFP and mCherry were measured 3 days postinfection by flow cytometry. The panels on the left show GFP fluorescence. The panels on
the right show mCherry fluorescence as a measure of the number of infected cells. Untransduced and uninfected HeLa cells were used as a negative control. max,
maximum. (D) The amount of GFP in the infected HeLa cell clones measured 24 h postinfection in a microplate fluorometer and normalized to GFP fluorescence
of uninfected cells. The bars represent the means of the results determined with quadruplicate wells, and the error bars represent the standard deviations. Mock,
mock infected.
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been suggested that reverse transcription stimulates uncoating
(43, 44). Neither had an effect on Vpx-mediated degradation ki-
netics (Fig. 3E). Cyclophilin A (CypA) binding to CA is required
for uncoating, and the treatment of the cells with cyclosporine
(CsA) blocks the binding of CypA to CA (45, 46); however, CsA
also had no effect on the kinetics of Vpx-mediated degradation
(Fig. 3F). Taken together, these findings suggest that Vpx function
does not require virus uncoating.

Long-lasting depletion of SAMHD1 by Vpx. Reverse tran-
scription in macrophages proceeds more slowly than in activated
T cells, taking more than 36 h to complete (47). Therefore, in-
creased dNTP levels need to be maintained over that time period
in order for infection to occur. The relatively small number of Vpx
molecules brought into the cell with the virion must be able to
degrade newly made SAMHD1 until the completion of reverse
transcription. To determine the length of time that input Vpx
molecules continue to suppress SAMHD1 levels, we synchro-
nously infected NLS.GFP.SAM595 cells with Vpx-containing
mCherry reporter HIV-1 and measured GFP fluorescence over a
span of 5 days. The results showed that NLS.GFP.SAM595 was
depleted after 24 h, with the reduced levels being maintained over
5 days, suggesting that Vpx continued targeting newly synthesized
NLS.GFP.SAM595 for degradation over several days (Fig. 4A).

We tested lower multiplicities of infection (MOI) to determine
whether the sustained degradation was the result of the high MOI
used in the initial experiments. At MOI of 2, 1.5, 1, 0.5, and 0.25,
Vpx retained its ability to induce the sustained decrease in GFP
fluorescence. At an MOI of 0.25, GFP degradation at 24 h was half
that seen at the higher MOI, suggesting that the amount of Vpx
introduced was limiting. Even at this low MOI, the decrease in
GFP fluorescence was maintained over the 4-day time course
(Fig. 4B).

The sustained depression in GFP levels suggests that the input
Vpx continues to induce SAMHD1 degradation over several days.
To determine whether Vpx maintains its ability to induce protea-
somal degradation of SAMHD1, we introduced Vpx into the
HeLa.NLS.GFP.SAM595 cells and added MG132 or MLN4924 af-
ter SAMHD1 was degraded. MG132 caused GFP levels to recover,
indicating that proteasomal activity remains high over time (Fig.
4C, left panel). MLN4924 partially restored the GFP, and the effect
was more evident at higher MOI, suggesting that some of the E3
ubiquitin ligase complexes are stable and maintain neddylation or
that Vpx uses another E3 ubiquitin ligase complex that does not
contain cullin (Fig. 4C, right panel). The greater effect at higher
MOI could be explained by the fact that if the affinity of Vpx for
the other possible complex were lower than its affinity for
CRL4DCAF1 at higher MOI, there would be more Vpx available
for the other complex to bind.

To determine whether the complexes formed by Vpx binding

to the CRL4 E3 ubiquitin ligase complex are stable or continually
disassemble and reform, we treated the cells with Vpx-containing
mCherry reporter HIV-1. The following day, we knocked down
DCAF1 by siRNA transfection and then measured GFP fluores-
cence. The knockdown of DCAF1 was confirmed by immunoblot
analysis (Fig. 4D, right panel). The results showed that the GFP
level recovered upon knockdown of DCAF1 (Fig. 4D, left panel).
Because DCAF1 knockdown affects only newly produced CRL4
complexes and has no effect on assembled ligase complexes, these
results suggest that the Vpx/CRL4 complexes are not stable over
time. Rather, they appear to have been continually reforming and
assembling with a stable Vpx.

A possible DDB1-independent pathway for Vpx-induced
degradation of SAMHD1. The CRL4DCAF1 complex is composed
of DDB1, RBX1, Cul4, and DCAF1, and it is believed that Vpx
interacts directly with DCAF1 in the complex (14, 16, 17). While
Vpx induces SAMHD1 degradation through CRL4DCAF1, it is pos-
sible that it can use other E3 ubiquitin ligases as well. To test the
requirement for CRL4, we knocked down the DCAF1 and DDB1
components of CRL4 in NLS.GFP.SAM595 cells by siRNA trans-
fection and tested the ability of Vpx-containing VLPs to induce
degradation of the NLS.GFP.SAM595 fusion protein after 24 h.
The knockdowns were confirmed by immunoblot analysis (Fig.
5B). We found that DCAF1 knockdown prevented degradation of
NLS.GFP.SAM595 but that DDB1 knockdown had no effect on
degradation (Fig. 5A). These results suggest that the degradation
of SAMHD1 requires DCAF1 but that DDB1 may not be required.
DCAF1 associates with the HECT-family EDD/UBR5 E3 ubiqui-
tin ligase complex, which could be an alternative degradation
pathway. However, knockdown of both EDD alone and EDD to-
gether with DDB1 did not prevent degradation of the fusion pro-
tein (Fig. 5A), suggesting that the EDD/UBR5 E3 ubiquitin ligase
complex does not serve as a unique alternative degradation
pathway.

DISCUSSION

The NLS.GFP.SAM595 fusion protein retains the properties of
full-length SAMHD1, making it a useful tool for studying Vpx-
induced degradation. Removal of the NLS or fusion to the muNS
cytoplasmic protein caused the protein to be resistant to Vpx-
induced degradation whereas addition of an NLS to the muNS
fusion rendered the protein sensitive to Vpx-induced degrada-
tion, further supporting the idea that SAMHD1 is targeted by Vpx
and degraded in the nucleus. An analysis of drugs and point mu-
tations in the virion showed that the kinetics with which Vpx
induced the degradation of SAMHD1 was independent of capsid
uncoating. The effect of Vpx on SAMHD1 was remarkably long-
lasting, consistent with findings of Hollenbaugh et al. (48). This
effect was caused by the ability of Vpx to continue to stimulate the

FIG 3 The kinetics of Vpx-mediated degradation. (A) NLS.GFP.SAM595 cells were synchronously infected with Vpx-containing or Vpx-lacking mCherry
reporter HIV-1. GFP was quantified over 24 h. (B) NLS.GFP.SAM595 cells were infected in the presence of 10 �M PF74 or control solvent dimethyl sulfoxide
(DMSO). (C) NLS.GFP.SAM595 cells were infected with mCherry viruses containing wild-type CA (WT CA), destabilized CA (K170A CA), or hyperstable CA
(E128A/R132A CA). (D) NLS.GFP.SAM595 cells were infected with mCherry reporter HIV-1 containing wild-type CA (WT CA), destabilized gag cleavage
mutant (CA/p2), or hyperstable CA gag cleavage mutant (CA/NC). (E) NLS.GFP.SAM595 cells were infected with Vpx-containing or Vpx-lacking mCherry
reporter virus in the presence or absence of the RT inhibitor nevirapine (left panel) or AZT (right panel). (F) NLS.GFP.SAM595 cells were infected with
Vpx-containing or Vpx-lacking mCherry reporter virus in the presence or absence of the CypA inhibitor cyclosporine (CsA). GFP fluorescence was measured in
a microplate fluorometer at multiple time points following infection. Relative levels of GFP fluorescence were determined by comparing GFP fluorescence in cells
infected with Vpx-positive (Vpx�) virus to that in cells infected with the corresponding Vpx� virus. The measurements are the means of the results determined
with quadruplicate wells, with error bars showing the standard deviations.
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DCAF1-binding CRL4 E3 ubiquitin ligase over at least 5 days.
Degradation of the fusion protein was dependent upon DCAF1
but was not affected by siRNA knockdown of DDB1, suggesting
that Vpx can use another E3 ubiquitin ligase or that CRL4 com-
plexes exist that use a different linker protein.

The location of Vpx within virions has not been fully deter-
mined. Studies in which HIV-2 or SIV capsids were purified
through sucrose density centrifugation differed with respect to
whether Vpx is capsid associated (49, 50). We found that Vpx-
containing virions composed of hyperstable or unstable capsid
mutants induced the degradation of Vpx with normal kinetics. In
addition, PF74 or CsA or RT inhibitors such as nevirapine or AZT,
compounds that alter the kinetics of uncoating (43–46, 51–53),
also had no effect on the kinetics of Vpx-mediated degradation. In
contrast, virions produced in the presence of protease inhibitor
failed to deliver Vpx-mediated degradation to the fluorescent re-
porter cells. These findings suggest that the release of Vpx requires
that a capsid be formed such that a significant fraction of Vpx is

located between the matrix shell and the capsid. This location is
unexpected given the interaction of Vpx with p6, which the geom-
etry of the Gag precursor polyprotein would place within the cap-
sid. One possible interpretation of these data is that as the virion
matures, Vpx is released from p6, allowing it to move to a location
outside the mature capsid. However, further experiments will be
needed to test this hypothesis.

Previous studies suggested that SAMHD1 is targeted by Vpx
for ubiquitination and degraded in the nucleus (18, 28). Deletion
of the NLS in SAMHD1 relocalized the protein to the cytoplasm
and caused it to be resistant to Vpx-induced degradation. In ad-
dition, leptomycin B, a drug that prevents nuclear/cytoplasmic
shuttling, did not interfere with SAMHD1 degradation. The pos-
sibility that Vpx could induce degradation of SAMHD1 in the
cytoplasm was raised by studies in which cytoplasmic SAMHD1
was degraded by a cytoplasmic HIV-2 Vpx (29) and in which
leptomycin B prevented SAMHD1 degradation (32). Using the
NLS.GFP.SAM595 cells, we found that fusion of reovirus muNS, a

FIG 4 Vpx-mediated degradation is long-lived. (A) NLS.GFP.SAM595 cells were infected with mCherry reporter HIV-1 containing (Vpx�) or lacking (Vpx�)
Vpx at an MOI of 1, and GFP fluorescence was measured over 5 days. (B) NLS.GFP.SAM595 cells were infected with Vpx-containing or Vpx-lacking mCherry
reporter HIV-1 at the indicated MOI, and GFP fluorescence was measured over 4 days. The data were normalized to the GFP fluorescence of uninfected cells
(Mock). (C) NLS.GFP.SAM595 cells were treated with 10 �M MG132 (left) or 1 �M MLN4924 (right) and then infected with Vpx-containing or Vpx-lacking
mCherry HIV-1 reporter virus. GFP fluorescence was measured over 4 days. The data were normalized to the fluorescence of uninfected cells (Mock). (D)
NLS.GFP.SAM595 cells were infected with Vpx-containing or Vpx-lacking virus and, 24 h later, transfected with 50 nM DCAF1 or nontemplate control (NTC)
siRNA. (Left) GFP fluorescence was measured over 4 days and normalized to the GFP fluorescence of uninfected cells (Mock). (Right) DCAF1 was quantified on
an immunoblot probed with specific antibody. The blot was probed with anti-GAPDH as a loading control.

FIG 5 DDB1 knockdown does not block Vpx-mediated degradation. (A) NLS.GFP.SAM595 cells were transfected with DDB1 and/or EDD, DCAF1, or
nontemplate control (NTC) siRNA. After 3 days, the cells were infected with 10 ng p24 VLPs that contained (Vpx�) or lacked (Vpx�) Vpx. GFP fluorescence was
measured over 3 days. Data were normalized to the fluorescence of uninfected cells (Mock). (B) At 3 days posttransfection, DCAF1, DDB1, and EDD were
analyzed on an immunoblot probed with specific antibodies and with anti-GAPDH as a loading control.
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cytoplasmic protein, to GFP.SAM595 blocked the degradation
mediated by Vpx. Addition of an NLS localized it to the nucleus
and restored its susceptibility to Vpx-induced degradation. In our
analysis, the cytoplasmic fusion protein was degraded by Vpx to a
small but significant extent, which could account for the diver-
gence from the findings by others. Overexpression of the protein
and the ability of DCAF1 to bind to E3 ubiquitin ligases complexes
with different affinities (54) might allow for some Vpx-mediated
degradation of the cytoplasmic protein. However, this phenom-
enon is minimal compared to the degradation of the nuclear
protein by the E3 ubiquitin ligase complex that binds Vpx-
DCAF1 with high affinity.

Following treatment of the NLS.GFP.SAM595 cells with Vpx-
containing virions, GFP levels remained low for a prolonged pe-
riod of time, suggesting that Vpx continues to actively deplete
SAMHD1 over a relatively long period of time, consistent with the
findings of Hollenbaugh et al. (48). In our analysis, SAMHD1
levels remained low for 5 days, after which the cultures became
overgrown, preventing further measurement. The depletion of
SAMHD1 was maintained by continued targeting of the CRL4 E3
ubiquitin ligase and proteasomal degradation, as knockdown of
DCAF1 or treatment with MG132 during the time course restored
SAMHD1 levels. The finding that knockdown of DCAF1 prevents
SAMHD1 degradation suggests that the interaction of Vpx with
CRL4 is not stable but that the Vpx/CRL4 complexes continually
disassemble and reassemble with Vpx. If the initial complexes had
been stable, the DCAF1 knockdown would not have interfered
with SAMHD1 degradation. Treatment with the neddylation in-
hibitor MLN4924 partially restored SAMHD1 levels, suggesting
that the Nedd8 conjugation is also short-lived, at least in most of
the complexes.

Knockdown of DCAF1 prior to infection prevented the Vpx-
induced degradation of SAMHD1, consistent with previous find-
ings (1, 2, 37, 55), but knockdown of DDB1 had no effect. It is
possible that the siRNA knockdown of DDB1 was not effective;
however, the knockdown appeared to be as efficient as the DCAF1
knockdown. The result suggests that Vpx can degrade SAMHD1
using another DCAF1-binding E3 ubiquitin ligase or that the
CRL4 complex can use a linker protein other than DDB1. One
alternative candidate was the EDD E3 ubiquitin ligase; however,
knockdown of EDD had no effect on SAMHD1 degradation.

The events involved in HIV uncoating are not well understood.
Uncoating initiates as early as 1 h after viral fusion and may not be
completed until the virus docks with the nuclear pore (43, 56–59).
Uncoating is facilitated by the process of reverse transcription, in
which the growing viral DNA forces the capsid to open (43, 44,
60). The ability of Vpx to act independently of uncoating would
provide a means for the rapid degradation of SAMHD1, and the
subsequent rise in dNTP levels would facilitate uncoating. Because
the reverse transcription complex has a relatively short half-life, a
rapid increase in the dNTP level allows the virus to synthesize its
DNA genome before becoming inactivated in the cytoplasm.

The ability of Vpx to act without a need for uncoating provides
a means for the virus to quickly induce a rise in dNTP levels. If
reverse transcription is required to facilitate uncoating, then the
release of Vpx prior to uncoating would be a necessity. The ability
of Vpx to be released without a need for uncoating suggests that it
is localized outside the capsid. Such a localization would require
rearrangement of its topology as the virion matures to form the
mature capsid. The ability of Vpx to act for a long time ensures

that dNTP levels remain high over the several hours required to
complete reverse transcription in macrophages.

The NLS.GFP.SAM595 cell line described here expresses a fu-
sion protein that contained only the C-terminal Vpr/Vpx-binding
site; however, GFP fusion proteins that contained the N-terminal
binding site could be expressed as a means to study the effect of the
proteins that recognize this site. The fluorescent cell lines gener-
ated here may find useful application in screens for cellular cofac-
tors involved in Vpx-mediated degradation or in screens for
small-molecule inhibitors of the ubiquitin proteasome system.
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